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Foreword

The history of textiles and fibres spans thousands of years, beginning with the
style change from animal skins to the first fabric used to clothe humanity. But
during the relatively short period of the past 50 years, the fibre and textile
industries have undergone the most revolutionary changes and seen the most
remarkable innovations in their history. Chapter One discusses the most
important innovations together with the advent of the information industry.
In fact, it is the merger of these industries that has led to this book.
We are not talking merely of fabrics and textiles imparting information;
indeed, that has been occurring for many, many generations and numerous
examples exist from fabrics and tapestries that have told intricate tales of
warfare and family life and history, to those imparting information about the
wealth and social status of the owners of the fabrics. We are talking about
much more. Nor are we referring to fabrics that may have multifunctional
purposes, such as fashion and environmental protection, or rainwear, or those
fabrics providing resistance to a plethora of threats, such as ballistic, chemical
and flame protection. These systems are all passive systems. No, we are
talking here aboutmaterials or structures that sense and react to environmental
stimuli, such as those frommechanical, thermal, chemical, magnetic or others.
We are talking ‘smart’ and ‘active’ systems. We are talking about the true
merger of the textile and information industries.
‘Smart textiles’ are made possible due to advances in many technologies
coupled with the advances in textile materials and structures. A partial list
includes biotechnology, information technology, microelectronics, wearable
computers, nanotechnology and microelectromechanical machines.
Many of the innovations in textile applications in the past 50 years have
started with military applications — from fibreglass structures for radomes, to
fragment and bullet resistant body armour, to chemical agent protective
clothing, to fibre-reinforced composites — indeed, many of our current defence
systems and advanced aircraft would not be possible without these materials.
So perhaps it is not surprising that the initial applications for smart textiles
have also come either directly from military R&D or from spin-offs. Some of
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the capabilities for smart textile systems for military applications are: sensing
and responding, for example to a biological or chemical sensor; power and
data transmission from wearable computers and polymeric batteries; trans-
mitting and receiving RF signals; automatic voice warning systems as to
‘dangers ahead’; ‘on-call’ latent reactants such as biocides or catalytic decon-
tamination in-situ for chemical andbiological agents; and self-repairingmaterials.
In many cases the purpose of these systems is to provide both military and
civilian personnel engaged in high-risk applications with the most effective
survivability technologies. They will thus be able to have superiority in
fightability, mobility, cognitive performance, and protection throughmaterials
for combat clothing and equipment, which perform with intelligent reaction
to threats and situational needs. Thus, we will be providing high-risk personnel
with as many executable functions as possible, which require the fewest
possible actions on his/her part to initiate a response to a situational need.
This can be accomplished by converting traditional passive clothing and
equipment materials and systems into active systems that increase situational
awareness, communications, information technology, and generally improve
performance.
Some examples of these systems are body conformal antennas for integrated
radio equipment into clothing; power and data transmission — a personal area
network; flexible photovoltaics integrated into textile fabrics; physiological
status monitoring to monitor hydration and nutritional status as well as the
more conventional heart monitoring; smart footwear to let you know where
you are and to convert and conserve energy; and, of course, phase change
materials for heating and cooling of the individual. Another application is the
weaving of sensors into parachutes to avoid obstacles and steer the parachutist
or the cargo load to precise locations.
There are, naturally, many more applications for ‘smart’ textiles than those
applied to military personnel, or civilian police, firemen, and emergency
responders. Mountain climbers, sports personnel, businessmen with built-in
wearable microcomputers, and medical personnel will all benefit from this
revolution in textiles.
You will learn of many more applications for ‘smart’ textiles in this book.
You will find that the applications are limited only by your imagination and
the practical applications perhaps limited only by their cost. But we know
those costs will come down. So let your imagination soar. The current
worldwide textile industry is over 50millionmetric tons per year, and if we are
able to capture only a measly 1% of that market, it is still worth more than
£1 billion.

Dr Robert W. Lewis
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1
Smart technology for textiles and clothing –

introduction and overview

XIAOMING TAO

1.1 Introduction

Since the nineteenth century, revolutionary changes have been occurring at an
unprecedented rate in many fields of science and technology, which have
profound impacts on every human being. Inventions of electronic chips,
computers, the Internet, the discovery and complete mapping of the human
genome, and many more, have transformed the entire world. The last century
also brought tremendous advances in the textile and clothing industry, which
has a history of many thousands of years. Solid foundations of scientific
understanding have been laid to guide the improved usage and processing
technology of natural fibres and the manufacturing of synthetic fibres. We
have learnt a lot from nature. Viscose rayon, nylon, polyester and other
synthetic fibres were invented initially for the sake of mimicking their natural
counterparts. The technology has progressed so that synthetic fibres and their
products surpass them in many aspects. Biological routes for synthesizing
polymers or textile processing represent an environmentally friendly, sustainable
way of utilizing natural resources. Design and processing with the aid of
computers, automation with remote centralized or distributed control, and
Internet-based integrated supply-chainmanagement systems bring customers
closer to the very beginning of the chain than ever before.
Looking ahead, the future promises evenmore.What new capacities should

we expect as results of future developments? They should at least include
terascale, nanoscale, complexity, cognition and holism. The new capability of
terascale takes us three orders ofmagnitudebeyond the present general-purpose
andgenerally accessible computing capabilities. In a very short time, wewill be
connecting millions of systems and billions of information appliances to the
Internet. Technologies allowing over one trillion operations per second are on
the agenda for research. The technology in nanoscaleswill take us three orders
of magnitude below the size of most of today’s human-made devices. It will
allow us to arrange atoms and molecules inexpensively in most of the ways
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1.1 A single cell living creature is an example of smart structures.

permitted by physical laws. It will let us make supercomputers that fit on the
head of a fibre, and fleets of medical nanorobots smaller than a human cell to
eliminate cancers, infections, clogged arteries and even old age. Molecular
manufacturing will make exactly what it is supposed to make, and no
pollutants will be produced.
We are living in this exciting era and feeling the great impacts of technology

on the traditional textiles and clothing industry, which has such a long history.
Traditionally, many fields of science and engineering have been separate and
distinct. Recently, there has been considerable movement and convergence
between these fields of endeavour and the results have been astonishing. Smart
technology for materials and structures is one of these results.
What are smart materials and structures? Nature provides many examples

of smart structures. The simple single-celled living creature may highlight the
fundamentals. As shown in Fig. 1.1, various environmental conditions or
stimuli act on the outer layer. These conditions or stimulimay be in the formof
force, temperature, radiation, chemical reactions, electric and magnetic fields.
Sensors in the outer layer detect these effects, and the resulting information is
conveyed for signal processing and interpretation, at which point the cell
reacts to these environmental conditions or stimuli in a number of ways, such
as movement, changing chemical composition and reproductive actions.
Nature has had billions of years and a vast laboratory to develop life, whereas
humankind has just begun to create smart materials and structures.
Smart materials and structures can be defined as the materials and

structures that sense and react to environmental conditions or stimuli, such as
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those from mechanical, thermal, chemical, electrical, magnetic or other
sources. According to the manner of reaction, they can be divided into passive
smart, active smart and very smartmaterials. Passive smartmaterials can only
sense the environmental conditions or stimuli; active smart materials will
sense and react to the conditions or stimuli; very smart materials can sense,
react and adapt themselves accordingly. An even higher level of intelligence
can be achieved from those intelligent materials and structures capable of
respondingor activated to performa function in amanual or pre-programmed
manner.
Three componentsmay be present in such materials: sensors, actuators and

controlling units. The sensors provide a nerve system to detect signals, thus in
a passive smart material, the existence of sensors is essential. The actuators act
upon the detected signal either directly or from a central control unit; together
with the sensors, they are the essential element for active smart materials. At
even higher levels, like very smart or intelligent materials, another kind of unit
is essential, which works like the brain, with cognition, reasoning and
activating capacities. Such textile materials and structures are becoming
possible as the result of a successful marriage of traditional textiles/clothing
technology with material science, structural mechanics, sensor and actuator
technology, advanced processing technology, communication, artificial in-
telligence, biology, etc.

1.2 Development of smart technology for textiles and
clothing

We have always been inspired to mimic nature in order to create our clothing
materials with higher levels of functions and smartness. The development of
microfibres is a very good example, starting from studying andmimicking silk
first, then creating finer and, in many ways, better fibres. However, up to now,
most textiles and clothing have been lifeless. It would be wonderful to have
clothing like our skin, which is a layer of smart material. The skin has sensors
which can detect pressure, pain, temperature, etc. Together with our brain, it
can function intelligently with environmental stimuli. It generates large
quantities of sweat to cool our body when it is hot, and to stimulate blood
circulation when it gets cold. It changes its colour when exposed to a higher
level of sunlight, to protect our bodies. It is permeable, allowing moisture to
penetrate yet stopping unwanted species from getting in. The skin can shed,
repair and regenerate itself. To study then develop a smart material like our
skin is itself a very challenging task.
In the last decade, research and development in smart/intelligent materials

and structures have led to the birth of a wide range of novel smart products in
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aerospace, transportation, telecommunications, homes, buildings and infra-
structures. Although the technology as a whole is relatively new, some areas
have reached the stage where industrial application is both feasible and viable
for textiles and clothing.
Many exciting applications have been demonstrated worldwide. Extended

from the space programme, heat generating/storing fibres/fabrics have now
been used in skiwear, shoes, sports helmets and insulation devices. Textile
fabrics and composites integrated with optical fibre sensors have been used to
monitor the health of major bridges and buildings. The first generation of
wearable motherboards has been developed, which has sensors integrated
inside garments and is capable of detecting injury and health information of
the wearer and transmitting such information remotely to a hospital. Shape
memory polymers have been applied to textiles in fibre, film and foam forms,
resulting in a range of high performance fabrics and garments, especially
sea-going garments. Fibre sensors, whichare capable ofmeasuring temperature,
strain/stress, gas, biological species and smell, are typical smart fibres that can
be directly applied to textiles. Conductive polymer-based actuators have
achieved very high levels of energy density. Clothing with its own senses and
brain, like shoes and snow coats which are integratedwithGlobal Positioning
System (GPS) andmobile phone technology, can tell the positionof thewearer
and give him/her directions. Biological tissues and organs, like ears and noses,
can be grown from textile scaffoldsmade frombiodegradable fibres. Integrated
with nanomaterials, textiles can be impartedwith very high energy absorption
capacity and other functions like stain proofing, abrasion resistance, light
emission, etc.
The challenges lie before us, as the research and development of smart

technology and its adoption by industries depend upon successfulmultidiscip-
linary teamwork, where the boundary of traditional disciplines becomes
blurred and cross-fertilization occurs at a rate much higher than that seen
previously. Some of the research areas can be grouped as follows:
For sensors/actuators:

∑ photo-sensitive materials
∑ fibre-optics
∑ conductive polymers
∑ thermal sensitive materials
∑ shape memory materials
∑ intelligent coating/membrane
∑ chemical responsive polymers
∑ mechanical responsive materials
∑ microcapsules
∑ micro and nanomaterials.
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For signal transmission, processing and controls:

∑ neural network and control systems
∑ cognition theory and systems.

For integrated processes and products:

∑ wearable electronics and photonics
∑ adaptive and responsive structures
∑ biomimetics
∑ bioprocessing
∑ tissue engineering
∑ chemical/drug releasing.

Research and development activities have been carried out worldwide, both
in academic/research institutions and companies. Research teams in North
American, European and Asian countries have been actively involved, with
noticeable outcomes either in the form of commercial products or research
publications.

1.3 Outline of the book

This edited book, being the first on this topic, is intended to provide an
overviewand reviewof the latest developmentsof smart technology for textiles
and clothing. Its targeted readers include academics, researchers, designers,
engineers in the area of textile and clothing product development, and senior
undergraduate and postgraduate students in colleges and universities. Also, it
may provide managers of textile and clothing companies with the latest
insights into technological developments in the field.
The book has been contributed by a panel of international experts in the

field, and covers many aspects of the cutting-edge research and development.
It comprises 17 chapters, which can be divided into four parts. The first part
(Chapter 1) provides the background information on smart technology for
textiles and clothing and a brief overview of the developments and the book
structure. The second part involves material or fibre-related topics from
Chapters 2 to 9. Chapter 2 is concerned with electrically active polymer
materials and the applications of non-ionic polymer gel and elastomers for
artificial muscles. Chapters 3 and 4 deal with thermal sensitive fibres and
fabrics.Chapter 5 presents cross-linked polyol fibrous substrates asmultifunc-
tional andmulti-use intelligentmaterials. Chapter 6 discusses stimuli-responsive
interpenetrating polymer network hydrogel. Chapter 7 is concerned with
permeation control through stimuli-responsive polymermembranes prepared
by plasma and radiation grafting techniques. Chapters 8 and 9 discuss the
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Table 1.1 Outline of the book

Signal
transmission, Integrated

Chapter processing processes Bio-processes
no. Sensors/actuators and control and products and products

1 � � � �
2 �
3 � �
4 � �
5 � �
6 �
7 �
8 �
9 �

10 � � �
11 � �
12 �
13 � �
14 � �
15 �
16 � �
17 � �

principles, manufacturing and properties of optical fibre sensors, with
emphasis on fibre Bragg grating sensors.
The third part contains five chapters, with a focus on integrating processes

and integrated structures. Chapter 10 provides an overviewof the developments
and key issues in fibre-optic smart textile composites. Chapter 11 presents
hollow fibre membranes for gas separation. Chapter 12 describes embroidery
as one way of integrating fibre-formed components into textile structures.
Chapters 13 and 14 are on wearable electronic and photonic technologies.
Chapter 13 provides insights on adaptive and responsive textile structures
(ARTS).Chapter 14describes the development of an intelligent snowmobile suit.
The fourth part, embracing the last three chapters, is focused on

bioapplications. Chapter 15 outlines various bioprocesses for smart textiles
and clothing, andChapter 16 concentrates on tailor-made intelligent polymers
for biomedical applications. Chapter 17 describes the applications of scaffolds
in tissue engineering, where various textile structures are used for cells to grow.
We have only seen a small portion of the emerging technology through the

window of this book. The possibilities offered by this smart technology are
tremendous and widespread. Even as the bookwas being prepared,many new
advanceswere being achievedaround theworld. It is the hope of the editor and
contributors of this book that it will help researchers and designers of future
smart fibres, textiles and clothing to make their dreams a reality.
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2
Electrically active polymer materials –

application of non-ionic polymer gel and
elastomers for artificial muscles

TOSHIHIRO HIRAI, JIANMING ZHENG,
MASASHI WATANABE AND HIROFUSA SHIRAI

2.1 Introduction

Many attempts have been made to functionalize polymer materials as
so-called ‘smart’ or ‘intelligent’ materials (see Fig. 2.1).�—� Artificial muscle or
intelligent actuators is one of the targets of such attempts. Historically,
actuator materials have been investigated mainly in inorganic compounds.�
Particularly, triggers used for actuation are usually investigated in an electric
field application because of the ease of control. Polymermaterials investigated
from this point of view are very limited and have been known to generatemuch
smaller strain than inorganic materials.�—�
On the other hand, polymer materials such as polymer gels have been

known to generate huge strain by various triggers such as solvent exchange,
pH jump, temperature jump, etc., although the response and durability are
rather poor and they have not been used in practical actuators.�
In the field of mechanical engineering, the development of micromachining

procedure is facing the requirements of the technologies of microfabrication
and micro-device assembly, and there are high expectations of the emerging
smart materials that can greatly simplify the microfabrication process.�—��
Under these circumstances, the polymer gel actuator is mentioned as one of
the most likely candidates as a soft biological muscle-like material with large
deformation in spite of its poor durability.���Much research has been done on
solid hard materials as actuators like poly(vinylidene fluoride) (PVDF), which
is a well-known piezoelectrical polymer, and in which crystal structures play
critical role for the actuation and the induced strain is very small compared to
the gel artificialmuscles thatwill be described in this chapter. AlthoughPVDF
needs electrically oriented crystal structure in it, the materials that will be
discussed in this chapter do not require such a limitation.
Conventional electrically induced actuation has been carried out mostly on

ionic polymer gels. The reason is simply because ionic species are highly
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2.1 Concepts of autonomic systems and materials. Three processes
(sensing, processing and actuation) are incorporated in materials (in one
system): (a) in autonomic materials, while they are separated and must be
unified by a controlling system; (b) in conventional autonomic systems.

responsive to the electric field. Ionic gels have proved to be excellent
electroactive actuator materials.���
However, we tried electrical actuation of non-ionic polymer gel or

elastomers. Why must non-ionic polymer gel be used for electrical actuation?
Because non-ionic polymer gel is superior to ionic polymer gel in several ways,
if it can be actuated by an electric field. In ionic gel materials, electrolysis is
usually inevitable on the electrodes, and this is accompanied by a large electric
current and heat generation. In other words, elecrochemical consumption is
inevitable, although this fact has not been mentioned in most papers. In
non-ionic polymer gels, no such process is encountered, and this leads to the
good durability of the materials. In addition to these advantages, the
responding speed and magnitude of the deformation were found to be much
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2.2 Chemical structure of poly(vinylidene fluoride) (PDVF).

faster (10ms order) and larger (over 100%) than those induced in polyelectrolyte
gels. The motion reminds us of real biological muscle.
The concept of the mechanism is simple and can be applied to conventional

polymer materials, includingmaterials commonly used in the fibre and textile
industries. The concept is also applicable to non-ionic elastomers that do not
contain any solvent. The method we present will provide a promising way for
developing future artificial muscle. Several concepts developed by other
researchers and successfully used for actuating gels are also introduced in
comparison with our method.

2.2 Polymer materials as actuators or artificial muscle

Polymer gel is an electroactive polymer material.�� There are various types of
electroactive polymeric materials. As mentioned in the above section,
polyelectrolyte is one of them and is most commonly investigated as an
electroactive gel. We will come back to discuss this material in more detail in
the next section.
Ferroelectric polymermaterials likePVDFor its derivatives arementioned,

since they behave as ferroelectric materials (see Fig. 2.2).�	��� They have
crystallinity and the crystals showpolymorphismby controlling thepreparation
method. Much detailed work has been carried out on piezoelectric and/or
pyroelectric properties, together with their characteristics as electroactive
actuators. These materials have long been mentioned as typical electroactive
polymers. Through these materials, it is considered that the strain induced in
the polymer materials is not large. The electrostrictive coefficient is known to
be small for polymers. These are non-ionic polymers and the induced strain
originates from the reorientationor the deformationof polarized crystallites in
the solid materials.
There is another type of electrically active polymer that is known as the

electroconductive polymer, in which polymer chains contain long conjugated
double bonds, and this chemical structure adds electroconductive properties
to the polymers. In these cases, the electrically induced deformation is
considered to have originated from the electrochemical reactions such as the
oxidation and reduction of the polymer chain. For the deformation, some
additives such as dopants have been known to be necessary for effective
actuation. Therefore, the electrical actuation of these materials has been
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2.3 Chemical structures of (a) polypyrrole and (b) polyaniline.

investigated in the presence of water, similar to the case of polyelectrolyte gels.
Polypyrrole and polyaniline are typical examples (see Fig. 2.3).��—��

2.3 Peculiarity of polymer gel actuator

Polymer gels differ in various ways from hard solid polymer materials.��� The
polymer chains in the gel are usually considered to be chemically or physically
cross-linked and to form a three-dimensional network structure. For instance,
polymer gel is usually a matter swollen with its good solvent, and the
characteristics are diversified from a nearly solid polymer almost to a solution
with very low polymer content but still maintaining its shape by itself. This
extremediversity inphysical propertieswidens the functionof thegel (seeFig. 2.4).
From the standpoint of the actuator, the gel behaves like a conventional

solid actuator or biological muscle, or like a shapeless amoeba. The gels also
have various actuating modes, symmetric volume change with swelling and
de-swelling, asymmetric swelling behaviour, symmetric deformation and
asymmetric deformation (see Fig. 2.5). The strain induced in the gel can also be
extremely large, depending on the cross-link structure in the gel.�
���

2.4 Triggers for actuating polymer gels

As can be expected from the diversified physical characteristics of the gel and
the wide variety of the actuating modes, there are various triggers for the
actuating polymer gels.
The triggers can be classified into two categories, chemical triggers and

physical triggers (see Fig. 2.6). As chemical triggers, solvent exchange includes
jumps in solvent polarity (e.g. from good solvent into poor solvent),�� in pH
(e.g. inweakpolyelectrolyte gel froma dissociated condition into an associated
condition)�� and in ionic strength (utilizing salting-out or coagulation).�	These
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2.4 Extreme diversity in physical property widens the function of the gel.

2.5 Various actuating modes of polymer gels: (a) swelling and de-swelling,
(b) asymmetric swelling or de-swelling.

Chemical triggers

pH change

oxidation and reduction

solvent exchange

ionic strength change

(a)

Physical triggers

light irradiation

temperature change

physical deformation

magnetic field application

electric field application

microwave irradiation

(b)

2.6 Triggers for polymer and/or gel actuation can be classified into two
categories: chemical and physical.
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2.7 Chemical triggers including solvent exchange. These types
accompany swelling and de-swelling of the solvent, and the deformation
is usually symmetric as long as the gel has a homogeneous structure.

2.8 Temperature jump as a physical trigger: (a) poly(vinyl methyl ether)
and (b) poly(N-isopropyl acrylonide).

two types accompany swelling and de-swelling of the solvent, and the
deformation is usually symmetric as far as the gel has a homogeneous
structure (see Fig. 2.7). Temperature jump, which is a physical trigger, can also
induce symmetric deformation in particular polymer gels where the solubility
has a critical transition temperature. Typical examples are the gels of
poly(vinyl methyl ether) and poly(N-isopropyl acrylamide).����� These gels
have high water absorption at low temperatures and de-swell at the
characteristic critical temperature around 30—40 °C (see Fig. 2.8). The
transition temperature can be controlled by changing chemical structure.�����
In the case of urease immobilized gel, the addition of urea, a substrate of
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2.9 Chemical trigger can induce swelling and de-swelling of gel, e.g.
substrate of urease, urea, is changed into ammonia and the ammonia
induces swelling and de-swelling by varying pH.

2.10 Light-induced deformation of polymer film. Example shown is the
case of PVC film containing spyrobenzopyrane.

urease, induces swelling and deswelling by utilizing the pH change induced by
the enzyme reaction (see Fig. 2.9).����

A physical trigger such as light irradiation is useful for actuating a gel in

which the light-induced reversible isomerization occurs and the isomerization
accompanies physical strain.����� In this case, the change is usually asymmetric
and the gel bends toward or against the direction of the irradiation, depending
on the photoinduced reaction (see Fig. 2.10).
In the case of electric field application, the gels usually bend, because the

field application induces asymmetric charge distribution and hence the
asymmetric strain in the gel.��� Asymmetric charge distribution can easily be
induced in polyelectrolyte gels, and this is why polyelectrolyte gel has mainly
been investigated as on electroactive polymer material (see Fig. 2.11).
Magnetic field application can also induce a strain in a gel when a structure

or species sensitive to the magnetic field is contained in it. We first proposed
the idea of applying a super paramagnetic fluid to a gel.��—��The gelwas found
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2.11 Electrically induced deformation. In the case of electric field
application, the gels usually bend, since field application induces
asymmetric charge distribution and hence the asymmetric strain in the gel.

2.12 Magnetic field active gel utilizing super paramagnetic property of a
ferro-fluid-immobilized gel. �, ferrofluid 75wt%; �, ferrofluid 50wt%; �,
ferrofluid 25wt%.
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2.13 Magnetic field induced large deformation. By turning the magnetic
field (H) on and off, the gel deforms instantly.

to be sensitive to the magnetic field gradient and to induce strain very
sensitively, and the structure change in the gel was investigated (see Fig. 2.12).
Zryhni and his coworkers investigated the same materials and found
discontinuousdeformationof the gel by controlling themagnetic field (see Fig.
2.13).��—��

2.5 Electro-active polymer gels as artificial muscles

Amongst the polymeric actuator materials mentioned above, polymer gel has
an important property as a huge strain generating material. As mentioned in
the previous section, the electric field is one of the most attractive triggers for
practical actuation. Electroactivity has been mentioned in connection with
polyelectrolyte gels, since they contain ionic species. However, ionic species
are not only sensitive to an electric field, but also usually electrochemically
active, and accompany electrolysis on the electrodes. Electrochemical reactions
often result in increased current and heat generation. These processes only
dissipate energy, and do not contribute to strain generation. Thus, elec-
trochemical reactions are an undesirable process inmost cases. In spite of their
many difficulties for practical actuators, polyelectrolyte gels and related
materials still remain at the forefront of electroactive polymer materials.
To overcome difficulties in polyelectrolytes, such as electrochemical

consumption on the electrodes, we investigated the electroactive properties of
the non-ionic polymer gel.

2.5.1 Electroactive polyelectrolyte gels

As pointed out in the previous section, polyelectrolyte gels have been
investigated as electroactive actuator materials. The concept originates from
the presence of electroactive ionic species in the gels. The ionic species can
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2.14 Bending deformation of a poly(acrylonide-co-sodium acrylate) gel in
aqueous solution. Bending direction is changed with sodium acrylate
content in the gel. Acrylic acid content was controlled by hydrolysing
poly(acrylonide) gel. The mechanism was explained with the results
shown in Fig. 2.15.

2.15 Electrically induced asymmetric deformation of a
poly(acrylonide-co-sodium acrylate) gel. Sodium acrylate content is
(a) low, and (b) high. In (a) the gel shrinks on anode side, but swells in (b).

migrate and form localized distribution and/or electrochemical reactions in
the gel, which cause its deformation.

2.5.1.1 Poly(acrylic acid) gel

Among polyelectrolyte gels, poly(acrylic acid) (PAA) gel was the first polyelec-
trolyte investigated as an electroactive polymer gel. Shiga et al. found that
PAA gel can be deformed by DC electric field application in the presence of
salt.��—	�APAA gel rod was immersed in the saline aqueous solution (see Fig.
2.14). The platinum electrodes were apart from the gel surface, and the DC
field was applied from both sides of the gel. Shiga et al. found a slow bending
motion of the gel, the magnitude of bending depending on the salt and its
concentration. They also found an asymmetric deformation of the gel, when
the field was applied apart from both ends of the gel rod (see Fig. 2.15). In this
case, the gel shrinks at one end and swells at the other end. The motion is
explained by asymmetric swelling behaviour under the field. The deformation
is explained by the following equation derived by Flory:

���
�
�

�
�

�
[2.1]
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2.16 Gel finger in aqueous solution. Polymer gel contains poly(acrylic)
acid and poly(vinyl alchohol). One electrode is occluded in the gel, and the
other electrode is exposed in the solution.

�
�
�� [ln(1� �) � x����]RT/V

�
[2.2]

�
�
� (���� � �/2)RT�

�
/V



[2.3]

�
�
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�
� �c

�
)RT [2.4]

where � is the overall osmotic pressure which is the summation of the three
types of osmotic pressure, �

�
, �

�
and �

�
, which originate from the interaction

between the polymer chain and solvent, from the rubber elasticity of the gel,
and from the concentration differences of the ionic species inside and outside
the gel, respectively. The parameters �, x, V



, �

�
, V

�
, c

�
, c

�
, R and T are the

polymer volume fraction, the interaction parameter between polymer and
solvent, the volume of dried polymer, the effective chain number in the
network, the molar volume of the solvent, the concentration of species i in the
gel, the concentration of species j in outer solution, the gas constant and the
absolute temperature, respectively.
The process was considered to originate from an osmotic pressure gap

induced by the localization of ionic species of different solvation power. In this
movement, electrolysis usually occurred on the electrodes. Shiga et al. optimized
the preparation method in order to overcome the difficulty. They put the
electrodes on the gel surface, and successfully demonstrated the gel finger in
aqueous solution (see Fig. 2.16).
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2.17 Association and dissociation of polyelectrolyte gel of
poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) with cationic
surfactant was found to undergo worm-like motility in aqueous solution.

2.5.1.2 Poly(2-acrylamido-2-methylpropanesulfonic acid) gel

Poly(2-acrylamido-2-methylpropanesulfonicacid) (PAMPS) gel was found to
undergoworm-likemotility (seeFig. 2.17).	�—		The principle of this deformation
is based on an electrokineticmolecular assembly reaction of surfactantmolecules
on the hydrogel, caused by both electrostatic and hydrophobic interactions
and resulting in anisotropic contraction to give bending towards the anode.
When the field is reversed, the surfactant admolecules on the surface of the gel
lift off and travel away electrically towards the anode. Instead, new surfactant
molecules approach from the opposite side of the gel and form the complex
preferentially on that side of the gel, thus stretching the gel. Surfactants such
asN-dodecylpyridinium chloride (Cl

�
PyCl) were used, which adsorbedwithin

a second and is easily calculated to give a complex formation ratio less than
1� 10��, explaining that the quick and large bending under an electric field is
dominated only by the surface complexation and shrinkage of the gel.
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2.18 Ion-exchange polymer–metal composite film of Nafion, of Dupont or
Flemion of Asahi Glass Co. Ltd. can bend remarkably by applying low
voltage.

2.5.1.3 Perfluorosulfonate ionomer gel

A hydrogel of perfluorosulfonate ionomer (Nafion of Dupont) film, thickness
of ca. 0.2mm, was found to be an effective electroactive material (see Fig.
2.18).	�—	� This material can be actuated by a DC field application of low
voltage such as 3 volts. Success was attained by the development of the
chemical deposition of the electrode on the membrane surface. The principle
of the deforming mechanism is somewhat similar to the case of other
polyelectrolyte gels. That is, the membrane requires the presence of water and
salts, and an encounter of electrochemical consumption is principally inevitable.
However, the response time and durability are much higher than with the
other gel materials. Moreover, the actuating process is not seriously affected
by electrochemical reactions, provided the operating conditions are adequately
controlled. Improvement of the efficiency can be considered to originate from
the chemical structure of the membrane, and the coexistence of the strong
hydrophobicity and strong hydrophilicity in a polymer chain.

2.5.2 Electroactive non-ionic polymer gels

Reviewing the above-mentioned materials, one of the serious defects of
polyelectrolyte gels is the electrochemical consumptionon the electrode under
an electric field application. The electrochemical consumption causes poor
durability of the polyelectrolyte gels and limits their application fields.
Therefore, the authors tried to utilize non-ionic polymer gels as actuating

materials with large deformation. The results show that the idea works in a far
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2.19 Dependence of strain in the direction of the field on the electric field.

more efficient manner than expected, but the mechanism turned out to be not
the same as they expected initially. The feature will be described below in a
little detail.

2.5.2.1 Strain in the direction of the field

Poly(vinyl alcohol)—DMSO gel was prepared by combining physical cross-
linking and chemical cross-linkingwith glutaraldehyde (GA). After the chemical
cross-linking, the physical cross-links were eliminated by exchanging solvent
into pure DMSO.	� The chemically cross-linked gel thus obtained has an
electronically homogeneous structure. Therefore, the PVA—DMSOgel has no
intrinsic polarization in its structure, and electrostrictive strain generation is
expected by applying aDC electric field. The results agree with this expectation,
and the strain is proportional to the square of the field (see Fig. 2.19).�
 The
strain observed reached over 7% in the direction of the field. The response
time is very fast, the large strain is attained within 0.1 s, and the shape of the
gel is instantly restored by turning off the field. The current observed is
around 1mA at 250V/mm,which ismuch smaller than those of polyelectrolyte
gels. The current can be depressed by further purification of the polymer and
solvent. This performance is much faster than conventional polyelectrolyte
gels. We can demonstrate the electro-activated quick strain in the flapping
motion by amplifying the strain by 300 times. It is suggested that the flapping
motion be accelerated up to 10Hz, though the demonstrationwas carried out
at 2Hz (see Fig. 2.20).
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2.20 Flapping motion induced by an electrostrictive deformation of a
non-ionic polymer gel swollen with a dielectric solvent.
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2.21 Structure of dimethylsulfoxide and its orientation by an electric field.
Polarized Raman spectroscopy can be employed for investigating the
molecular orientation under the field.

2.5.2.2 Electrical orientation of solvent

The strain induced in the direction of the field cannot be explained by the
electrostatic attractive force between the electrodes. The effect of the electrostatic
field was expected to be less than 25% of the observed strain under our
experimental conditions. We therefore have to find another explanation for
the strain generation in the gel.
Initially, we expected the orientation of solvent molecule under an electric

field to lead the strain generation in the gel, through the changes of interactions
between solvent and solute polymer, which forms the gel network.��
In order to observe the effect of the electric field on the orientation of the

solvent, DMSO, Raman spectroscopy was employed. The molecule has a
strong dipole moment, and can be expected to orient along the field direction
(see Fig. 2.21).�� It is oriented very efficiently even in relatively low electric
fields, but the orientation decreases over the maximumfield intensity (see Fig.
2.22).��The deformation of the gel becomes greater in the region of the higher
field than that of the maximum orientation, suggesting that the solvent
orientation is not directly related to the deformation of the gel.
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2.22 Electrically induced orientation of DMSO. DMSO orients very
efficiently even in relatively low electric field, but the orientation decreases
over the maximum field intensity.

2.5.2.3 Bending and crawling motion accompanying huge strain

In observing the contraction along the direction of an electric field, brass
plates were used as electrodes. The strain in the perpendicular direction of the
field was also observable. In these measurements, the bending deformation of
the gels was prevented or completely depressed.
When we carefully observed the gel deformation, solvent flow and some

asymmetric deformationwas suggested in the gel. But conventional electrodes
or a thinmetal sheet of 10�mthickness did not lead to any effective deformation.
We used very thin gold electrodes whose thickness was 0.1�m, and covered
both surfaces of the gel with the thin metal sheet. The metal sheet is soft
enough and does not disturb even a slight deformation of the gel.
By applying a DC electric field to the gel, the gel bent swiftly and held the

deformation as far as the field was on (see Fig. 2.23).�	—�� The bending was
completed within 60ms, and the bending angle reached over 90 degrees. By
turning off the field, the strain was released instantly, and the gel resumed its
original shape (see Fig. 2.24). The curvature turned out to be proportional to
the square of the field (see Fig. 2.25).
Taking the gel size (length 1 cm, width 5mm and thickness 2mm) into

account, and assuming the gel volume does not change in the deformation, the
strain in the gel can be estimated to be over 140% in length.�� The electric
current observed in thismotionwas less than 30�Aunder the field of 500V/mm.
This response and the huge strain attained in the PVA—DMSO gel is the
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Gel 
(thickness = 2 mm
width = 5 mm 
length = 1 cm)

Thin gold electrodes
(thickness = 0.1     m)

2.23 Assembling an electroactive non-ionic gel. The metal sheet was soft
enough and does not disturb even a slight deformation of the gel.

2.24 Swift bending of a non-ionic polymer gel. By applying a DC electric
field to the gel, the gel bent swiftly and sustained the deformation while
the field was on.

largest value among the electroactive polymer gel materials reported so far.
The low current suggests that there is much less energy loss in this motion
compared with the conventional polyelectrolyte gels. The energy loss as heat
was much less than that of Nafion or Flemion membrane overall, therefore it
is far less when the size (thickness and surface area) of the gel is taken into
account.
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2.25 Dependence of bending curvature on an electric field.

2.26 Crawling motion of a non-ionic polymer gel.

The gel could also show a crawling-type deformation.�	This is a novel type
of motion. The crawlingmotionwas observed when a naked gel was placed on
an electrode stripe array. Themotionwas completed in ca. 1 second (seeFig. 2.26).

2.5.2.4 Origin of the asymmetric pressure distribution in the gel

Such a remarkable swift bending or crawling of a non-ionic polymer gel
cannot be explained by osmotic pressure gradient, which is usually considered
to be the reason for electrically induced bending in polyelectrolyte gel. As
pointed out in the previous section, the solvent flow was suggested in the gel.
We investigated the effect of an electric field on its flowing property.�	
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Comb-like electrodes

2.27 Electric field-induced flow of a dielectric solvent. A pair of cone-like
electrodes were dipped in a circular tray filled with DMSO.
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2.28 Dependence of a flow rate on an electric field. The flow rate was
proportionally increased with the square of the field.

A pair of comb-like electrodes were dipped in a circular tray filled with
DMSO (see Fig. 2.27). When a DC field was applied, the solvent started
flowing from anode to cathode. The flowing rate was measured by using
polystyrene powder floating on the solvent as a probe. The flow rate increased
proportionally with the square of the field (Fig. 2.28). This result suggests that
the pressure gradient is generated between the electrodes.
In order to establish a quantitative estimation of the pressure gradient, a

theoretical treatment was carried out under some hypotheses shown below:��

1 Only one value of ion mobility exhibits for a kind of ion.
2 The turbulence in the gel can be neglected for the calculations of the

pressure buildup.
3 The ionizing and accelerating electrodes do not interfere with pressure

buildup.
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DMSO solvent

2.29 Solvent DMSO is drawn up between the electrodes.

4 Although only a very small resultant current exists, it is enough to determine
the field distribution.

5 Different types of ions do not interfere with each other in the pressure
buildup.

6 Surface charges on solvent boundaries have a negligible effect on ion
current and field distribution.

The following equation was deduced for the pressure distribution in a gel:

p(x)� p(0)�
9

8
��

V � V



d �
x

d
[2.5]

where p(x)� p(0), �,V,V


and d are pressure gaps between the two positions 0

(on the gel surface) and x (at x in the gel from the gel surface) in the direction of
the field, dielectric constant, voltages on the gel surface and at x in the gel, and
the thickness of the gel, respectively.
This equation suggests that the pressure gradient generated in the gel is

proportional to the dielectric constant of the gel and to the square of an
electric field. As the solvent content of the gel is ca. 98% in our experimental
system, the dielectric constant of the gel can be assumed to be the same as that
of the solvent. By taking the bending elasticity of the gel and the estimated
pressure, we could attain excellent agreement between our experimental data
and theoretical estimation (see Fig. 2.29).
In order to see the effect of the polymer on the electrically induced deformation,

another type of experiment was carried out. A pair of plate electrodes were
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2.30 Dependence of drawn-up height of DMSO on the electric field.

dipped in the solvent, and the DC field was applied between the electrodes.
The solvent was pulled up between the electrodes (Fig. 2.30). The height was
theoretically estimated by the following equation:

h��
�
(� � �



)(V/d)�/�g [2.6]

where h, �, �


, V, d, � and g are liquid surface height, dielectric constant of the

gel, dielectric constant of vacuum, voltage applied, distance between the
electrodes, density of the gel and gravitational constant.
The curve in Fig. 2.30 was calculated to be one, and is in good agreement

with the experimental data. However, when we used a DMSO solution of
PVA, the height was much less than that observed in the solvent and,
furthermore, was extremely asymmetric on both electrodes (see Fig. 2.31). The
solution tends to climb up onto the cathode surface, but not onto the anode,
suggesting that the above equation is no longer applicable for the polymer
solution.
These phenomena imply that the polymer solution has the tendency to

retard the discharging process. The discharge retardation causes the accumu-
lation of the charge on the cathode side in the gel and enhances the pressure
gap between the cathode side and the anode side in the gel. Thus, the presence
of the polymer network also plays an important role in efficient bending
deformation.
For more detailed analysis, further quantitative investigation must be

carried out.
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2.31 Climbing of PVA–DMSO solution onto an electrode under the field.

2.5.2.5 Applicability of the ‘charge-injected solvent drag’ method for conventional
polymers

The concept proposed in the previous section can be described as the
‘charge-injected solvent drag’ method. The advantage of the method is its
wide applicability to conventional non-ionic polymeric gel-like materials. We
have been working on several non-ionic materials for soft artificial muscles
that can be actuated in air.
Here, the case of poly(vinyl chloride) (PVC) will be shown briefly. In the

case of PVC, we used plasticizers as solvent. Although tetrahydrofurane is a
good solvent for PVC, its boiling point is too low for the preparation of the
stable gel at ambient temperature in air. In the example shown, the PVC gel
plasticized with dioctylphthalate (DOP) was found to creep reversibly like an
amoeba by turning on and off the electric field (see Fig. 2.32).��The electrically
induced deformation was suggested to be the asymmetric distribution of the
injected charge. The mechanism is somewhat similar, but not the same, to that
for the non-ionic polymer gel, since the solvent flow has not been confirmed in
plasticized PVC.

2.6 From electro-active polymer gel to electro-active
elastomer with large deformation

Non-ionic polymer gel swollenwith dielectric solvent is shown to be extremely
deformed, as is the non-ionic polymer plasticized with non-ionic plasticizer.
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2.32 Creeping motion of poly(vinyl chloride) plasticized with
dioctylphthalate. PVC gel plasticized with dioctylphthalate (DOP) was
found to creep reversibly like an amoeba by turning the electric field on
and off.

The mechanism suggested for the gel actuation was ‘charge-injected solvent
drag’, and that for the plasticized polymerwas ‘asymmetric chargedistribution
of injected charge’.
The latter mechanism can be applied to the non-ionic elastomers in

which the motion of the polymer chain is relatively free and so is the migra-
tion of the injected charges. The migration of the injected charge and the bal-
ance of the charging and discharging rates must be a critical factor to the
deformation provided the electrostatic interaction is a major factor in the
actuation.
The experimental results on polyurethane elastomers support the concept

described above.�
—�� In addition to our expectations, some novel features of
the motion are being clarified in detail, such as memory effect, bending
direction control, and so on (Fig. 2.33).
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Highly swollen gel

Swift bending motion

Plasticized polymer

Creeping motion

Elastomer
without additives

Swift motion

Crawling motion Huge deformation Memory effect

Charge injected solvent drag Bending direction control

Poor durability Huge deformation

Small power

Huge deformation

2.33 Wide span of large deforming non-ionic electro-active actuator
materials from polymer gel, through plasticized polymer, to elastomer
with no additives. A prosperous future for the conventional non-ionic
polymer materials as autonomic materials can be expected.

2.7 Conclusions

In this chapter, various types of electroactive polymers were introduced. Some
of them have a long history as electroactive materials. Recently, however,
polymer gels and/or elastomers, which have no intrinsic polarization in their
structure and do not contain any ionic species either, have been found to show
huge strain by applying electric fields with a low electric current. Energy
dissipation occurring as heat ismuch less than the conventional polyelectrolyte
materials. The concepts of ‘charge-injected solvent drag’ and ‘asymmetric
charge distribution of injected charge’ are proposed as a possible mechanism
of the huge deformation. These concepts can be applied to various non-ionic
conventional polymers. The author strongly expects that the concepts expand
the field of actuator to that of practical artificial muscle, and contribute to the
development of the micro-machine or nano-machine in the future.
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3
Heat-storage and thermo-regulated

textiles and clothing

XINGXIANG ZHANG

3.1 Development introduction

3.1.1 Introduction

The human body is itself is an automatic thermo-regulated organism. The
body constantly generates heat, CO

�
andH

�
Oby the metabolism of food and

muscle activity. The human body controls the release speed of heat by blood
vessel dilatationor constriction,muscle and sweat glandactivity, etc., and then
regulates the body temperature.
It has been shown that the most comfortable skin temperature is 33.4 °C.

When the temperatureof anypart of the skin differs bywithin 1.5—3.0 °Cof this
ideal temperature, the human body is unaware of the warmth or coolness. If
the difference is more than � 4.5 °C, the human body feels discomfort. In
addition, a core body temperature of 36.5 °C is required, and a rise or fall of
1.5 °C can be fatal. A balance between the rates of heat loss and heat generated
must be maintained. When the thermal resistance of their clothing is
insufficient, and a person stays in a relatively low temperature condition for a
long time, the body temperature drops. The human body must produce more
heat by eating more food or increasing exercise. Also, the body will adjust to
the heat loss by constricting the blood capillaries within the skin.Hypothermia
may result, if the core temperature is lower than 35 °C. Conversely, in a hot
environment, the body must cool itself. The body generates heat and the heat
absorbed by the skin from the environment must be dissipated. Under these
conditions the body will dilate the blood capillaries, which enables the
evaporation of water diffused from the body interior to increase, thereby
increasing the cooling effect. This action is known as insensible perspiration. If
the environment temperature increases further, the body will activate sweat
glands and evaporate liquid water for increased cooling, known as sensible
perspiration. In some special environments, due to the high temperature or
high thermal resistance of the clothing, hyperthermia can result if the body
fails to dissipate sufficient heat.

34



The traditional heat insulation materials, for example, fabrics such as
cotton, hemp, silk, wool and polyester, polyamide and polyacrylic fibre, etc.
provide a degree of resistance to body heat loss, which is determined by the
number of air pockets present in the fabric. The solar ray selective absorbing
textile that has been manufactured since the late 1980s can absorb the near
infra-red ray in the sun rays, and convert it to heat, thus enhancing the inner
temperature of the clothing. The far infra-red textile that has been produced
since the late 1980s can absorb the body’s irradiated far infra-red ray and turn
it to heat, enhancing thermal resistance. The ultra-violet absorbing and
cool-feeling fabric that has been industrialized since the beginning of the 1990s
can absorb the ultra-violet and reflect the near infra-red rays from the sun,
lowering the inner temperature of the clothing. All of these new functional
textiles are one-way thermo-regulated heat insulating materials.
Tokeep the skin temperaturewithin the 30.4 to 36.4 °C interval, wemust put

on or take off our clothing according to the external temperature. If clothing
could automatically change its thermal resistance according to the temperature,
it could control the speed of heat release, and then regulate the inner
temperature. We would not need to put it on or take it off very often, and the
proper inner temperature would not only increase body comfort, but also
reduce fatalities.

3.1.2 Development history

The heat-storage and thermo-regulated textiles and clothing are newer
concepts: they are two-way thermo-regulated new products, and have been
studied for more than 30 years. The development history of heat-storage and
thermo- regulated textiles and clothing is outlined in Table 3.1.
Scientists have increasingly been studying the manufacture process and

properties of heat-storage and thermo-regulated textiles and clothing for
several decades. There will be more reports about basic, dynamic thermal
resistance and its applications in the near future.

3.2 Basics of heat-storage materials

There are three types of heat storage: sensible, latent and chemical reaction
heat storage. Latent heat storage is the most important way of storing heat,
and is also called ‘phase change heat storage’. Latent heat-storage materials
have been widely used for about 40 years.
TheUSNationalAeronautics andSpaceAdministration (NASA) accelerated

the application research of latent heat-storage materials for the space
laboratory in the 1960s. They were used to improve the protection of
instruments and astronauts against extreme fluctuations in temperature in
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Table 3.1 Development history of heat-storage and thermo-regulated textile and
clothing

Ref.
Time Researcher Research introduction no.

1965 Mavelous and
Desy

Designed a heat-insulating garment containing
molten lithium salts pouches. The salts exchanged
heat with water in the pouches and the hot
water was circulated to tubing throughout the
garment.

1

1971 Hansen Incorporated CO2 into liquid inside the hollow fibre.
When the liquid solidified and the solubility of the
CO2 decreased, the diameter of fibre increased and
the heat-insulating ability rose.

2

1981 Vigo and Frost Incorporation of hydrated inorganic salts into
hollow fibres.

3

1983 Vigo and Frost Incorporation of polyethylene glycol (PEG) and
plastic crystal materials into hollow rayon or
polypropylene fibre.

4

1985 Vigo and Frost Coated PEG on the surface of fabrics. The thermal
storage and release properties of the fabrics were
reproducible after 150 heating and cooling cycles.

5

Chemical Week and Wall Street Journal reviewed
Vigo’s research work.

6, 7

1987 Bruno and Vigo The thermal storage and release, anti-static, water
absorbence, reliancy, soil release and conditional
wrinkle recovery of PEG-coated fabrics were
studied.

8

1988 Bryant and
Colvin

A fibre with integral microcapsules filled with
phase change materials (PCM) or plastic crystals
had enhanced thermal properties at predetermined
temperatures.

9

Vigo and Bruno PEG was cross-linked on the surface of knit fabrics. 10

1989 Vigo et al. Coated PEG modified the resiliency and resistance
to the oily soiling, static charge, pilling, wear life
and hydrophilicity of fabric and fibres.

11

1990 Watanabe et al. Melt spun heat-releasing and heat-absorbing
composite fibre using aliphatic polyester as core or
island component, fibre-forming polymer as sheath
or sea component.

12

1991 Zhang Designed the heat insulation clothing containing
CaCI2.6H2O pouches.

13

Mitsui Corp. Licensed Vigo’s invention and commercialized
skiwear and sportswear that contain fabrics with
cross-linked polyols.

14

Neutratherm
Corp.

Licensed Vigo’s invention and commercialized
fabrics incorporating PEG. The fabrics were used
for thermal underwear.

14

1992 Mitamura A composite fibre was melt spun by using
polytetramethylene glycol (av. MW 3000) as a
core, and poly(ethylene terephthalate) (PET) as a
sheath.

15
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Table 3.1 (cont.)

Ref.
Time Researcher Research introduction no.

1992 Bryant and
Colvin

Fabrics coated with a binder containing
microcapsules filled with PCM or plastic crystals.

16

1993 Vigo The antibacterial properties of PEG-coated fabrics
were studied.

17

Umbile Fabrics were coated with a binder containing
microcapsules filled with PEG (av. MW 300–4000).

18

Momose et al. A blend of linear chain hydrocarbon, particles of
ZrC, thermoplastic elastomer and polyethylene is
used as a coating materials for nylon fabrics

19

Colvin and
Bryant

A cooling garment contained pouches containing
macroencapsulated PCM.

20

1994 Renita et al. The wicking effect, antibacterial and liquid barrier
properties of non-woven coated with PEG were
studied.

21

Bruno and Vigo Formaldehyde-free cross-linking PEG-coated fabrics
were studied.

22

Bruno and Vigo The dyeability of PEG-coated polyester/cotton fabric
was investigated.

23

Tsujito et al. Carpet coated with a binder containing
microcapsules filled with paraffin.

24

Imanari and
Yanatori

Heat insulation clothing with pouches containing
paraffin and salts was designed.

25

1995 Pause The basic and dynamic thermal insulation of fabrics
coated with or without microencapsulated PCM
was studied.

26

1996 Zhang et al. The heat storage and crystallizability of PET–PEG
block copolymers were studied.

27

Zhang et al. Melt spun composite fibre using aliphatic polyester,
PET–PEG, paraffin or PEG as core component,
fibre-forming polymer as sheath component.

28

Sayler PCM with melting point 15–65°C incorporated
throughout the structure of polymer fibres.

29

1997 Zhang et al. Melt spun heat-storage and thermo-regulated
composite fibre using PEG (av. MW 1000–20000) as
core component, polypropylene as sheath
component.

30

Outlast Inc. Properties of the fibres were studied. 31
Frisby Inc. Coated fabrics and wet spinning polyacrylic fibre

containing microencapsulated PCM came onto the
market.

32

Vigo Intelligent fibrous substrates with thermal and
dimensional memories were studied.

33

1999 Pause The basic and dynamic thermal insulation of coated
fabrics and non-woven containing
microencapsulated linear chain hydrocarbons were
studied, and the skin temperature of a simulated
skin apparatus in 20 °C and −20 °C conditions were
measured.

34
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space. Latent heat-storagematerialswere used in the lunar vehicle and the Sky
lab project for the Apollo 15 mission in the 1980s.��

3.2.1 Sensible heat-storage materials

There is an obvious temperature changeduring the heat-absorbingand release
process of sensible heat-storage materials. Water, steel and stone are widely
used sensible heat-storage materials. Water is the cheapest, most useful
sensible heat-storage materials in the temperature interval from 1 °C to 99 °C
at 1 standard atmosphere. The absorbing heat content of water for a 1 °C rise
in temperature is 4.18 J/g.

3.2.2 Latent heat-storage materials

Latent heat-storage materials are also called phase change materials (PCM).
PCM can absorb or release heat with a slight temperature change. PCMmay
be repeatedly converted between solid and liquid phases to utilize their latent
heat of fusion to absorb, store and release heat or cold during such phase
conversions. The latent heats of fusion are greater than the sensible heat
capacities of the materials.
Material usually has three states. When a material converts from one state

to another, this process is called phase change. There are four kinds of phase
change, 1 solid to liquid, 2 liquid to gas, 3 solid to gas, 4 solid to solid.
Heat is absorbed or released during the phase change process. The absorbed

or released heat content is called latent heat. The PCM, which can convert
from solid to liquid or from liquid to solid state, is the most frequently used
latent heat-storage material in the manufacture of heat-storage and thermo-
regulated textiles and clothing. The melting heat-absorbing temperature
interval is from 20 to 40 °C, and the crystallization heat-releasing temperature
interval is from 30 to 10 °C. The phase change temperature of hydrated
inorganic salts, polyhydric alcohol—water solution, polyethyleneglycol (PEG),
polytetramethylene glycol (PTMG), aliphatic polyester, linear chain hydro-
carbon, hydrocarbon alcohol, hydrocarbon acid, etc., is in this interval.

3.2.2.1 Hydrated inorganic salts

Hydrated inorganic salt is an inorganic salt crystal with n water molecules.
The hydrated inorganic salt that can be used in themanufacture of heat-storage
and thermo-regulated textiles and clothing usually has a heat-absorbing and
-releasing temperature interval of about 20 to 40 °C. Some of the hydrated
inorganic salts are listed in Table 3.2. It was observed that incongruent
melting and super cooling of most inorganic salt hydrates incorporated into,
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Table 3.2 The hydrated inorganic salts35

Specific
Density heat capacity Heat-

Melting Melting kg/m3 (J/(kgK)) storage
Hydrated point heat density
inorganic salts (°C) (kJ/kg) Solid Liquid Solid Liquid (MJ/m3)

CaCI2.6H2O 29 190 1800 1560 1460 2130 283
LiNO3.3H2O 30 296
Na2SO4.10H2O 32 225 1460 1330 1760 3300 300
CaBr2.6H2O 34 138
Na2HPO4.12H2O 35 205
Zn2SO4.6H2O 36 147 1340 2260
Na2SO4.5H2O 43 209 1650 1460 2300 345

or topically applied to, fibres occurred after several heating/cooling cycles.
Lithium nitrite trihydrate lasted 25 cycles, calcium chloride hexahydrate
lasted only a few cycles, and sodium sulfate decahydrate only one cycle.

3.2.2.2 Polyhydric alcohol

2,2-Dimethyl-1,3-propanediol (DMP), 2-hydroxymethyl-2-methyl-1,3-
ropanediol (HMP) and 2-bis-(hydroxyl methyl)-1,3-propanediol are often
used as PCM. They produce endothermic and exothermic effects without a
change in state at temperatures far below the melting point of the substance;
the heat absorption and release of such substances is called the heat of
transition. However, they are not suitable for the manufacture of heat-storage
and thermo-regulated textiles and clothing due to their phase change tem-
perature being higher than 40 °C. However, if two of the polyhydric alcohols
are mixed, the phase change temperature can be in the range 24 to 40 °C.�����

3.2.2.3 PEG and PTMG

Polyethylene glycol is one of the most important PCMs. The melting
temperature of PEG is proportional to themolecular weight when itsmolecular
weight is lower than 20 000. The melting point of PEG that has an average
molecular weight higher than 20 000 is almost the same. The PEGs with
molecular weight lower than 20 000 are listed in Table 3.3. The PEGs with
molecular weight from 800 to 1500 have melting points of about 33 °C.
The maximum theory melting point of PTMG is 43 °C. The PTMG is used

as PCM in some patents. The melting point of PTMGwith molecular weight
3000 is 33 °C, and the heat of melting is 150 J/g.��However, the crystallization

39Heat-storage and thermo-regulated textiles and clothing



Table 3.3 The phase change behaviour of different molecular weight PEG
measured with DSC37

Average Melting Crystallization
PEG molecular Melting heat Crystallization heat
sample weight point (kJ/kg) point (kJ/kg)

1 400 3.24 91.37 −24.00 85.40
2 600 17.92 121.14 −6.88 116.16
3 1000 35.10 137.31 12.74 134.64
4 2000 53.19 178.82 25.19 161.34
5 4000 59.67 189.69 21.97 166.45
6 6000 64.75 188.98 32.89 160.93
7 10000 66.28 191.90 34.89 167.87
8 20000 68.70 187.81 37.65 160.97

point is supercooling due to the weak interaction between themolecular chain
of PTMG. This limits its application.

3.2.2.4 PET—PEG block copolymer

When the averagemolecularweight of PEGused in the synthesis of PET—PEG
block copolymer is higher than 1540, and the PEG weight content in block
copolymer is more than 50%, the PEG segment can crystallize alone. The
melting point measured by DSC of the PEG segment is 6.86 °C.�� When the
average molecular weight of PEG is 4000, and PEG weight content is 50%,
the melting point of the PEG segment is 33.05 °C, and the melting endotherm
is 30.56 J/g. The PET—PEG block copolymer can be melt spun into fibre.

3.2.2.5 Linear chain hydrocarbon

Linear chain hydrocarbon is a byproduct of oil refining. The formula is
C

�
H

����
. The melting and crystallization points of hydrocarbons with

n� 16� 21 are in the temperature range 10 to 40 °C, Table 3.4. The commodity
linear chain hydrocarbon is usually a mixture of n� 1 or n� 2.
Linear chain hydrocarbons are a non-toxic, inexpensive, extensive source of

raw materials, suitable for varied usage. They are the most important PCMs
in themanufacture of heat-storage and thermo-regulated textiles and clothing.

3.2.2.6 Others

Organic acid, alcohol and ether, for example decanoic acid, 1-tetradecanol,
and phenyl ether, at proper phase change temperature, can also be used asPCMs.
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Table 3.4 The phase change properties of linear chain hydrocarbons9,25

Number Melting Heat of Crystallization
Phase change of carbon point melting point
materials atoms (°C) (kJ/kg) (°C)

n-hexadecane 16 16.7 236.58 16.2
n-heptadecane 17 21.7 171.38 21.5
n-octadecane 18 28.2 242.44 25.4
n-eicosane 20 36.6 246.62 30.6
n-heneicosane 21 40.2 200.64

3.3 Manufacture of heat-storage and thermo-regulated
textiles and clothing

3.3.1 Phase change materials or plastic crystal-filled or
-impregnated fibres

3.3.1.1 Hydrated inorganic salt-filled or -impregnated fibres

Vigo and Frost filled hollow rayon fibres with LiNO
�
.3H

�
O,Zn(NO

�
)
�
.6H

�
O,

CaCl
�
.6H

�
O/SrCl

�
.6H

�
O and Na

�
SO

	
.10H

�
O/NaB

	
O

�
.10H

�
O.� When the

content of lithium nitrate trihydrate within the rayon is 9.5 g per gram of fibre,
the heat endotherm is 302.63, 312.24 and 156.32 J/g, respectively, and the heat
exotherm is 221.95, 176.39 and 40.96 J/g, respectively, in the temperature
interval� 40—60 °C, after one, ten and 50 heat—cool cycles. It is quite obvious
that the decrease of heat capacity of the fibre is greater after more heat—cool
cycles.

3.3.1.2 PEG-filled or -impregnated fibres

Although many inorganic salt hydrates within hollow fibres were initially
effective in imparting heat-absorbing and -releasing characteristics to hollow
fibres, they exhibited unreliable and poor thermal behaviour on repeated
thermal—cool cycles. In 1983, Vigo and Frost filled fibres with 57% (wt./wt.)
aqueous solution of PEG, with average molecular weight (average MW) of
400, 600, 1000 and 3350.	 Hollow fibres were filled with PEG by aspirating
aqueous solutions of the various different average molecular weights at, or
above, room temperature through fibre bundles tightly aligned inside an
O-ring until visual observation indicated that the fibres were completely filled.
The filled fibres were then placed horizontally and cooled at� 15 °C or lower.
Excess moisture was removed from the modified fibres by drying them to
constant weight in the presence of anhydrous CaSO

	
(a) in a desiccator for

24 h. Themeasured results ofDSC show that the heat-absorbing and -releasing
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capacity of filled hollow polypropylene fibre is 1.2—2.5 times that of untreated
fibre, and that of filled hollow rayon is 2.2—4.4 times that of untreated rayon.

3.3.1.3 Polyhydric alcohol filled or -impregnated fibre

Vigo and Frost filled hollow rayon and hollow polypropylene fibre with
2,2-dimethyl-1,3-propanediol (DMP)�� and impregnated non-hollow rayon
with DMP. The heat-absorbing capacity of treated hollow polypropylene
fibre was 136.68 J/g in the temperature range 72—102 °C, and the heat-releasing
capacity of treated hollow polypropylene fibrewas 120.38 J/g in the temperature
range 77—47 °C. It is less obvious that there is a decrease of the heat capacity
of the fibre after 50 heat—cool cycles. The fibre is not suitable for clothing
textiles, due to its high phase change temperature.

3.3.2 Coated fabric

3.3.2.1 Fabrics coated with PEG

Although the PEG and polyhydric alcohols were effective as heat-storage and
-release agents inmodified fibres/fabrics, theywere only suitable for applications
that did not require laundering of the fabrics, since they were still water
soluble. Vigo and Frost studied fabrics coated with cross-linked PEG in
1985.� The average MW of PEG was from 600 to 8000. Fabrics were treated
with aqueous solutions containing the following cross-linking agents: 40%
solids dimethyloldihydroxy-ethyleneurea (DMDHEU), 40% solids
dimethylolethyleneurea (DMEU), 50% solids dimethylolisopropyl carbamate
and 80% solids trimethylolmelamine. Acid catalysts used were
MgCI

�
.6H

�
O/citric acid in a mole ratio of 20 to 1, NaHSO

	
and

Zn(NO
�
)
�
.6H

�
O. PEGwas also present in the pad bath. The cotton, PET and

wool fabrics having thermal activity were produced using 50% aqueous
solutions of the PEG-600 or PEG-1000 containing 8—12% DMDHEU and
2.4—3.6% mixed catalysts (MgCl

�
.6H

�
O/citric acid). All fabrics were padded

to wet pickup of about 100%, dried and cured, then machine washed and
dried. The PET treated with 50% aqueous solution of PEG-600, was dried at
60 °C for 7 minutes, and cured at 160 °C for 3 minutes. The weight gains were
42.9%, and the heat-absorbing capacity was 53.92 J/gmeasured by differential
scanning calorimetry (DSC). The heat capacitywas 53.08 J/g after ten heat—cool
cycles. There was no obvious decrease of the heat capacity of the fibre.� The
heat-absorbing capacity of untreated polyester fabric was 42.21 J/g and 40.12 J/g.
If the weight gains of the fabric were less than 20%, only the antistatic

performance of the fabric was improved, and the thermal activity was not
obvious. Fabrics treated with PEG-600/DMDHEU and an appropriate acid
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catalyst had weight gains of 27—47% and were thermally active compared to
the untreated and cross-linked controls. When concentrations of less than 8%
DMDHEUwere used in the treatments with PEG-600, the weight gains were
not sufficient to impart thermal activity to the fabric. Conversely, when higher
concentrations ofDMDHEUwere used (�12%) or when zinc nitrate catalysts
were used at any DMDHEU concentration, extensive cross-linking occurred
and the fabric was thermally inactive. When DMDHEU and the mixed acid
catalyst were used with PEG of higher molecular weights (� 3350), there was
little reaction, resulting in low add-on. Preliminary cross-link density and
thermal analysis data indicate that the PEGare insolubilized on the fibres and
exhibit thermal activity only when the PEG are of low crystallinity and can
react with the polyfunctional cross-linking agent. Further experiments dem-
onstrated that a wide range of one-step curing conditions (with temperatures
as low as 80 °C) could be utilized to insolubilize the polymer on fibrous
substrates and provide superior thermal storage and release properties than
those obtained by the two-step (dry/cure) process that employed high curing
temperatures.�	
However, the DMEHEU or DMEU can be gradually decomposed to

release toxic formaldehyde. A formaldehyde-free cross-linking system was
discovered using a stoichiometric amount of sulfonic acids and glyoxal to
form polyacetals with the same polyols.�� These polyacetals exhibit the same
multifunctional properties and are durable to laundering.

3.3.2.2 Fabrics coated with polyhydric alcohols

Polyhydric alcohols undergo solid-to-solid thermal transitions (SSTs). The
often-used plastic crystals are DMP (DSC onset mp 126 °C) and 2-
hydroxymethyl-2-methyl-1,3-propanediol (HMP,DSC onsetmp 181 °C). The
50%(wt./wt.) aqueous solutions of the plastic crystals weremade for subsequent
application to fabrics.�
Regardless of fibre type, all fabrics immersed in 50% aqueous solutions of

the DMP and padded to about 100% wet pickup, then dried at 100 °C, had
only slight weight gains after conditioning. Presumably, the high vapour
pressure of the DMP precludes the conventional or elevated temperature
drying of treated fabrics.�
In contrast to the other plastic crystal substance DMP, the HMP did not

volatilize from the fabric when it was dried at conventional or elevated
temperature to remove excess water. The modified fabrics had heat contents
of 87.78—104.5 J/g on heating and 79.42—96.14 J/g on cooling after one to ten
thermal cycles. The heat contents of HMP-treated fabrics were 1.7—2.5 times
those of untreated fabrics. The fabrics are not suitable for clothing textiles, due
to their high phase change temperature.
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3.3.2.3 Fabrics coated with a binder containing microcapsules

Bryant adapted a coating to apply to a substrate such as a fabric in order to
enhance the thermal characteristics thereof.��The coating includes a polymer
binder in which are dispersed integral and leak-resistant microcapsules filled
with PCMor plastic crystals that have specific thermal properties at predeter-
mined temperatures.
Zuckerman invented a coating composition for fabrics including wetted

microcapsules containing PCM dispersed throughout a polymer binder, a
surfactant, a dispersant, an antifoam agent and a thickener.	
 The most
preferred ratios of components of the coating composition of the invention
were: 70 to 300 parts by dry weight of microcapsules for each 100 parts by dry
weight of acrylic polymer latex, 0.1% to 1%dry weight each of surfactant and
dispersant to dry weight of microcapsules, water totalling 40% to 60% of the
final wet coating composition and antifoam agent of from 0.1% to 0.5% dry
weight to total weight of the final wet coating composition.
The microcapsules containing Na

�
SO

	
.10H

�
O as PCM were also used for

the fabric coating.
Umible had coated a woven polyester with a mixture of microcapsules and

polymer binder.�� The coating layer is composed of 1: 1—3 (wt. ratio) mixtures
ofmicrocapsules containingPEGwith averageMW300—4000 anda polyacrylic
binder. The coated fabric evolves heat at 7—11 °C, and absorbs heat at
28—31 °C. Umible thought the fabrics were useful for garments for workers in
freezer units and mountaineering.

3.3.2.4 Other coated fabrics

Momose invented a coating agent containing n-octadecane 80, n-hexadecane
20, thermoplastic elastomer kraton G1650 12, linear polyethylene 20, ZrC 10
and an antioxidant 0.2 part.�� The mixture was melted and mixed to give a
non-bleeding solid with heat content 129.48 J/g and good shape-retaining
properties. The mixture was molten at 140 °C and applied to a nylon cloth to
give a textile with good heat storage properties, useful for skiwear.

3.3.3 Fibre-spinning

Heat-storage and thermo-regulated textiles can be manufactured by filling
hollow fibres or impregnating non-hollow fibres with PCM and plastic
crystals or coating fabric surfaces with PEG, plastic crystals or microcapsules.
There are still some defects in thewash-resistance, durability and handle of the
heat-storage and thermo-regulated textiles produced by these processes. The
fibre-spinning process has developed quickly since the 1990s.
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3.3.3.1 Composite fibre-spinning

The copolymers of diacid, for example, glutaric acid, hexanedioic acid and
decanedioic acid, with diols, for example, 1,3-propylene glycol, 1,4-butanediol
and 1,6-hexanediol have heat-absorbing and -releasing properties.�� The
melting points of some of the aliphatic polyesters are in the temperature range
20—40 °C, but their crystallization points are usually beyond the temperature
range 30—10 °C.	� Watanabe used the mixture of two aliphatic polyesters as
the core component, PET as the sheath component, and melt span to produce
heat-absorbing and heat-releasing synthetic conjugate fibres for heat-insulating
garments.��
PTMG was used as the core component in the composite fibre-spinning

process.�� A composite fibre that uses PTMG as the core and PET as the
sheath was designed.

3.3.3.2 Fibre spun with a mixture

When aliphatic polyester or polyether is used alone as the core or island
component in the composite fibre-spinning process, the spinning process is
very hard to control, due to its very low melting viscosity. If the aliphatic
polyester or polyether is blendedwith ethylene copolymer, themelting viscosity
of the mixture can be high enough for the fibre-spinning process.
Zhang et al. had studied the melt spinnability of PEG alone, and PEG

mixed with ethylene—vinyl acetate as the core component, and polypropylene
as the sheath.�
 The results showed that the PEG could be spun alone only
when the average MW was higher than 20 000. When the average MW was
higher than 1000, it could be melt spun well for the PEG and ethylene—vinyl
acetate 1: 1 (wt./wt.) mixture. Sayler’s invention showed that the preferred
weight percentages are about 55% PCM, about 15—21% polyolefin, about
7—11% ethylene copolymer, about 7—15% silica particles and about 7.5%
microwave-absorbing additives.��
The mixture of paraffin and polyethylene was melt spun into the fibre

directly. The surface of the fibre was coated with epoxy resin in order to
prevent leakage of the paraffin.

3.3.3.3 Fibre with integral microcapsules

Embedding the microcapsules directly within the fibre adds durability as the
PCM is protected by a dual wall, the first being the wall of the microcapsule
and the second being the surrounding fibre itself. Thus, the PCM is less likely
to leak from the fibre during its liquid phase, thus enhancing its life and the
repeatability of the thermal response.

45Heat-storage and thermo-regulated textiles and clothing



Bryant and Colvin produced a fibre with integral microcapsules with
PCMs or plastic crystals.� The fibre has enhanced thermal properties at
predetermined temperatures. The microcapsules can range in size from about
1 to about 10 microns. In fabricating the fibre, the desired microencapsulated
PCMs are added to the liquid polymer, polymer solution or base material and
the fibre is then expended according to conventional methods such as dry or
wet spinning of the polymer solutions and extrusion of the polymer melts.
According to the report, the maximum content of PCM in the polyacrylic
fibre is about 10%. The minimum filament denier is 2.2dtex.��

3.3.4 Heat-storage and thermo-regulated clothing

3.3.4.1 Water circulation clothing

This kind of clothing is usually used as protective clothing for extremelywarm
or cool environments. It uses ordinary water as a sensible heat-storage
material, circulating warm water in winter and circulating cool water in
summer through tubing that is incorporated into the body garment or vest. A
battery-powdered pump circulates the water through the tubing in the suit
load. It has been commercialized for several decades.

3.3.4.2 PCM pouches attached to clothing

These garments were designed by Mavleous and Desy,� Zhang,� Colvin� and
Imanari and Yanatori.�� They use PCMs instead of water as heat-storage
materials. They are used in extreme high or low temperature environments for
body cooling or warming.

3.3.4.3 Heat-storage and thermo-regulated textile clothing

As the manufacturing technology of heat-storage and thermo-regulated fibres
and textiles became more advanced, new types of clothing came onto the
market. The PEG-coated fabrics produced by the Mitsui Corporation were
used as ski- and sportswear.�	
Outlast Inc. and Frisby Inc. licensed the thermal regulation technology

from Bryant of Triangle Research and Development Corporation in about
1991. Since then, the scientists at Outlast and Frisby have worked diligently to
create thermal regulating materials for use in many different products. The
microcapsules were either coated onto the surface of a fabric or manufactured
directly into polyacrylic fibres. Other heat-storage and thermo-regulated
textile products, such as blankets, sleeping bags, underwear, jackets, sports
garments, socks, ski boots, helmets, etc., have come onto the market since
1997.����� Output has gradually increased in the last 3 years.
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Table 3.5 Thermal resistance of coated fabrics40

Acrylic Acrylic Substrate Substrate
with without with without

Materials tested PCM PCM PCM PCM

Wt/unit area (g/m2) 270 250 227 207
Stand thickness (mm) 5.40 5.63 0.63 0.61
Compressibility (lb) 12 16 13 20
Raw density (kg/m3) 49 44 360 339
Thermal conductivity (w/mK) 0.0398 0.0342 0.1012 0.1782
Thermal resistance (m2 K/w) 0.1281 0.1491 0.0057 0.0029
Specific thermal capacity
(kJ/kgK) 3.022 2.391 2.468 1.840

3.4 Properties of heat-storage and thermo-regulated
textiles and clothing

3.4.1 Thermal resistance

3.4.1.1 Traditional thermal resistance

The traditional thermal resistance is measured by the standard stationary
methods (for example, those involving the use of a guarded hot plate apparatus).
But in Pause’s opinion, none of thesemethods is suitable for the determination
of materials with PCM, because a long continual thermal stress could activate
the phase change which would lead tomeasurements that deviate significantly
from those that should be obtained.�� Some experiments are still necessary in
order to enable us to decide whether this is true.
The thermal resistance of coated fabrics with or without microcapsules was

measured by Zuckerman et al.	
 The thermal resistance of coated fabrics with
microcapsules is higher than that of untreated fabrics; the results are listed in
Tables 3.5 and 3.6. That is mainly due to the action of binder that seals the
cloth pore of the fabric.

3.4.1.2 Dynamic thermal resistance

There are phase change materials on the surface of the fibre or in the fibre, so
the fabric or fibre is going to absorb heat in the temperature range 20—40 °C,
and release it in the range 30—10 °C. Vigo and Frost studied the endotherm
and exotherm behaviour of the fabrics and fibres by DSC.�—� The plots of
DSC measurement are shown in Fig. 3.1 and 3.2.�	 But the DSC measuring
results were not translated to the thermal resistance of the textile.
WhenNeutrathermCorporation studied awear trial with 50 human subjects
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Table 3.6 The basic and dynamic thermal resistance of coated fabrics26

Basic thermal Dynamic thermal
resistance resistance

Test material (m2 K/W) (m2 K/W)

Membrane material 0.0044
Membrane material/foam coating 0.0187
Membrane m./foam/40g/m2 PCM 0.0181 0.0863
Membrane m./foam/90g/m2 PCM 0.0176 0.1481

(a)

(b)

3.1 DSC cooling scans (10 °C/min) of melt-blown polypropylene treated
with PEG 1000/DMDHEU and dried/cured: (a) 1.5min/90 °C and (b)
5min/100 °C.

(a)

(b)

3.2 DSC heating scans (10 °C/min) of woven cotton pritcloth treated with
PEG-1450/DMDHEU and dried/cured: (a) 2min/100 °C and (b) 4min/80 °C.
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3.3 Testing arrangement. 1: Radiant (panel) heater with temperature
sensor, 2: Testing sample, 3: Panel heater/cooler with temperature sensor,
4: Heat insulation, 5: Power supply for panel heater, 6: Computer for
recording and processing of measured values.

New design with PCM

Previous design
without PCM

0 0.5 1 1.5 2 2.5

Thermal resistance in clo

3.4 Comparison of the total thermal insulation of the coated fabrics.
, Basic thermal resistance; , Dynamic thermal resistance.

with cotton thermal underwear containing bound PEG, enhanced wind
resistancewas the property giving the highest percentage of satisfaction (82%)
to the wearers.�	
In order to measure the basic and dynamic thermal resistance, Pause

designed a measurement method;�� the basic arrangement of the measuring
apparatus is presented in Fig. 3.3. The thermal resistance of the coated fabrics
with microcapsules is shown in Table 3.6. The total thermal insulation values
obtained for the coated fabrics with microcapsules containing linear chain
hydrocarbon compared to the thermal insulation of the materials without
microcapsules are shown in Fig. 3.4.
Pause compared the thermal insulation effects of a batting (thickness

24mm) of polyester fibre, outer fabric (0.2mm) and liner fabric (0.1mm) with
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a batting (thickness 12mm) of acrylic fibre with incorporated PCM, outer
fabric (0.2mm) and liner fabric with PCM-coating.�	 The test results show
that the basic thermal insulation of the textile substrate is reduced by
approximately 30%when replacing the thick batting made of polyester fibres
with a batting of acrylic fibres with incorporated PCM only 12mm thick.
However, the dynamic thermal insulation effect resulting from the heat emitted
by the PCM inside the coated layer of the liner materials as well as inside the
batting fibres more than doubled the thermal insulation effect of the new
garment configuration. The total thermal insulation effect of the new garment
exceeds the total thermal insulation effect of the previous garment by
approximately 60%.
The dynamic thermal resistance of any one heat-storage and thermo-regulated

fabric is not a constant. The dynamic thermal resistance of the fabric changes
with time during the measurement process: it should be like a Gaussian
distribution, just like the DSC plot. However, it is like a rectangle in Fig. 3.4.
Pause’s is the only report on dynamic thermal resistance. The main difficulty
is in the design of new testing apparatus.

3.4.2 Thermo-regulating properties

There is no standard method for measuring the thermal regulating properties
of heat-storage and thermo-regulated textiles and clothing.Much still needs to
be done.
Watanabe et al. attached the plain fabric containing aliphatic polyester and

the plain fabric containing PET on a metal plate.�� The temperature of the
plate was increased from room temperature to 40 °C, kept constant for a few
minutes, and then reduced from 40 °C to 5 °C. The surface temperatures of the
fabrics were recorded with an infra-red camera. The difference in the surface
temperatures of these two plain fabrics can be calculated from the infra-red
picture. The surface temperature of the fabric which is woven by fibre
produced by poly(glutaric 1,6-hexanediol) as the core andPET as the sheath is
4.5 °C lower than that of the PET fabric at 40 °C, and 3.2 °C higher than that of
the PET fabric at 5 °C.
Vigo and Bruno’s preliminary experiments using infra-red thermograph

indicated that fabrics containing the cross-linked polyols had a surface
temperature difference as much as 15 °C lower than that of a corresponding
untreated fabric exposed to a heat source.�	
Neutratherm TM-treated cotton thermal underwear (based on Vigo’s

process) was evaluated during skiing and skiing-like conditions, and was
found by wearers to be superior to untreated cotton thermal underwear by
75% or more with regard to preventing overheating and chilling due to wind
and/or cold weather.�	
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3.5 Comparison of the thermo-regulated effect of the previous and the
PCM garment design.

A thermal active fibre was manufactured using PEG (averageMW1000) as
the core andPP as the sheath.�
Zhang et al. manufactured a non-woven using
this fibre. The temperature of a drying chamber with fan was kept steady at
50 °C. The temperature of a refrigerator was kept steady at 0 °C. The thermal
active non-woven and normal PP non-woven with the same area density were
attached on a thinmetal plate. The inner temperature of these two non-woven
was measured by thermocouple thermometer during the temperature interval
up from 0 °C to 50 °C and down from 50 °C to 0 °C. The maximum inner
temperature difference of thermal activenon-woven andnormalPPnon-woven
is 3.3 °C in a periodwhen the temperature is rising, and 6.1 °C in a periodwhen
the temperature is falling.
The garment containing PCM was tested in a climatic chamber at various

temperatures to determine the thermo-regulating effect from heat absorption
and heat release of the PCM.�	 In this test, the garment samples were attached
to a simulated skin apparatus, the temperature of which was measured over
time at various ambient temperatures andmetabolic heat rates. Based on these
tests, time intervals were estimatedwithinwhich the skin temperature could be
stabilized within a desired temperature range. The test results for the two
garments under ambient temperature exposures of � 20 °C and  20 °C are
summarized in Fig. 3.5.
The results show that, at both ambient temperatures, the temperature of the

simulated skin on the back side of the new garment is stabilized in the comfort
temperature range between 31 °C and 35 °C.�	 In Pause’s opinion, that means
the heat absorption and release of the PCM has created a thermo-regulating
effect resulting in a comfortable microclimate temperature during the entire
test. On the other hand, in the test of the previous garment, the skin
temperature is in the discomfort temperature zones as low as 29 °C and as high
as 38 °C.
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In other reports, cold weather trials showed a usual drop of 3 °C in the skin
temperature for control and only 0.8 °C for the heat-storage and thermo-
regulated garment.

3.4.3 Antibacterial properties

The PEG-coated fabrics gain not only absorbed and released heat, but also
antibacterial properties.�����ThePEG-treated fabric can inhibit the growthof
gram-positive S. aureus and gram-negative E. coli and P. aeruginosa.
The mechanism by which PEG-treated fabrics inhibit bacterial growth is

being investigated by Vigo.�� It results from three factors. A slow release of
formaldehyde from theDMDHEUcross-linking resinmayhaveanantibacterial
effect, as formaldehyde can be used as a disinfecting agent. The PEG may
exhibit a formof surfactant behaviour, which also is known to reduce bacterial
growth. A third explanation relates to the finish imparting thermal absorption
and release properties. The temperature may reach beyond some micro-
organisms’ growth range, killing those species.
A thermal active non-woven were produced by PEG-treated 100%

polypropylene spun bonded-melt blown-spun bonded. The PEG-treated
non-woven inhibited bacterial growth.�� The most probable effects that
inhibit microbial growth may be attributable to the surfactant-like properties
of the bond PEG, which disrupts cell membranes due to the dual
hydrophilic—hydrophobic characteristics of the PEG. This was reported in
Vigo and Leonas’s recent work.	�

3.4.4 Other properties

The cross-linked PEG treatment changes a fabric’s properties relative to
untreated fabrics. Properties imparted include heat-absorbing and -releasing,
antibacterial activity, resiliency/antiwrinkling, wear, toughness, absorbency
and exsorbency of liquids, improved abrasion and linting resistance, decreased
static propensity and increased oily soil release.���	���

3.5 Application

The possible applications of heat-storage and thermo-regulated textiles and
clothing are under development. There are many possible end uses of these
textiles.
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3.5.1 Casual clothing

Heat-storage and thermo-regulated textiles can be used as casual textiles, for
example, face fabric, liner fabric, batting, etc. Thermal underwear, jackets,
sports garments and skiwear have now come onto the market.

3.5.2 Professional clothing

Examples are firefighter uniforms, bullet-proof vests, diver’s coveralls, space
suits, airman suits, field uniforms, sailor suits, etc. Special gloves for extremely
high or low temperatures are being studied. Personnel supporting the
operations of Air Force One now wear thermo-regulated flight gloves.

3.5.3 Textiles for interior decoration, bedclothes and sleeping
bags

Heat-storage and thermo-regulated textiles can be used as curtains, quilts,
quilt covers or batting. They are already used as sleeping bags.

3.5.4 Shoe lining

Heat-storage and thermo-regulated textiles can absorb, store, redistribute and
release heat to prevent drastic changes in the wearer’s head, body, hands and
feet. In the case of ski boots, the PCM absorbs the heat when the feet generate
excess heat, and send the stored heat back to the cold spots if the feet get chilly.
This keeps the feet comfortable. Ski boots, footwear and golf shoes are coming
onto the market.

3.5.5 Medical usage

PEG-treated fabric may be useful in medical and hygiene applications where
both liquid transport and antibacterial properties are desirable, such as
surgical gauze, nappies and incontinence products. Heat-storage and thermo-
regulated textiles can keep the skin temperature within the comfort range, so
they can be used as a bandage and for burn and heat/cool therapy.

3.5.6 Building materials

Such textiles can be used in architectural structures embedded in concrete, in
roofs and in other building materials.
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3.5.7 Other uses

They can be used as automotive interiors, and battery warmers. They can also
be used in agriculture and geotextiles.

3.6 Development trends

The manufacture, properties and applications of heat-storage and thermo-
regulated textiles have been extensively studied since the 1980s but their future
development is still not very clear. It is expected that similar importancewill be
attached to improving comfort to thewearer as was seen in the development of
breathable membranes (Gore-Tex, Sympatex).�� These textiles were selected
as one of the ‘21 inventions that will shape the 21st century’ by the editorial
staff of Newsday.
The traditional heat insulation textile, which works by trapping heat in the

dead-air spaces of a material, is meant to retain heat as long and efficiently as
possible. The heat-storage and thermo-regulated textile is not a traditional
textile or an evolutionary textile with higher heat insulation ability. The
heat-storage and thermo-regulated textile keeps you warmwhen it is cool and
cool when it is warm. It is a product that will make you more comfortable
during extreme temperature changes. Thus, it is an intelligent textile.	�When
the temperature changes dramatically, the inner temperature of the heat-storage
and thermo-regulated garment is stabilized in the comfort temperature range
between 31 °C and 35 °C.����	
The thermo-regulated properties of the garment offered against extremes of

cold and/or heat are available only for a limited period however, depending on
the garment construction and the temperature of the environment. Thus it is
more useful in an environment in which the temperature is quickly changing
than in a steady temperature environment. However, if the released heat is not
absorbed quickly, or the absorbed heat is not released, the textile loses its
thermo-regulating function. To improve its durability, there is still much to be
done.

3.6.1 Enhancing heat content

ThemaximumPCMload in the heat-storage and thermo-regulated polyacrylic
fibre is 10%.�� In other words, themaximumheat content of the fibre is 25 J/g.
The thermo-regulating function offered against extremes of cold and/or heat is
available only for a limited period. The maximum heat content of the fabric is
over 40 J/g in patent application and heat content over 50 J/g is possible in
technology. Themore PCMs there are in the textile, the longer the duration of
temperature equalization.
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3.6.2 Combining heat-storage and thermo-regulated textiles
with trapped-air materials

The experiment results show that a thermo-regulated textile that can regulate
inner temperature effectively must have enough high thermal resistance. How
to combine the heat-storage and release technology with the trapped-air
technology is an area for future research.

3.6.3 Combining with other energy conversion technology

The group VI transition metal carbon compound can convert near infra-red
rays into heat.		 If the particles of ZrC are added to the heat-storage and
thermo-regulated textile, they can absorb the near infra-red rays of the sun in
daylight and convert them into heat thatmakes thePCMs in the textile change
phase from solid to liquid. The textile releases its heat to keep its temperature
relatively steady when the inner temperature is lower than the crystallizing
point of the PCMs.��
Some of the polyacrylic acid or polyacryl—nitrile copolymers can absorb

moisture from the air and release heat. They can be made into fabrics that can
regulate inner moisture and temperature but such fabrics are not durable for
limited moisture absorbency ability. If the moisture-absorbing fabrics are
laminated with heat-storage and thermo-regulated fabrics, the composite
fabrics can absorb moisture or heat and prevent drastic changes in the inner
temperature. This kind of fabric is useful for ski- and sportswear.
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4
Thermally sensitive materials

PUSHPA BAJAJ

4.1 Introduction

An ideal clothing fabric, in terms of thermal comfort, should have the
following attributes: (1) high thermal resistance for protection from the cold;
(2) low water vapour resistance for efficient heat transfer under a mild thermal
stress conditions; and (3) rapid liquid transport characteristics for transferring
heat efficiently and eliminating unpleasant tactile sensations due to perspiration
under high thermal stress conditions.
Extremely cold weather protective clothing refers to garments that are used

in extreme climates such as on the Trans-Antarctica expeditions, in skiwear,
mountaineering and for army personnel posted in hilly areas at high altitudes.
For this purpose, clothing that provides a high degree of insulation with the
least amount of bulk is most desirable. For such applications, breathable
membranes and coatings, and high-loft battings of special fibres in conjunction
with reflective materials have been suggested.�—�
For the International Trans-Antartica Expedition in 1990, the outerwear

was made with Gore-Tex fabric constructed of a highly porous membrane
bonded to a high performance textile. This outerwear was found to be
completely windproof and waterproof, yet ‘breathable’ to allow the body’s
perspiration vapour to escape. To encounter the harshest weather in the
Antarctic region, where winds can reach 150miles per hour during storms and
temperatures fall to� 46 °C, a layered clothing system has been developed to
enable the wearer to continually adjust his clothing to conserve and manage
his body heat.The protection of an individual in a cold environment would
depend on the following main factors: (1) metabolic heat, (2) wind chill, (3)
thermal insulation, (4) air permeability and (5) moisture vapour transmission.
Survival depends on the balance of heat losses due to (2)—(5) and heat output
due to metabolic heat (1).
US Army Research Institute of Environmental Medicine (USARIEM)

studies	 have examined the effects of temperature and wind chill on a human
body and indicated that the sensations of warmth and cold at wind velocities
between 2 to 32m/s may be as below:
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32 °C Hot
28 °C Pleasant
22 °C Cool
16 °C Very cool
10 °C Cold
5 °C Very cold
0 °C Bitterly cold

� 5 °C Exposed flesh freezes
� 24 °C Exposed area of face freezes within one minute
� 32 °C Exposed area of face freezes within �

�
minute

Wind chill depends on the temperature as well as velocity of the wind. In
cold climates, consideration of the wind chill effect is very important, because
80% of heat losses are due to wind chill.
Wind chill factor can be derived from the Siple Passel formula (source:

Slater K, J. Text. Inst. 1986 77(3) 157—171):

H� (10.45�V � V)(33� T
�
) [4.1]

where

H�heat loss from the body in kcal/m�/h,
V �wind velocity in m/s, and
T
�
� air temperature in °C

The skin temperature under calm conditions is taken as 33 °C. The significance
of the wind chill factor may be understood by reviewing its effect on the
freezing time of exposed flesh. At a wind chill factor of 1000, an individual
would feel very cold and at 1200, bitterly cold. When the wind chill factor is
1400, the exposedfleshwould freeze in 20min, at a wind chill factor of 1800, the
exposed flesh would freeze in 10min, and when the wind chill factor is 2400,
exposed flesh freezes in 1min only.
It is evident from Table 4.1 that textile fibres are much better conductors of

heat than air (i.e. bad insulators). Therefore, the ideal insulator would be still
air. However, there should be somemeans to entrap the air. Fibrousmaterials
serve this purpose effectively as they have the capacity to entrap huge volumes
of air because of their high bulk. For example, a suiting fabric is 25%fibre and
75%air; a blanket is 10%fibre and 90%air; a fur coat is 5%fibre and 95%air.
In other words, a textile-based thermal insulator should be capable of
entrapping maximum amount of air. The contribution of the fibre itself to
thermal insulation comes second. The contribution of convection can be
reduced by optimizing the interfibre space. The heat loss due to radiation is
not significant. In clothing for extreme cold regions, it is further reduced by
incorporating a thin layer of metal-coated film.
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Table 4.1 Thermal conductivity of pads of fibres with a packing density of
0.5m/cc

Thermal conductivity
Fibre (mW/mK)

Cotton 71
Wool 54
Silk 50
PVC 160
Cellulose acetate 230
Nylon 250
Polyester 140
Polyethylene 340
Polypropylene 120
Air (still) 25

Source: Physical Properties of Textile Fibres, Morton W E and Hearle J W S, Third
edition, Textile Inst., Manchester, UK, 1993, p. 590.

In this chapter, a brief account of polymers, ceramics, phase change
materials as melt additives, breathable coatings and design of fabric assembly
for thermal insulation is given.

4.2 Thermal storage and thermal insulating fibres

4.2.1 Use of ceramics as melt dope additives

Zirconium,magnesium oxide or iron oxide can be used as particulate fillers in
the molten polymer for producing heat generating polyester, polyamide,
polyethylene, polypropylene and other functional fibres.
By applying the heat insulation principle, heat-regeneratingfibres produced

from ceramic composites utilize the far infra-red radiation effect of ceramics,
which heat the substrate homogeneously by activatingmolecularmotion. For
example, zirconium,magnesiumor iron oxide,whenblended intomanufactured
fibres, radiate ca. 60mW far infra-red of wavelengths 8—14�m at a body
temperature of 36 °C. Such fibres have been found suitable for sportswear and
winter goods, particularly for those working in extremely cold regions.
There are two possible ways to insulate heat:

1 By using a passive insulating material which encloses the body heat
2 By use of an active material as an additive or coating that absorbs heat

from outside.

The far infra-red radiation ceramics activated by body heat belong to the
first category of insulating materials.
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4.1 Heat absorption and insulation of Solar-� (Descente).

The active insulating materials which fall in the second category are those
electrically heated materials where the electrical energy of a battery is
transformed into heat energy by the heater, with this heat supplied by the heat
from the oxidation of iron powder. In another system,� the conductive
particulate is selected from SnO

�
, BaSO

	
, K titanate and TiO

�
, and the far-IR

particulate from one or more of ZrO
�
, Al

�
O

�
, TiO

�
, Kaolin and MgO for

producing thermal storage and thermal insulating fibres.
Zirconium carbide compounds have been used for their excellent character-

istics in absorbing and storing heat in a new type of solar system, including
domestic water heaters and large-scale generators. Zirconium carbide reflects
the light of long wavelengths over 2 �m, but absorbs the light energy of rather
short wavelengths (	 2 �m), which make up 95% of sunlight, and converts it
into stored heat energy. Descente researchers� used this property of zirconium
carbide to achieve ‘active insulation’, by enclosingmicroparticles of zirconium
carbide in polyamide or polyester fibres. They developed the technology to
encapsulate zirconium carbide powder within the core of synthetic fibres, in
cooperation with Unitika. The clothes made of this fibre, Solar-� (Fig. 4.1)
absorb solar visible radiations efficiently and convert them into heat in the
form of infra-red radiation which is released in the clothing. The released heat
and the heat radiated from the body are reflected by Solar-� and will not
escape from the inside to the outside of clothing.
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Unitika� has also disclosed themanufacture of self-stretchable heat-retentive
polyester yarns containingGroup IV transition metal carbides. Thus, a blend
of 95 parts PET and five parts Zr carbide was melt-spun at 3100m/min and
heat-treated at non contacting-type heater temperature 425 °C to give
self-stretchable yarn (B) exhibiting stretch at 185 °Cof 4.5%and conventionally
spun PET fibres drawn at non contacting heater temperature of 285 °C to
give yarn (A) having dry heat shrinkage of 4.5%. Interlacing yarns A and B
and subsequent twisting produced woven fabric which exhibited surface
temperature21.1 °C initially, 24.5 °Con exposure of fabric to a source of 100W
for 10min, and 23.2 °C on storing the fabric for 5min after exposure to light
for 10min.
Mitsubishi Rayon Co.� has reported the development of heat-storage and

electrically conductive acrylic fibres with electrical conductivity� 10��S/cm
and clothes for winter clothing and sportswear. These bicomponent fibres
comprise a core—sheath structure, a core of P(AN/MA/Sod. methallyl
sulphonate) containing 15—70 vol% white electrical conductive ceramic
particles (e.g. W-P) and P (acrylonitrile/vinyl acetate) as a sheath.
ToyoKogyoCo.� disclosed the production of insulative antistatic polyester

fibres. A blend of PET and 20% pellets comprising 4 : 1 (wt. ratio) mixture of
ceramic powder containing 70 parts Sb

�
O

�
and 30 parts SnO

�
(particle size

	 1�m) and one part adipic acid-butylene glycol polymer was melt-spun and
drawn. A unit of this fibre showed surface temperature of 53.5 °C after
exposure to light (300W) for 60 s and surface resistivity 3.0� 10� 
 vs. 46.5 °C
and 5.2� 10��
, respectively for fibres containing no ceramic powder.
Kuraray�
 claimed the formation of PET fibres with heat-storing/heat

insulating properties. Such fibres contain heat-storing agents obtained by
impregnating porousmaterialswith organic compounds havingmelting point
10—50 °C, heat of melting � 20mJ/mg and crystallization temperature
10—45 °C.Thus, a composition containingPETanddecanoic acid-impregnated
SiO

�
support was spun to give fibres with heat evolution of 40mJ/mg.

Insulative fibres with improved heat retention properties have been made
by Unitika.�� A melt-kneaded mixture of calcium laurate treated six parts
�-alumina (A 50N)with average particle size of 1.0�m; four parts of Zr carbide
were blended with 90 parts of PET as the core, and PET as the sheath were
together melt-spun to give fibres showing a surface temperature of 26.9 °C on
exposure to a white light source (100W) at 20 °C and 65% relative humidity
and heat conductivity 29W/cm °C.
In another patent, production of thermally insulative fabrics from fibres��

comprising 98 parts nylon 6 and two parts Na stearate-treated �-type Al
�
O

�
(AKP-30) particles with average particle diameter 0.4�m has been disclosed.
Themixture wasmelt spun at 250 °C, drawn, heat-treated at 165 °C, andmade
into a woven fabric with heat conductivity 2.4� 10�	W/cm°C.
Heat-ray-radiating fibres��with highwarming andheat insulating properties
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have been produced. The fibres, useful for clothes, bed clothes, etc., contain
n-type semiconductors showing volume resistivity 30—500
 cm. Thus, a
non-woven fabric was manufactured from multifilament yarns comprising
PET and 3% Al-doped electrical conductive ZnO powder.
Thermally insulative undergarments from blends of metal containing

spandex and other fibres have been produced. A blend containing 15%
spandex fibres having alumina, silica, titania and Pt at 10: 82: 3: 5wt. ratio,
and 85% cotton showed heat conductivity 4.906� 10�	W/cm°C and heat
retention 28.6%. A ladies’ stocking of a blend�	 comprising 6.4% spandex
fibres containing alumina, silica, titania and Pt at 10: 82: 3: 5 wt. ratio, 24.1%
acrylic fibres and 13.5% nylon fibres also showed heat conductivity
3.525� 10�	W/cm°C and heat retention 42.3%.
Kuraray�� has also produced heat storing fibres which contain 0.5—40%

mixtures of Group VIII transition metal oxide and TiO
�
at 1/(0.3—2.0 ratio).

Thus, Septon KL 2002 (hydrogenated isoprene—styrene triblock rubber)
containing 15%powder Fe

�
O

	
and 15%powderTiO

�
as the core andPET as

the sheath were spun at core/sheath� 1/3, stretched, and heat-set to give
multifilaments (75 denier/24 filaments), which were plain-woven, scoured,
dyed in black and irradiated with a reflector lamp for 40 s at inside
temperature 20 °C (inside temperature is the temperature of air between the
specimen and a heat insulator in a test apparatus). The fabric showed surface
temperature of 54.8 °C and inside temperature 33.0 °C immediately after the
irradiation, and 22.0 °C and 25.3 °C, respectively, 5min after the irradiation.
Shimizu�� has demonstrated the use of substances containing high amounts

of H
�
O of crystallization, e.g. powdered borax, Al(OH)

�
, Zn borate, Ca(OH)

�
or powdered alum as fillers for producing self-extinguishing far-IR radiating
heat insulative fibres. A blend comprising 100 parts master batch containing
PET and 30% Al(OH)

�
and 500 parts PET was pelletized and spun to give

self-extinguishing fibres containing 5% Al(OH)
�
.

4.2.2 Hollow fibres

Use of hollow fibres in place of cylindrical fibres affects the physical properties
of the product. A reduced heat transfer is of special interest under the changed
physical properties for fibre-filled products such as pillows, mattresses,
sleeping bags, etc. In such products, synthetic hollow fibres have been given
preference for many years.��
Kawabata�� also used an empirical approach to show that the thermal

conductivity of single fibres along their axis is about ten times as great as heat
conductivity in a direction transverse to the fibre axis. This thermal anisotropy
and its implications on the effects of fibre orientation within the web become
especially interesting when considering the hollow fibres now often used in
insulation batts.
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Lightweight hollow fibre thermally insulating fabrics for winter clothing
have been produced by Unitika.��A composition containing 98 parts nylon 6
and two parts sodium stearate treated-�-Al

�
O

�
particles (AKP-30) was

melt-spun to formfibres with degree of hollowness 30%, drawn andmade into
woven fabric exhibiting heat transmission 1.6� 10�	W/cm°C.
Nylon fibres�
 having a hollow, square-shaped cross-section (A) with two

perpendicular protrusions (B) at each end for insulative garments are
producedas follows: A composition containing 96 parts nylon 6 and four parts
zirconium carbide as the (A) section-forming component and nylon 6 only as
the (B) portion-forming component were melt-spun together at 275 °C to give
hollow non-circular fibres with heat retention temperature by a specified test
as 26.1 °C.
Hollow insulative lightweight polyester fibres have also been produced by

Toray Industries.�� The fibres have a circular cross-section with a triangular
hollow portion having a specified dimension. A polyester was melt-spun
through a spinneret with each hole comprising three arc-shaped slits, cooled
by blowing air onto the fibres, lubricated, and drawn to give fibres with degree
of hollowness 20.2% and lustre 98.5%.
Hollow hygroscopic insulative PET fibres with good pilling resistance��

havebeenproduced.Acomposition comprising 100parts ethylene glycol-sodium
5-sulfoisophthalate-terephthalic acid copolymer (I) and three parts polyethylene
glycol as the core, and PET as the sheath were together melt-spun at 50 : 50
ratio, made into a woven fabric and subsequently treated with an alkali
solution to dissolve I and give a lightweight insulative fabric with water
absorption 146mm and good pilling resistance.
Heat-insulative hollow PET fibres with pores extending from the surface of

the fibres to the hollow portion of the fibres and with the hollow portion
containing slowly releasable hygroscopic polymer gels have been disclosed by
Teijin.�� The fibres are useful for undergarments and gloves. Poly(ethylene
terephthalate) was melt-spun through a spinneret and drawn to form hollow
fibres with degree of hollowness 40%. They were made into a tricot, then
treated with NaOH solution to cause weight loss of 20% to give fibres having
� 1 pore with width 0.2—2.0�m and length 10—15�m per 100 �m. In another
system, the knit was immersed in an aqueous solution containing Na acrylate
20, acrylic acid 5, and polyethylene glycol dimethacrylate 10 parts in a
container for 10 min at 0.2 torr, subsequently immersed in H

�
O for 3min at

100 °C, dried and heat-treated for 1 min at 120 °C to give a knit with weight
increase 23.5% and exhibiting moisture absorption 15.0% and average body
temperature retention rating (5 best, 1 worst) 4.5 by a specified test.
Porous insulativepolypropylenefibres�	havebeenproducedbymelt-spinning

of polypropylene (I) with melt index (MI) 0.8, heat-treated at 150 °C for 24 h,
and drawn to give fibres with porosity 80%and average pore diameter 2.2�m.
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Thermally insulating hollow side-by-side bicomponent polyester fibres
have been produced.��PETwith [�] 0.64 andPETwith [�] 0.58were together
melt-spun through a ring-shaped spinneret at 1: 1 throughput ratio, drawn,
crimped, heat-treated at 120 °C in the relaxed state, and cut to give hollow
fibres with the degree of hollowness 5—30% and latent crimp 18/25mm on
heat-treating the fibres at 180 °C.
The author�� has also documented the developments in acrylic fibres,

wherein hollow acrylic fibres find their use in making insulative garments and
in preparation of hollow fibre membranes for water treatment in food,
pharmaceutical and electronic industries and in nuclear power plants. These
fibres are also useful as precursors to carbon fibres, because theymay dissipate
heat more effectively than the conventional acrylic precursors.
Hollowacrylic fibres can be producedby awet or dry spinningmethod or as

bicomponents having sheath/core structure wherein the core is disposed or
dissolved to get the hollow structure in the form of an internal linear
continuous channel. Toray Industries has disclosed a process to manufacture
hollow acrylic fibres by spinning a liquid containing acrylonitrile—methacrylic
acid copolymer as a sheath and polyvinyl alcohol as a core. The resultant
hollow acrylic fibre was used to produce hollow carbon fibres for use in
composites.

4.2.3 Insulating structures with phase change materials

Phase change materials (PCM) absorb energy during the heating process as
phase change takes place, otherwise this energy can be transferred to the
environment in the phase change range during a reverse cooling process.
The insulation effect reached by the PCM is dependent on temperature and
time. PCMs as such are not new; they exist in various forms in nature. The
most common example of a PCM is that of water at 0 °C, which crystallizes
as it changes from a liquid to a solid (ice). A phase change also occurs when
water is heated to a temperature of 100 °C, at which point it becomes steam.
More than 500 different phase change materials have been documented by
NASA.��
However, use of the special thermophysical properties of PCMs to improve

the thermal insulation of textile materials only became possible by entrapping
them in microcapsules, each with a diameter of 1 �m to 6�m.
Pause�� has developed heat and cold insulating membranes for using on a

roof structure. For this purpose, PCMs with a crystallization temperature
between � 25 °C and 20 °C (Table 4.2) were selected to minimize the heat
emission into the outside environment. Further, to reduce heat absorption
from the outside environment, PCMs with melting points of 25 °C to 40 °C
were chosen.
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Table 4.2 Characteristics of phase change materials (PCM).
Temperature range from −25 °C to 20 °C

PCM Crystallization point (°C)

Dodecane −15.5
Tridecane −8.8
Tetradecane −0.2
Pentadecane 4.8
Hexadecane −12.2
Heptadecane −16.5

PCMs for temperature range 25 °C to 40 °C
Melting point (°C)

Octadecane 28.2
Nonadecane 32.1
Eicosane 36.8
Heneicosane 40.5

Source: Ref. 28.

Vigo and Frost�� pioneered the use of phase change materials for
developing temperature-adaptable fabrics. Polyester, cotton, nylon 66 and
wool fabrics were treated with an aqueous solution of polyethylene glycol
(mol.wt. 600or 3350)oroneof the crystalmaterials (2,2-dimethyl-1,3-propanediol
or 2-hydroxymethyl-2-methyl-1,3-propanediol). Such fabrics exhibited up to
250% greater thermal storage and release properties than the untreated ones.
The energy storage capacity of hollow polypropylene fibres and viscose rayon
filled with carbowax during thermal cycling between 230 and 330K has also
been demonstrated.
Vigo and Bruno�
 developed NeutraTherm fabrics, the first ever ‘phase

change clothing’, by coating the fabric with PEG 1000, a polyethylene glycol
waxy solid. The phase change of the fabrics lasts only about 20min; after that,
the garments revert to their original insulating properties. The PEG 1000
structure changes from soft to solid in keeping with the temperature,
absorbing heat when it softens, and releasing heat when it solidifies. It is now
reported that the lack of durability of such topical treatments to laundering
and leaching, which remove the water-soluble polyethylene glycols, can be
overcomeby insolubilizing low-molecular-weight polyethylene glycols (average
molecular weights 600—1000) on fabrics by their reaction with dimethylol
dihydroxyethylene urea under conventional pad-dry-cure conditions to
produce textiles that are thermally adaptable even after laundering.
Acrylic fibres with increased latent heat retention have been prepared�� by

treating wet-spun acrylic fibres in the swollen gelled state with substances
having latent heat and having properties for transition from the solid state to
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the liquid state, drying the fibres and heat-treating the fibre. Acrylonitrile-Me
acrylate-sodium-2-(acrylamido)-2-methylpropanesulfonate copolymer was
wet-spun, treated with an aqueous solution containing 50 g/l polyethylene
glycol (I) to get a weight add-on of 6.2% dried, and heat-treated at 125 °C to
give fibres with heat retention 33% as per the JIS L-1096 test.
Gateway Technologies�� has reported the application of heneicosane,

eicosane, nonadecane, octadecane, and heptadecane as phase changematerials
for insulative fabrics. This material can be 425% as warm as a high bulk
wadding. Schoeller Textil AG�� Switzerland has also explored the application
of micro-encapsulated phase change materials like waxes, which offer
‘interactive’ insulation for skiwear, snowboarding and ski boats. They store
surplus heat and thewax liquefies; when temperatures drop, themicrocapsules
release the stored heat.
There are some hydrogels than can modulate the swelling ratio in response

to environmental stimuli such as temperature, pH, chemical, photo-irradiation,
electric field, etc. The collapse of a gel in response to environmental changes
predicted by Dusek and Patterson,�	 was also investigated extensively by
Tanaka et al.�� Thermosensitive hydrogel collapses at elevated temperature
through the lower critical solution temperature (LCST). The volume change
occurs within a quite narrow temperature range. The permeability of water
through the gel can be changed by an ‘on—off’ switch according to the
environmental temperature. Therefore, suchmaterials can be used as coatings
for temperature adaptable fabrics, drug delivery systems and enzyme activity
control.
Lee andHsu�� reported the swelling behaviour of thermosensitive hydrogel

basedonN-isopropyl acrylamide—trimethylmethacryloyloxy ethyl ammonium
iodide (TMMAI) copolymers, a nearly continuous volume transition and
associated phase transition from low temperature, and a highly swollen gel
network to high temperature, a collapsed phase near its critical point between
31 and 35 °C. The gel with little TMMAI content (Table 4.3) showed a good
reversibility and, the higher theTMMAIcontent (2—6%) in the copolymer, the
higher the gel transition temperature.

CH

CH C

O C O N CH  I

CH

CH

TMMAI

(CH  )

3

3

3

+
22

3

2

Zhang and Peppas�� have also studied the interpenetrating polymeric
network (IPN) composed of the temperature-sensitive poly(N-isopropyl

67Thermally sensitive materials



Table 4.3 Characterization of NIPAAm/TMMAI copolymer gels

Cloud Swelling
Feed composition (%) Cloud point ratio

point temp. (gH2O/g
Sample NIPAAm TMMAI effecta (°C) dry gel)

TMM0 100 0 st 30–35 14.1
TMM1 99 1 st 30–35 19.3
TMM2 98 2 st 40–50 24.1
TMM3 97 3 vw 40–50 31.9
TMM5 95 5 vw 50–60 44.5
TMM6 94 6 vw 50–60 53.2

ast, strong; vw, very weak.
Source: Ref. 36.

acrylamide) (PNIPAAm) and the pH-sensitive polymethacrylic acid (PMAA).
The results showed that these hydrogels exhibited a combined pH and
temperature sensitivity at a temperature range of 31—32 °C, a pH value of
around 5.5, the pk

�
of PMAA. The LCSTs of the polymers were significantly

influenced by the polymer concentration. The addition of saccharides into
aqueous polymer solutions decreased the LCST of all polymers. As the
polymer concentration increased, the saccharide effects became more
pronounced.Amonosaccharide, glucose,wasmore effective than adisaccharide,
maltose, in lowering the LCST, especially in Pluronic solutions.��
The phase transitions of N-isopropylacrylamide and the light-sensitive

chromophore-like trisodium salt of copper chlorophyllin copolymers induced
by visible light has also been reported by Suzuki andTanaka.��The transition
mechanism in such gels is due only to the direct heating of the network
polymers by light. As this process is extremely fast, such systemsmight be used
as photo-responsive artificial muscles, switches andmemory devices. All these
phase change materials have great potential as coating materials in making
skiwear, clothing for cold regions and high altitudes, etc.

4.3 Thermal insulation through polymeric coatings

Heat transfer can take place by means of conduction, convection or radiation
across a barrier from the hot side to the cooler side. In conduction, heat passes
from a hotter to a colder region along the static material. Convection is the
transfer of heat by a flow of gases or liquids of different temperatures. In
radiation, thermal energy is transmitted as electromagnetic waves.
PVC and PU are some of the widely used thermal insulators. They are

invariably used in their foamed, expanded forms. The reason for this is the
contribution of entrapped air or other gases to the total thermal insulation.	
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Table 4.4 Thermal conductivity of different substances

Thermal conductivity
Materials (mWm−1K−1 at 20 °C)

Aluminium 200000
Glass 1000
PVC tiles 700
Water 600
Brick 200
Fibres 200
Carpet 50
Clothing fabrics 40
Air (still) 25

Source: Ref. 40.

The total heat conduction �
�
of a polymericmaterial is the sum of components

�
�
, �

�
, �

�
and �

�
, where G� gas in the cell, R� radiation across the cell of the

foam, S� conduction through the wall and C� convection of the gas.
The highest resistance to heat flow comes from the air entrapped in the cell.

Still air has one of the lowest thermal insulations, 25mW/mK (Table 4.4).
Therefore, polymeric materials in the form of foam have more entrapped air
and show improved thermal insulation, the �

�
factor, which depends on the

type of polymer itself and contributes approximately 30% of the total
resistance to heat flow. Therefore, the type of polymer used in thermal
insulators is the next major factor to be considered while designing a thermal
insulator. The other two contributions, i.e. �

�
due to the radiation across the

cell of the foam and �
�
due to the convection of the gas, is kept to optimum

levels by proper design of the cell structure of the foam coating.
Requirements for extreme cold weather are:

∑ breathable membranes and coatings
∑ down and feather mixtures
∑ high-loft batting of special fibres
∑ reflective materials
∑ combinations.

4.3.1 Why breathable fabrics?	�—		

To avoid the condensation of perspiration in a garment, breathable fabrics
are required. The garment can also become damp in rain or snowfall or
in sportswear. The moisture diffuses through the clothing and can reach
the human skin. As the moisture evaporates, the wearer feels cold and
uncomfortable.
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Table 4.5 Water vapour permeability data of polymeric coatings/films

Cup method 20 °C, 95% RH
Film (g/m2 24h)

Normal compact PUR 286
Microporous fluorocarbon 2140
Hydrophilic polyester 1290
Coated microporous PUR 1500–2000
Coated hydrophilic PUR 1000–1700
Grabotter film directly coated to the textile 1700–2000

Source: Gottwald L, ‘Water vapor permeable PUR membranes for weatherproof
laminates’, J. Coated Fabrics, Jan 1996 25, 168–175.

A breathable fabric is waterproof and breathable because of the enormous
difference between the size of a water droplet and a water vapour molecule.
The former is 100�m, in diameter whereas the latter is 0.0004�m, i.e. there is a
factor of around 250 000 between the two sizes.	�
Waterproof/moisture permeable fabrics from several synthetic fibres have

been designed for skiwear, track suits, rainwear, andmountaineering clothing.
The applicationof a one-piece overall made fromawoven nylon fabric (30-den
flat nylon warp yarns; weft of 900-den air jet textured yarns) in the 1986
dogsled race in Alaska has been described. A nylon glove with a Gore-Tex
liner was also designed for this purpose (Table 4.5).
Breathable fabrics can be classified into three main categories:

∑ coated fabrics
∑ laminated
∑ high-density woven fabrics.

4.3.2 Waterproof breathable coatings

The microporous barrier layer ‘breathes’ primarily through a permanent air
permeable pore structure. Diverse techniques have been used to manufacture
microporous coatings andfilms. Themost importantmethods are listed below.

4.3.2.1 Mechanical fibrillation

For certain polymers, biaxial stretching produces microscopic tears through-
out the membrane, which imparts a suitable microporous structure. For
example, PTFEmembranes are used in theGore-Tex (two-layer and three-layer
laminates). The thinmicroporousmembrane is made from a solid PTFE sheet
by a novel drawing and annealing process. In drawn form, the tensile strength
is increased threefold. The manufacturers claim that these PTFE membranes

70 Smart fibres, fabrics and clothing



contain approximately nine billion pores per square inch, with a pore volume
of up to 80% and a maximum pore size of 0.2�m.

4.3.2.2 Solvent exchange

In this process, a polymer dissolved in a watermiscible solvent is coated thinly
onto the fabric. The porous structure is developed by passing through a
coagulation bath where water displaces the solvent. For example, the textile
substrate is coated with polyurethane solution, whereDMF is used exclusively
as the solvent, and the fabric is passed through a coagulation bath containing
water, where water displaces the solvent to give a porous structure.

4.3.2.3 Phase separation

The coating polymer is applied from a mixture of a relatively volatile solvent
with a proportion of higher boiling non-solvent. Precipitation of the polymer
as a microporous layer occurs as the true solvent evaporates faster during the
subsequent drying process. For example, the polyurethane-based Ucecoat
2000 system operates on this principle. Here, a lower boiling solvent (methyl
ethyl ketone) evaporates preferentialy as the fabric passes through the oven,
thereby increasing the concentration of the non-solvent in the coating. When
the concentration of the non-solvent reaches a critical level, the polyurethane
precipitates out in a highly porous form and the remainder of the solvent and
the non-solvent evaporate from the coating as the fabric passes through the oven.
The fabrics useful for apparel for keeping the body warm in cold weather or

for sporting have porous polyurethane-based films. Nylon fabric penetrated
with Asahiguard 710 was coated with polyurethane, hardener, DMF and
hydrophobic silica (0.016�m size) and washed with water. It was then printed
with polyurethane and sodium stearate-treated �-alumina, dried at 100 °C for
2min, and later impregnated with F-type water repellent, dried and set at
170 °C for 30 s. This treated fabric showed moisture permeability 7630 gm�

24h and thermal conductivity 4.1Wcm°C� 10�	.

4.3.2.4 Solvent extraction

Finely divided water soluble salts or other compounds can be formulated into
the polymer and subsequently extracted from the dried film or coating with
water to get a microporous structure.

4.3.2.5 Electron bombardment

Aprocess has been developed for rendering the solid coated fabricsmicroporous
by bombarding the polymer coating with electron beams. The technique
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Table 4.6 Water vapour resistance of clothing fabrics for comparison

Water vapour resistance
Fabrics (mm still air)

PVC coated 1000–2000
Waxed cotton 1000+
Leather 7–8
Typical non-wovens 1–3
Woven microfibre (nylon or polyester) 3–5
Closely woven cotton 2–4
Ventile L28 3–5
Two-layer PTFE laminates 2–3
Three-layer laminates (PTFE, PE) 3–6
Microporous PU (various types) 3–14

Open pores 3–5
Sealed pore 6–14

Hydrophilic PU coated 4–16
Witcoflex staycool in nylon, polyester 9–16
On cotton, poly/cotton 5–10

Source: Handbook of technical textiles, Ed Horrocks A R and Anand S C,
Woodhead Publishing, UK, 2000, 304.

involves feeding the coated fabric between two electrodes, generating high
voltage electrons which can be focused into discreet beamswhich drill through
the coating without damaging the fabric beneath.

4.3.2.6 UV-EB curing

The sunbeam process is used to manufacture microporous films and coatings
in-situ by cross-linking suitable monomers with electron beam or UV light.
Radiation curing has the following advantages over the conventional methods:

∑ low energy consumption
∑ low environmental pollution
∑ fast curing and thus fast processing
∑ short start-up times.

4.3.2.7 Crushed foam coating

Mechanically foamed and thickened lattices are coated onto fabric and dried.
Large surface pores are formed, which are compacted by calendering through
apressure nipwhich yields amicroporous fabric. Thewater-vapour permeability
values of various polymeric coatings are given in Table 4.6.
Woods has studied the relation between clothing thickness and cooling
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Table 4.7 Some commercially available insulation materials

Products Manufacturer Characteristics End use

Drylete® Hind Combines Hydrofil nylon
and hydrophobic polyester
to push moisture away
from the body and then
pull it through fabric for
quick drying

Skiwear, running and
cycling apparel

Gore-Tex® W. L. Gore The original
waterproof/breathable
laminated fabric with pores
large enough for water to
escape, small enough to
block rain

Outerwear, hat,
gloves, footwear,
running and cycling
apparel

Hydrofil® Allied A new super-absorbent
hydrophilic nylon that
sucks moisture away from
the skin

Linings, long
underwear, cycling
apparel

Silmond® Teijin A durable water repellent
and windproof fabric made
from polyester microfibres

Outerwear

Synera® Amoco A strong, lightweight
polypropylene fabric that
transports moisture away
from the skin

Long underwear,
jacket lining

Supplex®

Tactel
DuPont Extremely soft, quick

drying nylon in smooth or
textured version apparel

Outerwear, skiwear,
running and cycling
apparel

Thermolite® DuPont An insulation made of
polyester fibres that have
been coated

Skiwear, climbing
apparel

Thermoloft® DuPont A semithick insulation that
contains hollow polyester
fibres that trap warm air

Skiwear, outdoor
apparel

Thinsulate® 3M Thin insulation made of
polyester and
polypropylene fibres

Skiwear, gloves,
footwear

Thintech® 3M A waterproof/breathable
laminated fabric that is
highly resistant to
contamination by
detergents or perspiration

Skiwear, outerwear

Source: Ref. 40.
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during motor-cycling in the range from � 1 to 24 °C. To maintain a normal
body temperature in winter on a motor-cycle without a protective shield,
much thicker clothing (mean clothing thickness of 20mm) inside windproof
oversuit is needed at 5 °C, but it is only effective if perspiration does not
accumulate inside the clothing.

4.3.3 Waterproof breathable membranes

4.3.3.1 Composition

Microporous film fully impregnated with a hydrophilic polymer, Thintech, is
sandwiched between the outer and inner fabrics of a garment, followed by
lamination of Thintech to their Thinsulate Thermal Insulation.

4.3.3.2 Application

It prevents rain, sleet or snow from penetrating a garment and stops the
build-up of moisture within the garment.

4.3.4 Antistatic and heat energy-absorbing coatings

The coating comprises 5—90% ultrafine Sb—Sn oxide particles (from	 0.1�m
Sb

�
O

�
) and 10—90% binder resin.

Polyester cloth treated with aqueous acrylic emulsion (acrylic melamine
resin) containing 20% of 0.005�m ATO particles and baked to form a cloth
showing the half-life of an electric charge of one sec. The front and back
temperatures are 27 °C and 26 °C, respectively, after irradiating with 300W
lamp at 20 °C and 60% RH.	�
Heat-insulating,moisture-permeable, and water-resistant nylon	� has been

produced by coating it with polyurethane containing 2—4% of inorganic fine
powder (Sb oxide-doped SnO

�
) and Zr carbide having photoabsorption

thermal conversion capability. The coated nylon fabric showed water
resistance pressure (x)� 7000 g/m� 24 h and moisture permeability
(y)� 0.6 kg/cm�.
Bonding of IR-ray radiating ceramics has also been attempted for

producing thermal insulative textiles. Insulating fabrics were prepared by
immersing fabrics in emulsions containing IR ray-radiating ceramics and
polymers and adding trivalent metal salts to the emulsion to cause bonding of
the ceramic to the fabrics.	� Thus, a fabric was immersed in a dispersion
containing synthetic rubber latex (solids 15%) and 10% (on fabric) IR
ray-radiating ceramic, and stirred as 10% Al

�
(SO

	
)
�
was added dropwise,
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washed and dried to give an odour-absorbing insulating fabric with ceramic
content of 10%.
The thermal insulation capabilities of cold protective clothing materials

may be significantly improved by the application of MicroPCM, that is
capsules containing small amounts of PCM (phase change materials). The
PCM have the ability to changing their state within a certain temperature
range, storing energy during the phase change and then releasing it at
crystallization temperature. It is shown that, by applying a coating of 50 g/m�

onto a fibrous batting of 180 g/m�, the insulation capacity is comparable to a
batting of 360 g/m�. Micro PCMmay thus be used to increase the insulation
capabilities against the cold, with a resulting material which will be
significantly thinner, allowing much larger freedom of movement.��

4.4 Designing of fabric assemblies	�—��

In colder environments, layered fabrics rather than a single fabric are used in
most cases (Table 4.7). Under such conditions, the two most important
characteristics of fabrics are water vapour and heat transport. In order to gain
insight into the transient states of such transport across a set of layers of
fabrics, Yasuda et al.	� developed an MU water vapour transport simulator
(MU—WVTsimulator). They reported that water transportwas not influenced
significantly by surface characteristics — the hydrophilic or hydrophobic
nature of fabrics. On the other hand, when liquid water contacted a fabric,
such as in the case of sweating, the surface wettability of the fabric played a
dominant role in determining the water vapour transport rate through the
layered fabrics. In such a case, the wicking characteristic, which determines
how quickly and how widely liquid water spreads out laterally on the surface
of/or within the matrix of the fabric, determines the overall water vapour
transport rate through the layered fabrics.
The overall water vapour and heat transport characteristics of a fabric

should depend on other factors such as the water vapour absorbability of the
fibres, the porosity, density and thickness of the fabric, etc. In this study, the
major emphasis was on the influence of the chemical nature of the fibres that
constitute a woven fabric. Dynamic water vapour and heat transport in the
transient state were investigated for fabrics made of polyester, acrylic, cotton
and wool fibres (Table 4.8). The overall dissipation rate of water vapour
depends on both the vapour transport rate and the vapour absorption by
fibres,which aremutually interrelated.Water vapour transport is governedby
the vapour pressure gradient that develops across a fabric layer (Fig. 4.2).
When a fabric is subjected to given environmental conditions, the actual water
vapour transport rate differs greatly dependingon the nature of the fibres, even
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Table 4.8 Characteristics of fabrics

Property Polyester Acrylic Cotton Wool

Fabric densitya (cm−1)
Ends 36.4 37.0 38.1 34.9
Picks 22.5 22.1 23.8 24.4

Thicknessa (mm � 10) 2.7 2.9 3.1 3.2
Weighta (g/m2) 121.7 116.4 125.0 113.9
Porositya (%) 67.5 66.4 74.8 73.4
Air permeabilitya (cm3/cm2/s) 77.8 81.0 28.2 54.9
Advancing contact angle of water 116 b c 116
Water vapour absorption rate 3.3 6.1 10.1 15.0
(g/g/min�104)

aAccording to JIS (Japanese Industrial Standard) L 1096. bWater droplet was
absorbed by the fabric gradually. cWater droplet was absorbed by the fabric
immediately.
Source: Ref. 49.
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4.2 Comparison of water vapour build-up curves in chamber 1 in the
sweat (liquid water) case. Source: ref. 49.

when other parameters are nearly identical, such as density, porosity and
thickness.
Hong et al.�
 have studied in-depth dynamic moisture vapour transfer

through clothing assemblies. Cotton, polyester and a blend in plain woven,
pure finish fabrics were studied to determine their influence on dynamic
surface wetness and moisture transfer through textiles. A simulated sweating
skin was used, over which were placed test fabrics incorporating a clothing
hygrometer to continuously measure dynamic surface wetness. Moisture
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vapour concentration and its rate of change at both inner and outer fabric
surfaces were determined. At the inner fabric surface facing the sweating skin,
all the cotton fabric exhibited the slowest build-up of moisture vapour
concentration, followed by cotton/polyester blend. The all-polyester fabric
showed the highest rate of change in moisture vapour concentration. The
newlymodifiedclothinghygrometer provides a sensitivemethod for ascertaining
dynamic surface wetness on both fabrics and clothing as worn.
Dynamicmoisture vapour transfer through textiles has also been investigated

by Kim.�� The influence of semipermeable functional films on the surface
vapour pressure and temperature of fabric—film—fabric assemblies has been
reported.The filmadded between two fabric layers affects vapour pressure and
temperature changes on both surfaces of the assembly under simulated
body-clothing conditions. The physical characteristics of filmsgreatly influence
the level of transient, comfort-related variables such as changes of inner
surface vapour pressure and temperature. Mixed cotton and polyester layers
of a film reveal that the film can negatively affect the moisture sorption of the
assembly, not only by blocking the air spaces for moisture diffusion but, more
importantly, by ineffective heat dissipation from the cotton inner fabric for
continued moisture sorption. Using film and fabric assemblies, this study
reinforces the interdependence of moisture sorption and temperature barrier
effects during dynamicmoisture transfer through the clothing assemblies. The
percentage increases of moisture uptake of C/P (inner/outer) and P/C
(inner/outer) without any film (none) are the same throughout the experiment
(0.7, 1.6, 2.2 and 2.7%). The presence of films, however, produces different
moisture uptake behaviours in the C/P and P/C (Fig. 4.3).
The thermo-insulating properties of lofty non-woven fabrics, which have

been reported in several papers, depend on the nature of pore size and
distribution in a fabric, which are a function of fibre fineness and material
density. Jirsak et al.�� compared in a more comprehensive way the
thermo-insulating properties of both perpendicular-laid and conventional
cross-laid nonwoven fabrics. The total thermal resistance R of a textile fabric
as a function of the actual thickness of the material:

�
�����

� �
��

 �
�

[4.2]

R[m�KW��]� L/�
�����

[4.3]

where �
�����

is the thermal conductivity (Wm��K��) as defined in Eq. (4.2), �
��

is the combined thermal conductivity of solid fibre and air and L is the
thickness of the sample (m). The thickness of the material depends on the
compression P(Pa):

L � L(P) [4.4]
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Thus,materials showing the same �
�����

value, those with higher compressional
resistance, will exhibit better thermal resistance under the same compression.
Theperpendicular-laid fabrics, due to their uniquefibreorientation, demonstrate
a higher degree of compressional resistance in the thickness direction than the
cross-laid ones.
Farnworth��also presenteda theoreticalmodel of the combined conductive

and radiative heat flows through fibrous insulating materials and compared
them with experimental values of the thermal resistances of several synthetic
fibre battings and of a down and feather mixture (Table 4.9). No evidence of
convective heat transfer is found, even in very low-density battings. The
differences in resistance per unit thickness among the variousmaterialsmaybe
attributed to their different absorption constants.
Crews et al.�	 evaluated the use of milkweed floss as an insulative fill

material and compared its performance to other insulators. Seven identical
jackets were constructed using different fill materials matched on a per unit
weight basis. The insulation (clo) values for the jackets were measured using a
standing, heated manikin as an environmental chamber. Thickness (loft),
compression, resiliency and handwere alsomeasured. The results show (Table
4.10) that milkweed floss blended with down has insulative properties similar
to down. Down is superior to milkweed floss in loftiness and compressibility,
which influence product performance, but the properties of milkweed floss can
be enhanced by blending it with down.
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Table 4.9 Physical and thermal properties of all samples studied at minimal
compression (0.16kPa)

Fibre Fibre Thermal
Fibre radius Thickness Mass volume resistance

Sample material (�m) (mm) (kg/m2) (%) m2K/W

Polarguard Polyester 11.7 26 0.270 0.76 0.48
Hollofil Polyester 13.2 28 0.350 0.94 0.59
Thinsulate
M400

Polypropylene 1 to 3 7.7 0.405 5.8 0.25

Thinsulate
C150

Polypropylene 1 to 3 5.2 0.175 ~3.0 0.16
and polyester 20

Down and
feathers

40% and 60% — 42 0.545 ~1.3 1.22

Source: Ref. 53.

Table 4.10 Insulative value for filling material type before and after cleaning

Insulation value IT (clo)

Fill type Before cleaning After cleaning

50% Milkweed floss/50% down 2.36 2.26
100% Down 2.28 2.25
100% Quallofil 2.26 2.19
100% Milkweed 2.24 2.16
50% Milkweed/50% feathers 2.24 2.06
100% Thinsulate 2.15 2.04
60% Milkweed/40% olefin 2.04 1.97

Source: Ref. 54.
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5
Cross-linked polyol fibrous substrates

as multifunctional and multi-use
intelligent materials

TYRONE L. VIGO AND
DEVRON P. THIBODEAUX

5.1 Introduction

The concept of ‘intelligent’ or ‘smart’ materials was critically reviewed within
the context of fibrous materials having these attributes. It is generally agreed
that the development of such materials occurred first with shape memory
metal alloys (in the 1960s), followed by studies on polymeric intelligent gels
(1970s). Also, a few studies were initiated in the late 1970s and early 1980s on
intelligent fibrous materials.� This study will briefly review fibrous materials
that possess this special attribute, which is usually defined as a profound
change caused by an external stimulus thatmay or may not be reversible. Also
examined in detail are our recent investigations on fibrous materials
containing bound polyols that have at least two intelligent attributes: thermal
and dimensional memories. Particular attention is focused on the techniques
for measurement and characterization of load and pressure development in
modified fabrics wet with polar solvents, and possible applications for these
materials.

5.2 Fibrous intelligent materials

Although intelligent fibrous substrates were first described and demonstrated
in Japan in 1979 with shape memory silk yarn,� it is our opinion that the
discovery of crease recovery in cellulosic fabrics in the wet and dry state by
Marsh and coworkers in 1929 was actually the first example of intelligent
materials that even preceded intelligent shape memory alloys.�However, this
discovery, which later led to the commercialization of durable press fabrics,
was never identified or promoted as an intelligent textile concept.
The shape memory silk yarn was modified by immersion in a hydrolysed

protein solution, followedby subsequentdrying, crimping, immersion inwater
and heat setting at high pressure in the wet state. On subsequent heating at
60 °C, the yarn becomes bulky and crimped, but it reverts to the untwisted and
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uncured state upon drying.� Two other important developments that were
patented in the late 1980s can be classified as intelligent fibrous materials. The
firstwas polyester or polyamide fabrics, which absorbed visible solar radiation
and converted it into heat as infra-red radiation released inside the garment
due to the microencapsulation of zirconium carbide; it was irreversible since it
did not reverse at high temperatures to provide cooling.� The second was
thermochromic garments (colour change induced by incorporation of
compounds that respond to changes in environmental temperature) produced
by Toray Industries	 called SWAY, which have reversible colour changes at
temperature differences greater than 5 °C and are operable from � 40 °C to
 80 °C.
Most of the other recent investigations on intelligent fibrous materials have

been primarily concernedwith shapememory effects. Some relevant examples
are polyester fabrics with durable press properties produced by high energy
radiation cross-linking with polycaprolactone and acrylate monomers� and
temperature-sensitive polyurethanes prepared by copolymerization of poly-
tetramethylene glycol and methylene diisocyanate, 1,4-butanediol.� More
novel intelligent fibre applications and responses to external stimuli were
described in a 1995 American Chemical Society symposium. These polymeric
smart materials included fibre optic sensors with intelligent dyes and enzymes
whose fluorescence changes with changes in glucose, sodium ion and pH, and
elastomeric composites embedded with magnetic particles, which undergo
changes in theirmoduli when exposed to external magnetic fields and thus can
be used for vibration or noise reduction in transportation and machinery.�
Smart fibrous composite sensors made of carbon and glass have also been
described for prevention of fatal fracture by changes in their insulating and
conductive properties.�
Fibrous materials containing bound or cross-linked polyols were patented

and initially characterized by multifunctional properties imparted to the
modified materials by a single process.���
 Major property improvements
include thermal adaptability, high absorbency and exsorbency, enhanced
resistance to static charge, oily soils and flex abrasion, and antimicrobial
activity. The most notable of these property improvements was temperature
adaptability and reversibility due to the phase change material (PCM)
characteristics of the cross-linked polyol bound to the fibres. However, this
unique and new fibre property was not initially defined as an intelligent
material attribute. Moreover, a related invention, the disclosure of fibres with
thermal adaptability due to attachment bymicroencapsulation of hexadecane
and n-eicosane (PCMs with high latent heat and thermal reversibility), was
also not characterized as an intelligent fibrous material.��
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5.3 Experimental

The modified fabrics containing the bound polyols, derived from using
formulations with different molecular weight, acid catalysts and cross-linking
resins as previously described,�� were woven cotton and 65/35 cotton
polyester printcloth or sheeting (125—135 g/m�). The surface temperatures
were measured with a Hughes Probeye Thermal Video System 3000 with an
image processor, infra-red camera head, argon gas cylinder and colour screen
monitor. Untreated andmodified fabrics (6 in� or 150mm�) were mounted on
a pin frame surrounded by a wooden enclosure containing a 150 watt light
bulb whose heat output was controlled by a voltage regulator device (Variac)
with the camera sensitivity set at 2.0 and emissivity value set at 0.95, whichwas
appropriate for fabric surfaces. Surface temperatures (°F) weremeasured every
10min and for up to 30min with the infra-red camera 1m from the fabric by
positioning the cross-hairs of the camera in the centre of the fabric with the
untreated control value at 147 °F (64 °C).
For the work and power measurements previously described,�� a 65/35

cotton/polyester cross-tuckknit (177 g/m�), woven cotton printcloth (125 g/m�),
and 50/50 hydroentangled pulp/polyester non-woven (80 g/m�) containing
40—60% bound polyol were evaluated. Each of the fabrics was attached to a
metal alligator clip, suspended vertically. The amount of shrinkage, work (W)
performed, and power (P) generated were determined with weights attached
after wetting with various solvents (water, acetone and ethanol). The amount
of shrinkage was also determined without weights attached for each of the
different types of fabrics for each solvent.
For the tension and pressure measurements, a desized, scoured and

bleached 100% cotton interlock knit fabric (205 g/m�) was treated with 50%
PEG-1450—11% DMDHEU (Fixapret ECO)—5.1% citric acid—5.1%
MgCl

�
.6H

�
O to a wet pickup of 110%, then cured for 3min at 110 °C, washed

in warmwater to a pH of 8.5 to neutralize acid catalyst, excess water removed,
then oven-dried for 7min at 85 °C. The resultant fabric had a wt. gain of 65%
and had shrinkage in one direction (longitudinal) whenwet with various polar
solvents (28%withwater; 25%with 1%aq.NaCl; 10%with 95%ethanol; and
7% with acetone). Three inches of a 1� 6 inch strip of the treated fabric was
clamped between the jaws of an Instron (Model 4201) having a 10 lb load cell,
completelywetwith each of the four solvents and tension load/stressmeasured
after initial wetting to a maximum time of 15min.
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5.1 Change in surface temperature of untreated and cross-linked
polyol-treated fabrics after 30 min exposure to a heat source.

5.4 Results and discussion

5.4.1 Thermal memory

The characterization of fibrous materials containing cross-linked polyols as
smart materials with a thermal memory was first discussed by Vigo in an
American Chemical Symposium which he co-organized in 1995� and later
described inmore detail in conference proceedings and in refereed journals.�����
This thermal memory or thermal reversibility is unique and has been
determined and documented by differential scanning calorimetry and infra-red
thermography. The latter measures changes in surface temperature on
exposure to a heat source. As shown in Fig. 5.1, cotton fabrics containing
bound polyol had substantial reduction in surface temperature relative to an
untreated control fabric (surface temperature 147 °F or 64 °C) after all fabrics
were exposed to a heat source for a minimum of 30 minutes. Even more
impressive is that the lowest amounts of bound polyol in the fabric gave the
greatest decrease in surface temperature. Weight gains were 34% for fabrics
containing bound PEG-1000, 37% for fabrics containing bound PEG-2000,
28% for fabrics containing bound PEG-4000 and only 25% for fabrics
containing bound PEG-6000.
The decrease in surface temperature in all treated fabrics usually occurred

within 30 seconds and was greater with higher molecular weight cross-linked
polyols bound to the fabric, due to the increasing crystallinity of the polyol
with increasing molecular weight. Surface temperature decrease on the
modified fabrics was 17—28%. Thermal memory and reversibility have been
documented in commercial skiwear marketed in Japan, with the crosslinked
polyol as one of the fabric components; thermocouples in this component
demonstrated that the skiers had optimum thermal comfort by an increase in
fabric surface temperature when idle and lowering of the surface temperature
after skiing, therebypreventing discomfort due to perspiration andbody heat.�	
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Applications for thermally adaptable fabrics containing cross-linkedpolyols
have been previously described, primarily with regard to apparel and
insulation.�
 However, there are many other applications that could evolve
based on the ‘intelligent’ thermal memory of these modified fibrous materials.
The wear life of many automotive and aerospace components could be
extended by the moderation of temperature fluctuations during their use.
Camouflage uniforms made of this material would be useful for the military
because the wearer would have a different surface temperature on garments
normally detected by infra-red sensors. The thermal buffering capacity of the
modified fabrics couldbeusedadvantageously in varioushealthcareapplications,
such as in burn therapy and to improve skin temperature and circulation in
patients with maladies such as arthritis and diabetes. Changes in the fabric
surface temperature could also be used to fabricate remote sensing devices for
detection in industrial, residential, horticultural, agricultural and other
environments where temperature change detection would be useful. These
modified fabrics could be used to minimize plant stress due to temperature
changes and fluctuations as well as protection of livestock and other animals.
Many other ‘thermal memory’ applications for these modified materials as
sensors and/or actuators are envisioned with the molecular weight of the
bound polyol defining the magnitude and temperature range desired.

5.4.2 Dimensional memory

It was known fromour earlier studies that certain types of fabric constructions
containing bound polyolweremore prone to wet shrinkage. Themagnitude of
this effect with various solvents such as hexane, ethanol, acetone and water,
was investigated with three different fabric constructions: knit, woven and
non-woven.�� An increase in the polarity of the solvent resulted in increasing
reversible wet shrinkage (highest with water, no shrinkage with hexane) that
was most pronounced with knit fabric constructions. To demonstrate the
potential for converting chemical into mechanical energy, different quantities
of weights were affixed to modified knit, woven and non-woven fabrics that
were subsequently wet with water. The work performed (W) and power
generated (P) were determined. As shown in Fig. 5.2, knit fabrics are far
superior to woven and non-woven fabrics in this characteristic, due to its
optimum wet shrinkage in the presence of an applied force. Work performed
by the wet knit fabric was 30—50 times greater than that of the non-woven and
woven fabricswhen each had the same amount of weight attached (50 g). It was
even an order of magnitude greater when the knit fabric had twice the weight
attached compared to the other two fabrics. Similar results were obtained for
power generated (P). These results were used to present the concept and design
of an intelligent medical bandage that would contain a removable and
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5.2 Work (W) performed by fabrics of different constructions containing
cross-linked polyol by lifting attached weights after wet with water for 30s.
— +50 g, - - - + 100g, . . . + 200g (from ref. 13).

disposable component of knit cross-linked polyol fabric affixed to a
non-disposable component by metal fasteners or other methods.�� However,
no pressure or tension measurements were made to determine the amount of
tension or force developed for these types of intelligent fabricswith dimensional
memories activated by wetting with polar solvents.
The tensile load (lb) and stress developed (psi) were measured for untreated

and treated fabric strips after wetting with deionized water (Table 5.1). The
tension developed for the untreated fabric was negligible, but it was very
significant for the treated fabric.Multiple measurements were made and there
was some detectable variability (a range of 4.5—5.6 lb and corresponding
values of 130—196 psi). In addition to the developmentof high tensile stress, the
modified fabrics wet with water achieved these values rapidly (within 90
seconds of wetting) and maintained them over the measurement period of 5
min (Fig. 5.3). Although there was somewhat more variability for treated
fabrics that were wet with 1% aq. NaCl with regard to load and tensile stress
developed (3.5—6.2 lb and 120—217 psi), these fabrics also developed such
tension rapidly (Fig. 5.4). Thus, tension developed rapidly in treated fabrics
wet with water and aqueous salt solution and was generally proportional in
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Table 5.1 Maximum load and tension developed in fabrics after wetting with
aqueous solventsa

Max. load Max. tension
Fabric Solvent/solution (lb) (psi)

Untreated control H2O — —
Treated H2O 5.6 196
Treated 1% aq. NaCl 6.2 217

aAll fabrics were clamped between jaws of Instron (1�3 in length) that were wet
within 30 s and tension developed measured from initial wetting up to 5min.

5.3 Development of tension over time with modified fabric after wetting
with water.

5.4 Development of tension over time in untreated control fabric after
wetting with water.
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Table 5.2 Maximum load and tension developed in fabrics after wetting with
polar organic solventsa

Max. load Max. tension
Fabric Solvent (lb) (psi)

Treated 95% ethanol 3.9 138
Treated Acetone 1.6 56

aAll fabrics were clamped between jaws of Instron (1�3 in length) that were wet
within 30 s and tension developed measured from initial wetting up to 15min.

5.5 Development of tension over time in modified fabric after wetting with
ethanol.

magnitude to the wet shrinkage that these fabrics experienced when they were
not constrained.
The behaviour of the modified fabrics when wet with the two organic

solvents shown in Table 5.2 and Fig. 5.5 and 5.6 (95% ethanol and acetone,
respectively) differed from those wet with aqueousmedia in three fundamental
aspects: (1) maximum tension took longer to achieve with these solvents than
those wet with aqueous media; (2) the tension developed was also less than
those exposed to aqueous media; and (3) the reversal of load and pressure
occurred over relatively short time periods due to the high vapour pressure
and accompanying evaporation of solvent. Fabrics wet with ethanol took
about 450—550 seconds to reach maximum stress (138 psi generated), then
reversed this effect due to slow solvent evaporation (Fig. 5.5). Fabrics wet with
acetone reachmaximumtensionmore rapidly (150 secondswith a corresponding
load of 1.6 lb and 56 psi), but rapidly reversed back to zero load after 250
seconds due to the complete evaporation of the solvent (Fig. 5.6).
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5.6 Development of tension over time in modified fabric after wetting with
acetone.

Intelligent fabrics containing cross-linked polyols that have reversible
dimensional memories on exposure to polar solvents can serve in a variety of
applications. A variety of sensors could be developed that detect different
types of polar solvents and solutions related to the amount of wet shrinkage
and/or tension developed. Alternatively, fabric sensors could be fabricated to
detect varying amounts of water vapour and liquid water by wet shrinkage
and/or accompanying tension developed on wetting. Several types of actuator
systems based on these modified fabrics are also envisioned. In the biomedical
and healthcare area, wetting with solvents such as sterilized water, salt
solutions and alcohol could be used to activatemedical pressure bandages and
possibly tourniquets; alternatively, blood (plasma) could activate pressure
development and thus stop undesirable bleeding. These fabrics could be used
to produce micromotors and a variety of valves or other mechanical devices
that are activated by the reversible wet shrinkage that occurs with a variety of
polar solvents.

5.5 Conclusions

Fabrics of woven, non-woven and knit constructions containing cross-linked
polyols have been shown to have thermal memories over a wide temperature
range and can be adapted to various thermal environments by the molecular
weight of the bound polyol and the degree of cross-linking on the fibrous
substrate. In contrast, only specific fabric constructions (cross-tuck and
interlock knits) containing the cross-linked polyols are able to generate
substantial tensile load when wet with polar solvents. The load and stress
generated are usually proportional to the degree of wet shrinkage when the
fabrics are not constrained.Maximum and rapid tension development occurs
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with water and aqueous salt solutions, while ethanol and acetone are
somewhat less effective with faster reversibility due to rapid evaporation of
these low-boiling, high vapour pressure solvents. Numerous applications for
the cross-linked polyol fabrics with thermal and dimensional memories are
envisioned with two major areas of use as sensors and actuators.
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6
Stimuli-responsive interpenetrating polymer

network hydrogels composed of
poly(vinyl alcohol) and poly(acrylic acid)

YOUNG MOO LEE AND SO YEON KIM

6.1 Introduction

Recently, there have beenmany investigations of stimuli-responsive hydrogels,
which are three-dimensional polymer networks exhibiting sensitive swelling
transitions dependent on various stimuli, e.g. electric field,��� pH,�—�
temperature,��� ionic strength�
 or other chemicals.����� They have been
considered to be useful in separation and medical applications, especially in
drug delivery systems.
The schematic diagram illustrating the diffusion of bioactive materials

through stimuli-sensitive hydrogels is shown in Fig. 6.1. Among these, pH
and/or temperature-responsive systemshave beenpotential candidates because
these factors could be the most widely available in the environment of the
human body. In an aqueous system, the temperature dependence of the
swelling of a polymer gel is closely related to the temperature dependence of
polymer—water and polymer—polymer interaction.Katono et al.�� investigated
thermal collapse from interpenetratingpolymer networks (IPNs) composed of
poly(acrylamide-co-butyl-methacrylate) and PAAc, and obtained on—off
release profiles as a function of temperature. Poly(N-isopropylacrylamide)
(PNIPAAm) hydrogels demonstrated negative temperature sensitivity with
lower critical solution temperature (LCST) in aqueous solution, which showed
the decrease of swelling with an increase of the temperature above 30—32 °C.�	
In the case of pH-dependent drug delivery systems, many researchers have

focused on the swelling properties of hydrogels. The acidic or basic components
in the hydrogels led to reversible swelling/deswelling because they changed
from neutral state to ionized state and vice versa in response to the change of
pH. Brannon and Peppas�� reported a pH-sensitive drug release system
composed of a copolymer of hydroxyethyl methacrylate (HEMA) and
methacrylic acid (MAAc) or maleic anhydride. The poly(NIPAAm-co-vinyl
terminated poly(dimethylsiloxane)-co-AAc)hydrogel synthesized byHoffman
andDong�� permitted the release of drugs at pH 7.4 and showed release-off at
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6.1 The diffusion of bioactive materials through stimuli-sensitive IPN
hydrogels.

pH 1.4, and was proved to be a suitable carrier for indomethacin through the
gastrointestinal (GI) tract.
In addition, electric current-sensitive hydrogels actuated by electric stimulus

are particularly interesting in connectionwith themechanical energy triggered
by an electric signal.��—�
 Electric current-sensitive hydrogels are usually
made of polyelectrolytes and an insoluble but swellable polymer network
which carries cations or anions. This system can transform chemical free
energy directly into mechanical work to give isothermal energy conversion. A
typical function of a gel containing ionic groups is to bend reversibly under the
influence of an electric field, making it useful in some actuators driven by an
electric field. From the viewpoint of mechanical engineering, great hopes are
set on these materials as new actuators,��—�
 especially in the fields of robotics
and medical welfare instruments.
The present chapter will review the pH/temperature-sensitive properties of

novel PVA/PAAc IPN hydrogels synthesized by a unique sequential method
through UV irradiation and a freezing—thawing process.

94 Smart fibres, fabrics and clothing



Table 6.1 Designation and feed contents of PVA/PAAc IPN

Sample PAAc AAc MBAAm DMPAP
name (mol%) (g) (g) (g)

IPN37 70 5.70 0.061 0.0084
IPN46 60 4.89 0.052 0.0098
IPN55 50 3.26 0.035 0.0065
IPN64 40 2.16 0.023 0.0043
IPN73 30 1.62 0.017 0.0032

6.2 Experimental

6.2.1 Materials

Acrylic acid monomer (AAc) obtained from Junsei Chemical Co. was purified
by inhibitor remove column (Aldrich Chem. Co.) Poly(vinyl alcohol) (PVA;
DP� 2500, degree of deacetylation� 99%)was purchased fromShinetsuCo.
Methylenbisacrylamide (MBAAm)asa cross-linking agent and2,2-dimethoxy-2-
phenylacetophenone (DMPAP) as a photoinitiator were purchased from
Aldrich Chem. Co. Indomethacin (anhydrous, MW� 357.8), used as a model
drug, was obtained from Sigma Chem. Co. As five representative solutes,
theophylline (99%, Aldrich Chem. Co.), vitamin B

��
(Sigma Chem. Co.),

riboflavin (Junsei Chem.Co.), bovine serum albumin (Young Science Inc.) and
cefazolin sodium were used. Cefazolin sodium was kindly donated by
Chongkeundang R&D Center in Seoul, Korea.

6.2.2 Synthesis of PVA/PAAc IPN hydrogels

ThePVA/PAAc IPNswere prepared by sequentialmethod. PAAc as an initial
network was synthesized inside a PVA solution using UV irradiation. PVA as
a secondary network was then formed by repetitive freezing—thawing process.
The whole reaction scheme of PVA/PAAc IPNs is described in Fig. 6.2. PVA
was dissolved in deionized water and heated at 80 °C for 2 h to make 10wt%
aqueous solution. AAc monomers were mixed with 0.2wt% DMPAP as a
photoinitiator and 0.5mol% MBAAm as a cross-linking agent. The mixture
was combined with PVA solution to yield PVA—PAAc. The feed composition
and designation of each sample are listed in Table 6.1.
The mixed solutions were poured onto Petri dishes and irradiated using a

450W UV lamp (Ace Glass Co.) for 1 h under N
�
atmosphere. The irradiated

samples were placed at� 50 °C for 6 h and at room temperature for 2 h. These
freeze—thawing cycles were repeated eight times.
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6.2 The preparation of PVA/PAAc IPN hydrogels by UV irradiation and
freezing–thawing method.

6.2.3 Characterization

Fourier transform-infra-red (FTIR) spectroscopy (Nicolet Model Magna
IR550) and differential scanning calorimetry (DSC, Du Pont Instruments
DSC 910) were used to confirm the structure of the IPNs. The equilibrium
water content (EWC) was measured in pH 4 and pH 7 buffer solution. The
EWC was calculated using the equation in reference.�� In addition, the
swelling ratio of each sample was evaluated as EWC/100.

6.2.4 Loading and releasing of drug

The indomethacin, as a model drug, was loaded into IPN disks by the solvent
sorption method. The indomethacin release experiment was conducted in
various conditions, changing the pH and/or the temperature of the release
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6.3 Temperature/pH-dependent swelling behaviours of PVA–PAAc IPN: (a)
temperature-dependent swelling behaviour before equilibrium (6h) at
25 °C, (b) temperature-dependent swelling behaviour after equilbrium
(24h) at 25 °C, (c) pH-dependent swelling behaviours at 25 °C; (�) IPN 46,
(�) IPN 55, (s) IPN 64.

medium, as described elsewhere. The permeation studies were carried out
using a two-chamber diffusion cell.

6.3 Results and discussion

6.3.1 Synthesis of PVA/PAAc IPNs

The sequential method by UV irradiation, followed by freezing and thawing,
would be a novel method of preparing the stimuli-sensitive polymer hydrogel.
The structure of the IPN samples prepared was confirmed by FTIR spectra.

6.3.2 Swelling measurement of PVA/PAAc IPNs

The swelling ratios of all PVA/PAAc IPNs were relatively high, and they
showed reasonable sensitivity to both pH and temperature. Temperature-
dependent swelling behaviours at pH 7 are shown in Fig. 6.3(a) and (b).
Measurements were carried out with hydrogels after immersing the samples
for 20hat 25 °C.The IPNhydrogels showeddifferent kindsof thermo-sensitivity.
All IPN samples showed positive temperature-sensitive systems before
reaching their equilibrated state as illustrated in Fig. 6.3(a). After equilibrium
swelling, however, the swelling ratio of IPN46 increased with temperature,
showing a positive temperature-sensitive system, while IPN64 and IPN55
exhibited negative temperature-sensitive systems. The swelling behaviours of
IPN64 and IPN55 are similar to that of virgin PVA homopolymer.�� This is
ascribable mainly to the swelling tendency of PVA itself, rather than to
polymer—polymer interactions between PVA and PAAc, such as hydrogen
bonding and ionic repulsion in PAAc. The PVA content, even in IPN55
hydrogels, is supposed to be greater than the PAAc content because the
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residual acrylic acid monomer, which did not take part in polymerization
during the synthesis of the IPNs, was removed from the IPNs by washing after
the whole procedure. Accordingly, the swelling changes in IPN46 must be
related to the hydrogen bonding between two polymers and the ionic
repulsion of carboxylate ion produced due to the breakage of hydrogen
bondings, while those in IPN64 and IPN55 depend mainly on the swelling
tendencies of PVA composition.
As shown in Fig. 6.3(c), pH-dependent swelling behaviour was observed at

35 °C with changes in pH. The pK
�
value of PAAc is known to be 4.8.��

Therefore, at pH 2 and pH 4 buffer solutions, carboxyl groups in PAAc
associate and form hydrogen bonding with PVA chains; thus, the swelling
ratios are small. Carboxylate ions formed at pH greater than 4, however,
induce the repulsion between them, and the hydrogen bondings between PVA
and PAAc should decrease, resulting in the increase of free volume in the
matrix and, therefore, a rapid increase in swelling ratios. The small deswelling
that occurred at pH 9 is considered to be due to an increase of ionic strength in
the buffer solution at pH9,whichmight inhibit the polymer—water interactions
inside the hydrogel matrix. The swelling ratio increased with the PAAc
content within the PVA/PAAc IPNs.
The relationship between the changes in molecular structure in the IPN

hydrogel and electrolytes in the buffer solution is shown in Table 6.2. The
ionization of carboxylic acid in the IPN hydrogel was an important factor in
the pH-dependent swelling. However, the interaction between ionic groups in
the IPN chains and electrolytes in the buffer solution became more intense
when the pH of the buffer solution changed from 4 to 7; therefore, when a pH
was below the pK

�
value of the PAAc (at pH 4) in which the carboxylic acid

group in the IPN hydrogel was in a hydrogenated state, the effect of the ionic
strength on the swelling was less than a pH above the pK

�
value of PAAc (at

pH 7) in which the carboxylic group in the IPN hydrogel was in an ionized
state. For the buffer solution at pH 7, in which the ionic strength was adjusted
to 0.01, the swelling ratio of each IPN sample became high, ranging from 15.2
to 33.4, while the increase of electrolyte concentration to 0.1 in the medium
produced a drastic collapse of all the IPN hydrogels. However, the swelling of
all IPN hydrogels at pH 4 was not dependent on ionic strength, as can be seen
in Table 6.2.

6.3.3 Release experiment of drug from PVA/PAAc IPNs

All the samples exhibited higher release rates at higher temperatures. These
results are in correspondence with the temperature-dependent swelling
behaviours of PVA/PAAc IPN hydrogels. All IPN samples showed positive
temperature-sensitive systems before they reached the equilibrated state. The
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Table 6.2 Effect of pH and ionic strength in the swelling medium on the
equilibrium swelling ratio of IPN hydrogels

Sample pH Ionic strength Swelling ratio

IPN37 7 0.01 32.3±0.92

IPN46 4 0.1 6.8 ±0.44
0.01 6.0 ±0.91

7 0.1 16.3±1.80
0.01 28.0±0.36

IPN55 4 0.1 4.2 ±0.47
0.01 4.4 ±0.30

7 0.1 11.9±1.80
0.01 21.5±1.50

IPN64 4 0.1 5.5 ±1.32
0.01 4.9 ±1.20

7 0.1 10.1±0.67
0.01 17.4±0.58

IPN73 7 0.01 14.5±1.13

release of the incorporated drugs within IPN hydrogels was delayed for about
10—15 hours, which was not enough time for all the samples to be fully
equilibrated. The release profiles indicated positive temperature-sensitive
release behaviours, and thus the composition of IPN was negligible in the
temperature-dependent release system.
The changes of release rate for IPN46, IPN55, IPN64 hydrogels in response

to stepwise temperature changes between 25 and 45 °C are shown in Fig. 6.4.
High release rates are obtained at 45 °C, while low release rates are observed
during the lower temperature period, as mentioned above. The released
amounts from IPN46 and IPN55 are almost the same, while the released
amount from IPN64 is small due to the low swelling. In the case of IPN64, the
fact that the hydroxyl groups in PVA formed hydrogen bonding and had little
chance to experience the ionic repulsion from carboxylate groups was proved.
The pH-sensitive release behaviours of indomethacin were observed at

25 °C with change in pH. Indomethacin is expected to diffuse through the
water-swelling region in the polymer gel. At pH 4, PAAc is in the form of
carboxylic acid,which produces hydrogenbondingwith the hydroxyl groupof
PVA, resulting in the decrease of drug release. However, at pH 7, carboxylate
ions formed in PAAc induced the drastic increase of swelling which exhibited
high release rate. The release amounts from IPN46 and IPN55 were almost
identical, and IPN64 gave lower values due to significant low swelling
compared to the others at pH 4. It is considered that the release rate from IPN
hydrogels is nearly independent of the composition of samples at pH 4. In the
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6.4 Release change of indomethacin from IPN hydrogels in response
to stepwise temperature change between 25 °C and 45 °C; (�) IPN46,
(�) IPN55, (�) IPN64.

case of the drug release experiment at pH 7, more PAAc contents in IPN
contributed to the higher release amount.
Oscillatory release profiles at 25 °Cwith changing pH levels between 4 and 7

are shown in Fig. 6.5. The plot gives the reversible change of release rate with
pHfluctuation. IPN46 and IPN55 showed lower release at pH 4 and higher at
pH 7, and continued reversible behaviour during the experiment. However,
IPN64 did not show sharp reversible change because it did not have enough
carboxylic groups.

6.3.4 Solute permeation through PVA/PAAc IPNs

Solute permeation experiments were performed using five representative
solutes with different molecular weights and hydrodynamic sizes. The
characteristics of selected solutes are listed in Table 6.3. In the experimental
buffer solution in which pH was adjusted to 4 or 7, theophylline,�� vitamin
B
��

�� and BSA�� were in a neutral state, and riboflavin�� and cefazolin�	
showed ionized structures.
Table 6.4 shows the results of solute permeation experimentmeasured at 25

and 45 °C, respectively. The permeation of solutes through IPNhydrogels as a
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6.5 Release change of indomethacin from IPN hydrogels in response to
stepwise pH change between pH 4 and 7; (�) IPN46, (�) IPN55, (�) IPN64.

Table 6.3 Characteristics of permeating solutes

Hydrodynamic Ionic property
Solutes MW radius (Å) at pH 7

Theophylline 180 3.5 Neutral
Riboflavin 376 5.8 Ionic
Cefazolin 476 6.5 Ionic
Vitamin B12 1355 8.5 Neutral
BSA 65000 36.1 Neutral

function of temperature was in accordance with the swelling behaviours of the
IPNs. IPN46 exhibited a positive swelling change with temperature, as
described in the swelling experiments. Therefore, all the solutes showed higher
diffusion coefficients at high temperature. This is explained by the fact that the
increase of diffusion coefficients at high temperature does not alter the
interaction between solutes and IPN structure, but only causes an expansion
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Table 6.4 The permeation studies of various solutes through IPN46 hydrogel at
pH 7 buffer solution (I =0.01)

Temp. P a D c

Solute (°C) (�106 cm2/s) Kd
b (�106 cm2/s)

Theophylline 25 7.63±0.127 1.55±0.035 4.94±0.195
Riboflavin 25 0.99±0.007 2.97±0.028 0.33±0.001
Cefazolin 25 0.42±0.007 5.67±0.064 0.07±0.003
Vitamin B12 25 1.80±0.099 1.20±0.064 1.51±0.163
BSA 25 1.03±0.134 2.75±0.043 0.41±0.052

Theophylline 45 9.90±0.141 0.81±0.014 12.22±0.039
Riboflavin 45 1.52±0.028 2.35±0.014 0.65±0.016
Cefazolin 45 1.38±0.092 9.14±0.042 0.15±0.011
Vitamin B12 45 4.06±0.170 1.89±0.099 2.15±0.023
BSA 45 3.86±0.134 4.74±0.031 0.81±0.034

aP: permeability coefficient, bKd: partition coefficient, cD: diffusion coefficient
n =3 for each sample.

of IPN networks. Higher swelling in IPN at high temperature increases the
free volume through which the solutes permeate more freely.
The partition coefficients (K

	
) of solutes between hydrogel membranes and

surrounding solutions are also shown in Table 6.4. The value ofK
	
is driven by

interactions between the solutes and the polymer molecular structure. Due to
the hydrophilicity of PVA/PAAc IPN hydrogels, it is predicted that more
hydrophilic solutes are well distributed throughout the entire hydrogel
membranes. As can be seen in Table 6.4, theK

	
values of ionic solutes such as

riboflavin and cefazolin are greater than those of non-ionic solutes, obviously
due to induced ionic interaction between ionic solutes and the carboxylic acid
group. BSA showed the largest K

	
value among non-ionic solutes. This is

believed to be caused by the protein adsorption to the polymer surfaces.
However, further study is needed to verify the interaction, which affects and
determines the partition coefficients of solutes within the swollen hydrogels.
The size of the solute was an important factor in determining the diffusion

and thus permeation through IPNhydrogels. The hydrodynamic sizes of three
solutes is in the range from 3.5Å to 36.1Å, as seen in Table 6.3. For non-ionic
solutes which had no ionic interaction with ionizable hydrogel membranes,
theophylline, having the smallest molecular size of 3.5Å, showed the most
rapiddiffusion through thehydrogel.Thediffusionof vitaminB

��
(hydrodynamic

radius� 8.5Å) was faster than that of BSA (hydrodynamic radius� 36.1Å).
The free volume caused by hydration may allow the pathway of solutes
through which the larger molecules were excluded in the permeation.
However, the diffusion of ionic solutes such as riboflavin and cefazolin were
independent of their hydrodynamic size. Riboflavin and cefazolin, which are
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smaller in size than vitamin B
��
and BSA, gave a drastic reduction of diffusion

coefficients. The permeability of solutes through IPN46 exhibited a similar
tendencywith diffusion coefficients.These results are indicativeof the fact that,
in the ionizable hydrogel membranes, the solute diffusion is much affected by
solute size, as well as by ionic interaction between solutes and membranes.

6.3.5 Electro-responsive properties of PVA/PAAc IPNs

To investigate the electric-responsive behaviour of PVA/PAAc IPN hydrogel
under electric stimulus, we measured the bending degree of IPN by varying
several factors. When PVA/PAAc IPN hydrogel in NaCl electrolyte solution
is subjected to an electric field, the IPN bends toward the anode. The gradient
slope in the plot of the bending angle vs. time became steeper with increasing
applied voltage, and then levelled off at steady state. Note that the equilibrium
bending angle (EBA) and the bending speed increase with applied voltage.
This could be explained by the fact that there was an enhancement in the
transfer rate of the counter ions of the immobile carboxylate groups of PAAc
within PVA/PAAc IPN from IPN to external solution and free ion moved
from external solution into IPN, as the potential gradient in the electric field
increased.
We investigated the effect of PAAc content on the EBA of IPN in 0.1M

NaCl solution at 10V. As the content of the PAAc network increased, theEBA
increased linearly. The bending speed also increased in proportion to the
content of PAAc in the IPN. This may indicate that the EBA is not a
rate-limiting step for bending in an equilibrated state.
In addition, the EBA andbending kinetics of IPN37weremeasured inNaCl

solutionwith different ionic strength. Therewas a critical ionic strength for the
bending of PVA/PAAc IPN.The bending degree increasedwith ionic strength
when the latter was less than 0.1, while it decreased at ionic strength of greater
than 0.1. Furthermore, when the ionic strength of NaCl solution was 1.0, we
could not observe the bendingbehaviour of PVA/PAAc IPNunder the 10V of
applied voltage.As described above, an increase of electrolyte concentration in
the solution induces the increase of free ions moving from the surrounding
solution toward their counter electrode or into the IPN. As a result, the
bending degree and speed of the IPN could increase. However, if the ionic
strength of the solution is greater than a critical concentration, the shielding
effect of polyions by the ions in the electrolytic solute occurred, leading to a
reduction in the electrostatic repulsionof polyions and a decrease in the degree
of bending. As already shown in Table 6.2, the swelling ratio of PVA/PAAc
IPNin solutionwith the lower concentrationof electrolyte (ionic strength�0.01)
was greater than that of higher electrolyte concentration (ionic strength� 0.1).
Therefore, if it is compared with the bending results depending on the ionic
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6.6 Reversible bending behaviour of IPN37 in NaCl solution (ionic
strength=0.1) with changes in applied voltage 10 volts every 10min.

strength of the solution, we could consider that the swelling of PVA/PAAc
IPN by ionic strength does not significantly affect the bending behaviours of
the IPN. In addition, stepwise bending behaviour of PVA/PAAc IPN
depending on electric stimulus was observed for IPN in 0.1 MNaCl solution,
with changes in the applied voltage of 10V every 10minutes.When the electric
stimulus was removed, the IPN displaced to its original position. Also, if the
polarity of the electric field was altered, IPN bent in the opposite direction. As
shown in Fig. 6.6, PVA/PAAc IPN exhibited reversible bending behaviour
according to the application of the electric field.

6.3.6 Drug release behaviour under electric fields

To investigate the electrically induced release behaviours of drugs, we
determined the amount of released drug from PVA/PAAc IPN into a release
mediumunder various conditionsbyUV-spectrophotometer. The drug-loaded
IPNdiskwas placed between two carbon electrodes in a release chamber filled
with a release medium. Applied voltage was then altered every 30min.
Figure 6.7 exhibits the release behaviours of drugs from IPN37 as a function

of time and the voltage of applied electric field in 0.9wt% NaCl solution at
37 °C. The release behaviours of drugs from IPN37 as a function of time and
the voltage of applied electric field in 0.9wt% NaCl solution at 37 °C were
investigated. Figure 6.7 shows the plot ofM



/M

�
vs. time (min) while altering

electric stimulus. Here,M


is the amount of drug released up to time t, andM

�
is the amount of drug present in the IPN at time t� 0. Depending on the
electric stimulus being turned on and off, the release of drug molecules loaded
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6.7 Release behaviours of cefazoline and theophylline from PVA–PAAc
IPN55 as a function of applied voltage in 0.9% NaCl solution at 37 °C.
Electric potential was altered every 30min. —�— IPN55C, 10V, —�—
IPN55C, 5V, —�— IPN55C, 0V, —�— IPN55T, 5V.

within PVA/PAAc IPN was switched on and off in a pulsatile fashion. A
possible reason for this switching pattern of the release of drug molecules was
that the electrically induced changes in osmotic pressure within the gel and
local pH gradient attributed to water electrolysis could affect the swelling of
IPN with charged groups.
In the case of theophylline (non-ionic solute), however, themagnitude of the

‘ON—OFF’ release pattern induced by the electrical stimulus was not so large
as that of cefazolin (ionic solute). Particularly, the release rate of theophylline
from IPN55T (theophylline-loaded IPN55) under 5 volts of electric potential
was even smaller than that of cefazolin from IPN55C (cefazolin-loaded
IPN55) without electric stimulus.
We conducted the release experiment of a drug from cefazolin- or

theophylline-loaded IPN46 in NaCl solution with different ionic strength to
examine the effect of the ionic strength of the releasemedium. Figure 6.8 shows
the release behaviours of cefazolin and theophylline as a function of ionic
strength in release medium at 5V. In the case of IPN46C, the release rate of
cefazolin increased in inverse proportion to the ionic strength of the release
medium. Therefore, an increase of electrolyte concentration in the solution
induces the movement of free ions from the surrounding solution toward their
counter electrode or into IPN, resulting in an increase in release rate of
cefazolin from charged PVA/PAAc IPN. The change of swelling in the
PVA/PAAcIPNdue to the ionic strengthof the surroundingmediumdoes not
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6.8 Effect of ionic strength in release medium on release behaviours of
cefazoline and theophylline from IPN46 under 5V applied voltage. —�—
IPN46C, 0.01M NaCl, —�— IPN46C, 0.1M NaCl, —�— IPN46C, 0.2M
NaCl, —�— IPN46T, 0.1M NaCl.

significantly affect the release behaviours of the drug. It rather indicates that
the electrically induced changes of osmotic pressure within the gel, the local
pH gradient attributed to water electrolysis, and the squeezing effect of IPN
gelweremore important than the decrease of the swelling ratio due to the ionic
strength of the release medium. However, in view of the ionic property of
drugs, we can see that the release rate of ionic drugs is much faster than that of
non-ionic drugs.An IPN46T sample containing anon-ionic drug, theophylline,
exhibited a slower release rate in 0.1M NaCl at 5V than the ionic drug,
cefazolin, in 0.01MNaCl. This could be attributed to the enhancement of the
release by electrophoresis of charged drug molecules.

6.4 Conclusions

PVA/PAAc IPNs with various compositions were prepared by a sequential
synthetic method composed of UV polymerization and freeze—thawing
process. A PVA/PAAc IPN exhibited different swelling patterns as a function
of pH, temperature, ionic strength of external solution, and the content of ionic
group in IPN. The release of indomethacin from these IPN hydrogels was
dominated by the magnitude of swelling in the IPN hydrogels. In the
temperature-sensitive system, the positive release of drugs caused by the
hydrogen bonding between PVA and PAAc was observed, showing an
increase of the released amount with higher temperature. In the case of
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pH-dependent release, changing the pH controlled the release rate. At pH 7,
higher release amounts were observed, since the water contents after swelling
increased significantly. The permeability of non-ionic solutes changedaccording
to the variation in swelling in the IPN hydrogel. Smaller solutes and higher
swelling of the IPN hydrogel produced higher diffusion coefficients. However,
the permeability of ionic solutes at pH 7 through IPN decreased, while the
swelling of the IPN hydrogel increased. When a swollen PVA/PAAc IPNwas
placed between a pair of electrodes, the IPN exhibited bending behaviours
upon the application of an electric field. The release behaviours of drug
molecules from negatively charged PVA/PAAc IPN were switched on and off
in a pulsatile pattern depending on the applied electrical stimulus. The release
amount and the release rate of the drugwere influenced by the applied voltage,
the ionic group contents of the IPN, the ionic properties of the drug, and the
ionic strength of the release medium. Therefore, the present IPN system was
valid in pH/temperature/electrical-responsive drug delivery.
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7
Permeation control through stimuli-responsive
polymer membrane prepared by plasma and

radiation grafting techniques

YOUNG MOO LEE AND JIN KIE SHIM

7.1 Introduction

Stimuli-sensitive polymer drug delivery, especially using temperature and
pH-sensitive hydrogels and polymeric membranes,may be applied to enhance
environment-sensitive properties. Temperature-sensitivepolymers demonstrate
lower critical solution temperatures (LCST), which provide reversible high
swelling at low temperatures and low swelling at high temperatures.�—	
Similarly, pH-sensitive polymers synthesized with either acidic or basic
components demonstrate reversible swelling/deswelling in an acidic or basic
medium.�—�	
Hoffman and Dong� combined these two properties by synthesizing

cross-linked pH/temperature-sensitive hydrogels. Positively chargedhydrogels
were prepared by copolymerizing in varying ratios ofN-isopropylacrylamide
and N,N�-dimethylaminopropylmethacrylamide. Kim et al.�	 made beads
formed from linear pH/temperature polymers, poly(N-isopropylacrylamide-co-
butylmethacrylate-co-acrylic acid) and reported on the release of insulin
through the polymeric system.
There have been several studies reported on the surface modification of

porous membranes by grafting acrylic monomers utilizing corona discharge,
glow discharge and UV techniques.��—�� Iwata et al. reported on the graft
polymerizationof acrylamide onto a polyethylene�����using corona discharge
and of N-isopropylacrylamide onto a poly(vinylidene fluoride)�� using the
glow discharge technique. Osada et al.�� grafted poly(methacrylic acid) onto a
porous poly(vinyl alcohol) membrane using plasma treatment, and their ion
transport, albumin and poly(ethylene glycol) permeation behaviours were
studied. X-ray photoelectronspectroscopy (XPS) was utilized to confirm the
graft reaction.��—�� Recently, Ito et al.�� reported on the water permeation
throughporous polycarbonatemembrane having poly(carboxylic acid) on the
membrane surface by pH and ionic strength.
It is our objective to review the intelligent pH/temperature-sensitive

membrane bygrafting acrylic acid (AAc) andN-isopropylacrylamide (NIPAAm)
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onto the porous polymermembrane,whichwas preparedby the plasmaorUV
polymerization technique.

7.2 Experimental

7.2.1 Materials

Acrylic acid (AAc) was obtained from Junsei Chemical Co. and used as a
grafting monomer. It was purified by using a glass column filled with an
inhibitor remover (Aldrich Co.,Milwaukee,WI) and stored in a dark and cold
place.N-isopropylacrylamide (NIPAAm; Tokyo Kasei Chemical Co., Japan)
was used after recrystallization in hexane and toluene (40 : 60 in vol%).
Riboflavin was purchased from Junsei Chemical Co. and used without any
further treatment. Porous polyamide membrane from Gelman Science Co.
with 127 �m in thickness, 0.45 �m pores and 1,1-dimethyl-2-picrylhydrazyl
(DPPH) (Aldrich Co.) was used for the determination of peroxides produced
by UV irradiation.

7.2.2 Determination of peroxide produced by UV
irradiation

The PSF membrane was irradiated by a medium-pressure mercury lamp
(450W, Ace Glass Inc.) at room temperature in air for a predetermined time.
The membrane samples were prepared to an area of 8.675 cm� and irradiated
at a distance of 5 cm below the UV lamp for all samples. Peroxides produced
on the membrane surface were determined by DPPH. The DPPH
(1� 10�	mol/l) solution in toluene was degassed by nitrogen blowing for
60min. The UV-treated PSF membrane was quickly dipped into the DPPH
solution at 60 °C for 2 hours in a shaking water bath. Using the reacted
solutions, a consumed amount of DPPH due to peroxides produced on the
surface was measured by a UV spectrophotometer (UV-2101PC, Shimadzu,
Kyoto, Japan) at 520 nm. A calibration curve was obtained by using a DPPH
solution of a known concentration.

7.2.3 Preparation of stimuli-responsive polymeric membranes

7.2.3.1 Preparation of poly(amide-g-NIPAAm) and
poly(amide-g-(AAc-NIPAAm))

For the plasma polymerization, a bell jar type plasma reaction apparatus was
used to accommodate the AAc and NIPAAm monomers. This low pressure
glowdischarge apparatus has a radio-frequency generator (13.56MHz, 0—300W
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Table 7.1 Effect of feed composition on the graft yield of surface modified
polyamide membranes using plasma polymerization method at 60 °C for 2
hours

Feed composition Concentration Graft yield
Sample NIPPAm/AAc (w/w) (wt%) (�g/cm2)

PA — 20 —
PNA1 100: 0 20 202
PNA2 95: 5 20 222
PNA3 90: 10 20 297
PNA4 85: 15 20 197

power) and an impedance matching circuit. After washing and drying, the
porous polyamidemembranewas applied to 50mtorr and 30Wargon plasma
for 30 seconds. The sample was exposed immediately to the air and immersed
in the monomer solution. The AAc and NIPAAm monomer solutions were
prepared by dissolving each monomer in deionized water (see Table 7.1) for
sample designation. To remove the oxygen remaining in the solution, nitrogen
gas was bubbled into the solution at room temperature for 30min. The graft
polymerization of AAc andNIPAAmonto the plasma-treated polyamidewas
performed for 2 h at 60 °C.
The grafting amount of treated polyamide membranes was calculated as

follows:

Graft yield (�g/cm�)�
(W



� W



)

(A)
� 100,

where W


, W



and A represent the weight of the membrane before and after

the graft reaction and membrane area, respectively.

7.2.3.2 Preparation of PSF-g-AAc membrane

The PSF membrane (17.35 cm�) was weighed precisely and irradiated at the
same conditions as in the peroxide-determination experiments. 20wt.% AAc
aqueous solution was degassed by nitrogen blowing for 60min. UV-treated
PSF was quickly dipped into the solution at 60 °C for 2 h in a shaking water
bath. The grafted membranes were washed with deionized water at 70 °C for
24h and dried in a vacuum oven at 40 °C for 48h. Details on analytical
equipment and methods and the solute permeation experiments can be found
in the references.�
���
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7.1 XPS carbon 1S core level spectra of polyamide and grafted polyamide
surfaces.

7.3 Results and discussion

7.3.1 Characterization of stimuli-responsive polymeric
membranes

7.3.1.1 Poly(amide-g-NIPAAm) and poly(amide-g-(AAc-NIPAAm)) membranes

The surface of AAc andNIPAAm grafted polyamidemembrane was analysed
by XPS��—�� as shown in Fig. 7.1 and 7.2. The PNA membrane surface
showed new peaks resulting from the incorporation of —C—O— at � 286.6 eV
and ester carbon atoms at�289.1 eV (O�C—O—). The poly(amide-g-NIPAAm)
(PNA1) surface showed a new peak � 288.0 eV as O�C—N, indicating the
presence ofN-isopropyl groups on the polyamide surface. The oxygen peak in
the C�O groups appeared at 529 eV for membranes. The peak at high binding
energy region (533.5 eV) is a peak for the oxygen in the —OHgroups, indicating
the presence of —COOHgroups on the graftedPNAmembrane surface. As the
AAc content increases, the —OH peak becomes larger relative to the peak of
the C�O bond.
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7.2 XPS carbon 1S core level spectra of polyanide and grafted polyamide
surfaces.

In the present study, the graft yields of the polymer range between
197—297�g/cm� (see Table 7.1) and increase with increasing AAc content,
except for the PNA4 sample. When the AAc content was more than 10wt%
of the feed composition, the graft yield of the membrane decreased. These
results also showed that upon increasing the pH, the reactivity ratio decreased
and increased for acrylic acid and acrylamide, respectively. The pH of the feed
solution in Table 7.1 decreased from 4.7 to 2.7 as acrylic acid increased.
Therefore, the lower graft yield in PNA4 is probably due to the low reactivity
of NIPAAm at above 10wt% of acrylic acid in the feed composition because
of the low pH.

7.3.1.2 PSF-g-AAc membranes

It is known that PSF and poly(ether sulfone) show strong absorption bands in
the wavelength range between 250 and 300 nm.�� During UV irradiation,
chain scission, cross-linking and extensive yellowing occur. UV irradiation in
a vacuumor in air yields several degraded products, such as gaseous products,
oligomeric or polymeric sulfonic acids, and polymeric peroxides.

113Permeation control through stimuli-responsivepolymermembrane



20

15

10

5

0
0 50 100

Irradiation time (s)

R
ad

ic
al

 d
en

si
ty

150 200

+1
0 

  (
m

ol
/ c

m
  )

8
2

7.3 Effect of radical density as a function of UV irradiation time as
determined by the DPPH method.

Kuroda et al.�� reported the tendency of chain scission and cross-linking of
poly(ether sulfone) films below and above the glass transition temperature
(T

�
). Chain scission and cross-linking occur simultaneously in all ranges of

experimental temperatures. Cross-linking is dominant at above 170 °C, while
chain scission is more important at room temperature. Yamashita et al.��
reported on the photodegradation of poly(ether sulfone) and PSF in the
presence and absence of oxygen over the temperature range from room
temperature to 225 °C, and investigated the quantum yields for cross-linking
and chain scission by gel permeation chromatography (GPC) measurements.
They showed similar results on the temperature effect of chain scission and
cross-linking from the degradation of poly(ether sulfone). However, in the
case of PSF, chain scission occurs even at higher temperatures.
Figure 7.3 shows the radical density of a UV-irradiated PSF membrane

with varying irradiation times. The radical density increased with increasing
irradiation time up to 150 seconds, but decreased slightlywith further irradiation.
This indicates that the produced peroxides are partially converted into inactive
species, which cannot generate radicals.
Table 7.2 summarizes the amount of PAAc grafted onto the surface of the

PSFmembrane. The graft amount of PAAc increasedwith irradiation time up
to 150 s, exhibiting the same tendency as did the result from the radical density
data. When we further irradiated the PSF samples, the graft amount and
radical density of the modified PSFmembrane decreased slightly. This means
that long irradiation times do not always provide a merit in the amount of
PAAc grafted onto the PSF membranes. Characterization and permeation
experiments were done for grafted membranes irradiated up to 150 s.
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Table 7.2 Effect of UV irradiation time on the amount of grafting of
surface-modified PSF membranes

Irradiation time Amount of grafting
Samplea (s) (�g/cm2)

PSF — —
UA1 10 53
UA2 30 57
UA3 90 62
UA4 120 71
UA5 150 104
UA6 180 98

aA 20 wt% aqueous solution of AAc was used.

Table 7.3 XPS surface analysis of surface-modified PSF membranes by UV
irradiation technique

Atomic (%)

Sample C1S O1S S2P O1S/S2P

PSF 90.70 3.92 5.37 0.73
UA1 90.81 4.18 5.01 0.83
UA2 91.69 4.00 4.11 0.97
UA3 87.93 6.28 5.60 1.08
UA4 90.20 5.43 4.37 1.24
UA5 91.08 5.08 3.85 1.32

To investigate the chemical composition of the membrane surface, XPS
analyses of the PSF and PSF-g-AAc membranes were performed and are
summarized in Table 7.3. The atomic concentration of S

��
for the unmodified

PSF membrane is 5.37% and can be used as a reference on the basis that it
does not change after UV irradiation. The atomic concentration of grafted
membranes, the ratio of O

��
to S

��
, gradually increases upon prolonging the

UV irradiation time up to 150 s (UA5). This indicates that the atomic
concentration of O

��
in the surface region increases as AAc is grafted further.

An inert gas ion beam was used to ablate the sample surface, and the
chemical composition of the new surface was determined by XPS surface
analysis. XPS ion-sputter depth profiling is a valuable means of determining
the thickness of the graft layer. The effective thickness of the graft layer was
calculated and the thickness of the PAAc grafted onto the PSF membrane
surface in UA1 andUA3was determined to be around 80—100nm.Moreover,
we can also determine the thickness of the graft layer from the relation
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7.4 Effect of pH on the permeation of riboflavin through PA and PNA
membranes measured at 37 °C. —�— PA, —�— PNA1, —�— PNA2,
—�— PNA3, —s— PNA4.

l�m/�A, where l is the thickness of the graft layer,m the amount of grafting, �
the density of the graft PAAc and A the unit area. Here, the PAAc density is
approximately 1. The thickness of theUA1 andUA3 samples can be calculated
to be approximately 530—620nm, indicating a large discrepancy between the
thickness values determined by the two methods. The thickness determined
by an XPS method is much smaller than that by the amount of grafting. This
result suggests that PAAc was grafted not only onto the surface of the PSF
membrane but also onto the inside of the PSF membrane. In this case, an
aqueous AAc solution was expected to diffuse into the PSF membrane, and
the vinyl monomer was grafted not only at the surface but also within the
membrane. Tazuke�� reported that acrylamide was grafted more from the
bulk of the hydrophobic-oriented polypropylene membranes than on the
surface of the membranes when the solvent had strong interactions with the
base polymer.

7.3.2 Riboflavin permeation through stimuli-responsive
membranes

7.3.2.1 Poly(amide-g-NIPAAm) and poly(amide-g-(AAc-NIPAAm)) membranes

The riboflavin release patterns of PA and PNA membranes at different pH
regions and at 37 °C are demonstrated in Fig. 7.4. The permeation of riboflavin
was also measured at various temperatures and at neutral pH, as shown in
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7.5 Effect of temperature on the permeation of riboflavin through PA and
PNA membranes measured at pH 7. —�— PNA1, —�— PNA2, —�—
PNA3, —�— PNA4.

Fig. 7.5. In PA and PNA1 membranes that did not have acrylic acid on the
polyamide surface, the release profile of riboflavin was constant as pH varied.
However, the PNA2, PNA3 and PNA4 membranes showed a pH-dependent
release of riboflavin. The permeability of riboflavin decreased from
6.3� 10�� cm� cm/cm� s at pH 4 to around 5.7� 10�� cm� cm/cm� s at pH 7.
The absolute permeability value was one order of magnitude higher than that
of the PVDFmembrane�� in our previous study due to the larger pore radius
of the PA membrane.
However, the magnitude of the decrease of permeability at pH 4 to pH 7

was somewhat lower than that of the PVDF membrane. This may be caused
by two possible factors: the large pore size of the PAmembrane and the lower
acrylic acid content in the feed solution.
The effective graft chain for permeation is present on the inner pore or on

the edge of the pore, and may shrink or enlarge upon pH changes. Large pore
size may reduce the effectiveness of the pH-dependent permeation of small
solutes unless the graft chain is long enough to cover the pores. Competitive
AAc and NIPAAm reaction reduced the number of the AAc content in the
chain and lowered the pH sensitivity, which is defined as the ratio of permeability
at pH 4 and pH 7.
The effective pore size of the PNA membranes at any pH and temperature

can be calculated using a simple Hagen—Poiseuille’s law and the ratio of flux
or permeability coefficient of the virgin and graft membrane.

117Permeation control through stimuli-responsivepolymermembrane



Table 7.4 Determination of effective pore radii and effective areas for permeation
at pH 4 and 7 through pH-sensitive polyamide membranes estimated by Eq. (7.1)

pH 4 pH 7

Sample r (Å) A* ( � 106Å2) r (Å) A* ( � 106Å2)
ApH 4

ApH 7

(%)

PA 2250 15.90 2250 15.90 100.0
PNA1 2176 14.88 2176 14.88 100.0
PNA2 2147 14.48 2115 14.05 103.1
PNA3 2167 13.75 2103 13.89 106.2
PNA4 2172 14.82 2121 14.13 104.9

*A=Effective membrane area for permeation of solute.

r


/r

�
� [J



/J

�
]
�
	 [7.1]

Here, J


and J

�
are the fluxes of solute through the PA and PNA membranes

respectively, at 37 °C in varying pH ranges.
The effective pore radius was reduced from 2250Å to 2103Å upon grafting

and expansion of the graft chain at pH 7 (Table 7.4). The above results show
the possibility of controlling the pH region, inwhich the riboflavin permeability
changes most sensitively with pH, by choosing the nature of the polymers to
be grafted.
As NIPAAm is grafted on the porous polyamide membrane using the

plasma grafting technique, the permeability changes with temperature.
Poly(NIPAAm)��� is known to have LCST at around 31—33 °C. Below LCST,
poly(NIPAAm) forms hydrogen bonds with water and exists in solution form.
However, aboveLCST, inter- and intramolecular interaction in poly(NIPAAm)
is much stronger, resulting in an undissolved state. In this state, the hydrogen
bonding between grafted poly(NIPAAm) (PNA1) and water breaks down and
the mobility of the polymer chain, inter- and intramolecular interactions, and
the hydrophobic interaction due to the presence of the alkyl groups in the
polymer chain increase.�
 The grafted poly(NIPAAm) chain shrinks, leading
to an enlargement of the effective pore size in the porous polyamidemembrane.
Using the same Hagen—Poiseuille’s equation and Eq. (7.1), the effective pore
radius was calculated to be 2113Å at 30 °C and the graft chains shrink to
2175Å at 50 °C for PNA2membrane, resulting in an expansion of the effective
area for permeation, as indicated in increase in A

�
 °�
/A

�
°�
in Table 7.5.

PNA2, PNA3 and PNA4 used the acrylic acid as a comonomer with
NIPAAm. In this case, the transition temperatures of riboflavin permeation
change from 35 °C to 50 °C, as illustrated in Fig. 7.5.
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Table 7.5 Determination of effective pore radii and effective areas for permeation
at 30°C and 50 °C through temperature-sensitive polyamide membranes estimated
by Eq. (7.1)

Temperature 30 °C Temperature 50 °C

Sample r (Å) A* ( � 106Å2) r (Å) A* ( � 106Å2)
A50°C

A30°C

(%)

PA 2250 15.90 2250 15.90 100.0
PNA1 2126 14.20 2182 14.96 100.3
PNA2 2113 14.03 2175 14.86 105.9
PNA3 2102 13.88 2162 14.69 105.9
PNA4 2118 14.09 2147 14.48 102.8

*A=Effective membrane area for permeation of solute.
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7.6 Reversible release pattern of riboflavin from PNA3 membrane with
step-wise changing of the pH between 7 and 4 measured at 37 °C. —�—
PNA3.

In order to study the pH/temperature-dependent change of the permeability
of riboflavin, the permeation of riboflavin through the PNA3 membrane was
investigated by alternating pH from 7 to 4 (Fig. 7.6), and temperature from 30
to 50 °C (Fig. 7.7). It was observed that a discontinuous change in concentration
of riboflavin was brought about by stepwise changing of the temperature or
pH. When the permeation experiment of riboflavin through the PNA3
membrane was conducted by changing pH or temperature, the riboflavin
release increased rapidly but reverted to the same permeability within an hour.
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7.7 Reversible concentration control of riboflavin from PNA3 membrane
with step-wise changing of the temperature between 30°C and 50 °C
measured at pH 7. —�— PNA3.

7.3.2.2 PSF-g-AAc membranes

Riboflavin permeability through the original PSF membrane and the PSF-g-
AAc membranes is shown in Fig. 7.8, measured at different pH values. Note
that the virgin PSF membrane exhibits no response to the change in pH,
whereasPSF-g-AAcmembranes are responsive to the pH change. A remarkable
decline in permeability is noted in the range of pH 4—5. From these data, it is
clear that the grafted PAAc is responsible for the permeability decline in
riboflavin permeation.
It has been reported that the pK

�
value of poly(acrylic acid) (PAAc) is

4.8.�
��
Above pH 4.8, the carboxylic acid groups of the grafted PAAc chains
are dissociated into carboxylate ions and have an extended conformation
because of the electrostatic repulsion forces between the chains. Extended
chains block the pores of the PSF membrane, causing a decrease in the
permeability. At below pH 4.8, carboxylic acid groups do not dissociate: the
grafted PAAc chains will shrink and be precipitated on the surface. Thus, the
pores become open and permeability increases sharply. These conformational
changes are obviously due to both intra- and intermolecular interactions
between the grafted PAAc chains.
As the amount of grafted PAAc increases further, pore blocking overwhelms

the conformational changes of the grafted chains due to the interactions of the
polymer chains, causing only small changes in the permeability of riboflavin
in response to the pH. Therefore, for a UA5 sample, the extension and
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7.8 Effect of pH on the riboflavin permeation through (a) PSF (�), (b) UA1
(�), (c) UA2 (�), (d) UA3 (�), (e) UA4 (s), (f) UA5 (�) membranes.

shrinkage of the grafted chains are hindered, and the extent of the change in
the permeability is reduced, meaning that the permeability depends on the
amount of grafting and the environmental pH.

7.4 Conclusions

We have prepared pH/temperature-sensitive polymer membranes by grafting
AAc or NIPAAm or AAc and NIPAAm on the surface of polyamide and
polysulfone membranes, utilizing plasma and UV radiation techniques. The
structure of the graft chain was confirmed by XPS and ATR-FTIR spectra.
Through this study, we investigated the morphology and permeability of the
riboflavin of the unmodified and modified polymer membranes. AAc or
NIPAAm or AAc and NIPAAm-grafted polymer membranes showed the pH
or temperature and pH-dependent permeation behaviours of riboflavin,
respectively.
Therefore, the present stimuli-responsive membrane system was valid in

pH/temperature-responsive drug delivery or intelligent separationmembranes.
This study envisioned the possibility of controlling the permeability of the
membrane by varying the pHof the external solution. These pH/temperature-
responsive membranes will be useful for sensing and modulating external
chemical signals, and also for drug-delivery applications, because they change
their chain conformation according to the surrounding circumstances.
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8
Mechanical properties of fibre Bragg gratings

XIAOGENG TIAN AND XIAOMING TAO

8.1 Introduction

Self-organized Bragg grating in optical fibres, or changes in refractive index
induced by radiation was first observed��� in 1978. Since permanent Bragg
gratings were first written by Meltz et al.� in 1989 by the transverse
holographic method, they have attracted great attention in the fields of
telecommunication, sensing, smart materials and structures. Fibre Bragg
grating (FBG)-based sensors have somedistinct advantages. First, they give an
absolute measurement insensitive to any fluctuation in the irradiance of the
illuminating source, as the information is directly obtained by detecting the
wavelength-shift induced by strain or temperature change. Secondly, they can
bewritten into a fibrewithout changing the fibre size,making them suitable for
a wide range of situations where small diameter probes are essential, such as in
advanced compositematerials, the humanbody, etc. Thirdly, they can bemass
produced with good repeatability, making them potentially competitive with
traditional strain gauges from the fabrication cost point of view.	�� Finally,
they can be multiplexed in a way similar to methods used on conventional
fibre-optic sensors, such aswavelength-, frequency-, time- and spatial-division-
multiplexing and their combination,��� making quasi-distributed sensing
feasible in practice.
Because of these advantages, FBGs have been applied as embedded sensors

tomonitor ormeasure the internal strain of composite structures.�—��Friebele
et al.���
 reported internal distribution strain sensing with fibre grating arrays
embedded in continuous resin transfer moulding�� (CRTM��) composites.
Bullock and his colleagues�� used a translaminar embedded fibre grating
sensor system to monitor the structure of composites. Du et al.�	 embedded
fibre Bragg gratings in a glass woven fabric laminated composite beam for
internal strain measurements. FBGs are also used in mine operating accurate
stability control�� and medical monitoring.��
With FBG sensors being prepared for field applications, growing interest is

focused on the mechanical reliability of the fibre gratings. The influence of
various parameters like humidity,����� chemical composition of coating,��
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8.1 Structure of optical fibre.

chemical agent,�
 stripping methods����� and fibre splicing�� have been
investigated. At the same time, more than ten different models have been
developed to estimate the lifetime from static anddynamic fatiguemeasurement
under different environmental conditions.�	—�� In this chapter, we will
examine the influence of the fabrication procedure and the mechanical
properties of fibre Bragg grating sensors.

8.2 Fabrication techniques

8.2.1 Optical fibres

As shown in Fig. 8.1, an optical fibre consists of a core surrounded by a
cladding whose refractive index is slightly smaller than that of the core. The
optical fibre is coated during the fibre drawing process with a protective layer.
Inside the fibre core, light rays incident on the core-cladding boundary at
angles greater than the critical angle undergo total internal reflection and are
guided through the core without refraction. Silica glass is the most common
material for optical fibres, where the cladding is normally made from pure
fused silica, and the core from doped silica containing a few mol% of
germania. Other dopants, such as phosphorus, can also be used. Extra-low
absorptionoccurs in a germanosilicate fibre,with a localminimumattenuation
coefficient�� 0.3 dB/kmat 1.3�mand an absoluteminimum �� 0.16dB/km
at 1.55�m.Therefore, light in the twowindows travels down tens of kilometres
of fibre without strong attenuation in a correctly guided mode condition.

8.2.2 Fibre Bragg gratings

A fibre Bragg grating consists of a modulation in the refractive index, n(z),
along a short length (z) of the core in germania-doped silica fibre with a period
of �, which is given by:

n(z)� n


�n



· cos[(2�/�) · z�



] [8.1]

where n


is the linear refractive index for a guidedmode in the fibre core,�n



is
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8.2 The set-up of FBG fabrication.

the modulation amplitude of the refractive index and �


is the initial phase of

the grating.
The inscriptionof permanentBragggrating can be achieved in the core of an

optical fibre by interference of two coherent ultra-violet light beams.� The
grating thus has a holographically induced refractive indexmodulation with a
period � � �

��
/2 sin(�/2), where � is the angle between the two writing beams

of wavelength �
��
. When a broadband light source is coupled into the fibre,

those components with wavelengths that satisfy the Bragg condition are
strongly reflected, but all other components pass through the grating with
negligible insertion loss and no change in signal. The central reflecting
wavelength, referred to as the Bragg wavelength (�

�
) of a fibre grating, is

determined by the Bragg condition:

�

� 2n



� [8.2]

The central reflectivity is given by:

R� tanh�(��n


L/�


) [8.3]

where L is the grating length. The modulation amplitude of the refractive
index, �n



, represents the grating strength and is dependent on the time of

exposure to UV illumination. The width of the FBG reflecting band is
determinedbyL and�n



. The higher the values of�n



andL, the narrower the

bandwidth.
Nowadays, the gratings are often fabricated by phase mask technology.

Figure 8.2 shows an experimental set-up for writing Bragg gratings on single
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mode germanium-doped silica fibres. The light is spread by using a lens after it
is guided from an ArF excimer laser, then paralleled by passing through a
cylindrical lens and focused on the optical fibre by using another cylindrical
lens, which is normal to the other lens.

8.3 Mechanisms of FBG sensor fabrication

Why can UV irradiation cause a change in the refractive index? To date, there
appear to be three possible mechanisms by which a photo-induced refractive
index change can occur in germanosilica optical fibres: (i) through the
formation of colour centres (GeE�), (ii) through densification and increase in
tension, and (iii) through formation of GeH. Broadly speaking, all three
mechanisms prevail in germanosilica optical fibres. The relative importance of
eachcontributiondependson the type of optical fibre and thephotosensitization
process used.

8.3.1 The formation of colour centres (GeE�) and GeH

There are a lot of defects in the germanium-doped core. The paramagnetic
Ge(n) defects, where n refers to the number of next-nearest-neighbour Ge
atoms surrounding a germanium ion with an associate unsatisfied single
electron, were first identified by Friebele et al.�� These defects are shown
schematically in Fig. 8.3.
TheGe(1) andGe(2) have been identified as trapped-electron centres.��The

characteristic absorption of Ge(1) and Ge(2) are 280 nm and 213 nm. The
GeE�, previously known as the Ge(0) and Ge(3) centres, which is common in
oxygen-deficientgermania, is a hole trappednext to a germaniumat anoxygen
vacancy,�� and has been shown to be independent of the number of
next-neighbourGe sites.Here, anoxygen atom ismissing from the tetrahedron,
while the germanium atom has an extra electron as a dangling bond. Other
defects include the non-bridging oxygen hole centre (NBOHC), which is
claimed to have absorption at 260nm and 600nm, and the peroxy radical,
believed to have absorption at 163nmand325nm.�
Both are shown inFig. 8.3.
If the optical fibre is treated with high temperature hydrogen, germania will

decrease and the concentration of GeO molecules will be enhanced. The
reduction process may occur as follows:

Ge O Si + 1/2 H  Ge
e

+ OH Si2

Most fibres, if not all, show an increase in the population of the GeE� centre
(trapped hole with an oxygen vacancy) after UV exposure. This is formed by
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8.3 A schematic of proposed Ge defects of germania-doped silica.

the conversion of the electron-trapped Ge(I) centre, which absorbs at� 5 eV,
and the GeO defect. GeO defect is shown in Fig. 8.4. It has a germanium atom
coordinated with another Si or Ge atom. This bond has the characteristic
240nm absorption peak that is observed in many germanium-doped
photosensitive optical fibres.��On UV illumination, the bond readily breaks,
creating theGeE� centre. It is thought that the electron from the GeE� centre is
liberated and is free tomove within the glass matrix via hopping or tunnelling,
or by two-photon excitation into a conduction band. The change in the
population of the GeE� centres causes changes in the UV absorption spectra,
which lead to a change in the refractive index of the fibre at a wavelength �
directly through the Kramers—Kronig relationship:��

�n�
1

(2�)�
�
�
�

�	

�


��
�
(��) · ��

(��� ���)
d�� [8.4]

where the summation is over discretewavelength intervals around each of the i
changes in measured absorption, ��

�
. Therefore, a source of photoinduced

change in the absorption at �
�
� �� � �

�
will change the refractive index at

wavelength �. This process is common to all fibres. The colour centre model,
originally proposed by Hand and Russel,�� only explains part of the observed
refractive index changes of� 2� 10�	 in non-hydrogenated optical fibres.�	
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8.4 The capital GeO defect of germania-doped silica, in which the atom
adjacent to germanium is either a silica or another germanium.

For molecular hydrogen, the suggested reaction is the formation of GeH
and OH ions from a Ge(2) defect. The possible route may be as follows:

Ge O Ge + H  Ge

H

e
+ H O Ge2

After the treatment, the concentration of GeE� and GeH will increase greatly.

8.3.2 Densification and increase in tension

The refractive index of glass depends on the density of the material also,�����
so that a change in the volume through thermally induced relaxation of the
glass will lead to a change �n. The refractive index n is shown as:

�n
n

�
�V
V

�
3n

2
� [8.5]

where the volumetric change �V as a fraction of the original volume V is
proportional to the fractional change � in linear dimension of the glass.
A possible effect of the irradiation is a collapse of a higher-order ring

structure leading to densification.�� The densification of silica under UV
irradiation is well documented.��The process of densification has been shown
to occur in fibres, as evidenced by scans using an atomic force microscope of
the surface of D-shape fibres and in etched fibres,�� and in preform samples
thatweredrawn into aD-shapedfibre.��These observations are on the surface
of the sample and are unable to replicate the stress profiles within the core of
the fibre directly. Direct optical measurement of in-fibre stress has indicated
that, rather than the relief of the stress, tensile stress actually increases with an
associated reduction in the average refractive index by� 30% of the observed
UV induced refractive index change in non-hydrogen loaded, high germania-
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content fibre. The changes in the stress profile of the fibre are consistent with
the shift in the Bragg wavelength of a grating during inscription.	


8.4 Mechanical properties

8.4.1 Strength

Telecommunication optical fibres are made from silica glass with ring
structures of Si—O tetrahedral.Defects or small imperfectionswhich have been
created on the surface of optical fibre during the fibre fabrication processing
lead to a reduced fibre strength. Griffith suggested that these defects, called
flaws, act as stress intensifiers and cause fracture, when they induce large
enough stress to break chemical bonds mechanically.	� The stress intensity
factor K

�
at a crack tip as a function of time, t, can be written as:�	

K
�
(t)� Y��(t)��(t) [8.6]

where Y is the dimensionless crack geometry shape parameter which is
assumed to be constant for a given flaw type,�� is the applied stress and � is the
flaw depth, i.e. the flaw size normal to the direction of the applied stress.
When the applied stress, ��, increases to its allowablemaximumgiven by the

intrinsic strength, S, of the crack, a catastrophic failure occurs. Equation (8.6)
becomes:

K
��

� YS�� [8.7]

K
��
is an intrinsic constant of silica and has been empirically determined to be:

K
��

� 0.79 MPam���.
If n(�) denotes a flaw distribution, then the number of the flaws which will

fail between � and � d� is n(�)d�. The total number of flaws whose strengths
are less than � is:

N(�)��
�




n(�)d� [8.8]

According to the Weibull distribution, the empirical form of the cumulative
flaw distribution is given by:

N(�)��
�
�


�
�

[8.9]

where � is the applied stress to the fibre during the fatigue test,m is the scaling
factor and �



is a constant characteristic of the material. The probability of a

breakage between stress level � and � d� is given by the joint probability
that the sample contains a flaw whose strength falls into this interval and that
the sample has survived a stress level �:
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dF(�)�F(�d�)�F(�)� (1�F(�))n(�)d� [8.10]

F(�), commonly referred to as the cumulative failure probability, is defined as
the probability of breakage below a stress level �. Consequently 1�F(�) is the
survival probability. AssumingagroupofM samples,F(�) is calculated as below:

F(�)�
i� 0.5

M
i� 1, 2, . . .,M [8.11]

The failure stresses are listed with increasingmagnitude as �
�
,�

�
, . . ., �

�
, . . .,�

�
so that the cumulative failure probability F(�

�
) can be determined. In the

Weibull plot, the breaking stress � is plotted versus the cumulative failure
probability F. To compare differentWeibull distributions, we use the median
breaking stress, �

�
, which corresponds to 50% failure probability. Combining

Eqs. (8.9) and (8.10) we obtain:

log�ln
1

1�F(�)��m log�
�
�


� [8.12]

The slope of the curve is the Weibull scaling parameterm, which indicates the
shape of the distribution. Low m-values indicate a large range of surface flaw
sizes, while highm-values indicate high surface quality and a close approach to
the tensile strength of a flaw-free fibre under normal condition.	�m-Values for
pristine fibres are normally of the order of 80—150.

8.4.2 Young’s modulus and hardness

The tensile test can provide information on the average Young’s modulus and
mechanical strength. A nano-indenter can measure the Young’s modulus and
hardness locally on a much smaller scale. Interest in load and displacement-
sensing indentation testing as an experimental tool for measuring elastic
modulus began in the early 1970s.	� The nano-indenter is made of very hard
material. When it is pressed on the surface of the tested material, deformation
occurs on both the indenter and the tested material; according to the
deformation of the material and the acted force, the material properties, such
as Young’s modulus and hardness, can be obtained.
The effects of the non-rigid indenter on the load-displacement behaviour

canbe effectively accounted for by defining a reducedmodulus,E
�
, through the

equation:

1

E
�

�
1� ��

�
E
�


1� ��

�
E

�

[8.13]

where E
�
and �

�
are the Young’s modulus and Poisson’s ratio for the indenter

and E
�
and �

�
are those of the material being tested. Therefore, the Poisson’s
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8.5 A schematic representation of load vs. indenter displacement
showing quantities used in the analysis as well as the graphical
interpretation of the contact depth.

ratiomust be estimated for thematerial being tested to determine themodulus.
Using instrumented microhardness testing machines, the indentation

load-displacement curve can be obtained as shown in Fig. 8.5. They are
analysed according to the equation:

S�
dP

dh
�
2

�
E
�
�A [8.14]

Here, S� dP/dh is the experimentally measured stiffness of the upper portion
of the unloading data, E

�
is the reduced modulus (previously defined) andA is

the projected area of the elastic contact.
The contact area at peak load can be determined by the geometry of the

indenter and the depth of contact, h
�
, assuming that the indenter geometry can

be described by an area functionG(h) which relates the cross-sectional area of
the indenter to the distance from its tip, h. Given that the indenter does not
itself deform significantly, the projected contact area at peak load can then be
computed from the relation A�G(h

�
). The functional form of G must be

established experimentally prior to analysis.	�
At any time during loading, the displacement, h, can be written as:

h� h
�
 h

�
[8.15]

where h
�
is the displacement of the surface at the perimeter of the contact,

which can be ascertained from the load-displacement data. At the peak, the

load and displacement areP
���
and h

���
, respectively.We have h

�
� �

P
���
S
, � is

the geometrical constant, which relates to the geometry of the indenter.		 � for
different geometries of indenter are listed in Table 8.1. The contact depth, h

�
,

can be expressed as:

h
�
� h

���
� �

P
���
S

[8.16]
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Table 8.1 � for different shapes of indenter

Conical Triangular
Indenter indenter pyramid Flat punch

� 0.72 0.75 1.00

So the contact area, A, can be obtained from Eq. (8.14) and combining it with
Eq. (8.13), Young’s modulus of the tested material can be expressed as:

E
�
��

2

��

�A

S
�
1� ��

�
E
�
�

��
·(1� ��

�
) [8.17]

The data obtained using the current method can be used to determine the
hardness, H. The hardness is defined as the mean pressure the material will
support under load. The hardness is computed from:

H�
P
���
A

[8.18]

8.5 Influence of the UV-irradiation on mechanical
properties

8.5.1 The influence on the mechanical strength

8.5.1.1 The mechanical strength of gratings not affected

Although type I grating has a reflectivity of only a few per cent, it can easily be
written at any arbitrary position along the fibre.	� Such FBG arrays are
ideally suited for distributed sensing, where low reflectivity is not a major
drawback. Askins et al.	� and Hagemann et al.	� have studied the mechanical
strength of optical fibre containing FBG fabricated in this method. In their
experiment, laser exposures occurred only immediately before the protective
jacketing was applied during fibre drawing.
FBG sensors produced on-line during the process using an excimer laser

pulse suffer no measurable loss of strength relative to unirradiated fibre. This
emphasizes the fact that it is favourable to use draw-tower FBGs as sensor
elements to overcome the problem related to fibre stripping and high fluence
UV irradiation.

8.5.1.2 Mechanical strength degradation of gratings

Feced et al.	� has studied the influence of different wavelengthUV irradiation
on the strength of optical fibres with a single pulse radiation. The single mode
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8.6 Mechanical strength and reflectivity: —�— strength,
—�— reflectivity.

optical fibres used in their investigations were Corning’s SMF-28 (� 3mol%
of germanium), and a highly photosensitive germanium and boron (Ge—B)
co-doped fibre (10mol%of germanium) from theUniversity of Southampton.
Their results suggest that the fabrication of Bragg gratings using 193 nm
irradiation will yield higher-strength gratings with enhanced reliability. A
similar analysis shows that the difference in strength between Ge—B doped
fibre and SMF-28 when exposed to 248 nm radiation is significantly higher.
It has previously been reported that the processes induced in the fibre by

248nm radiation are different from those induced by 193 nm radiation.	� In
addition, it is thought that the exposure of optical fibre to UV increases the
stress in the core. The results reinforce these concepts; they suggest that the
248nm mechanism increases the internal core stress of the fibre significantly
more than the 193 nm mechanism, such that 248nm radiation causes a larger
degradation of the fibre strength.
We have tested the fracture strength of FBG sensors fabricated by ourselves.

In order to eliminate the mechanical strength degradation of the coating
stripping, we decoated the coating of the fibre with acetone prior to UV laser
exposure. The UV radiation was a laser operating at 193 nm. The light
focused with a cylindrical lens then passed through a phase mask before
irradiating the fibre. The frequency of the UV irradiation is 5Hz.
Figure 8.6 shows the mechanical strength and the reflectivity of the FBG

sensors. In the fracture strength test, the length of the gauge is 0.25m and the
strain rate is 1mm/min. It can be seen that the mechanical strength of the
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8.7 SEM of the cross-section of the broken grating. The start of the break
is at the lower side. The UV laser is radiated from bottom to top.

FBG sensor degraded drastically with the increase in UV irradiation, and
after a certain dose the mechanical strength will not degrade with the growth
of UV irradiation. The strength of the FBG sensor is only about one-third of
the optical fibre without UV irradiation. We can also see that the reflectivity
increases sharply once the reflected peak appears, and then flattens as the UV
irradiation increases. The strength degradation has been completed even
before the reflected peak appears in our experiment, as if there were an
obvious relation between the strength degradation and the reflectivity of the
grating.
The SEM of the cross-section of the broken FBG sensor is shown in Fig.

8.7. The UV light irradiated the optical fibre from bottom to top. The
beginning of the fracture was not always at the UV irradiation side, and the
lateral side of optical fibre with UV irradiation was observed carefully with
SEM; no flaw could be seen. This means the mechanical strength degradation
takes place not only because of the flaws on the fibre surface induced by UV
radiation. The mechanism of the mechanical strength degradation of the
FBGs is not clear. Possibly, it is related to the structural change of the optical
fibre molecule after UV irradiation.
Figure 8.8 is the comparison of the strength degradation with different

irradiation energy/pulse at the same frequency. The strength degradation is
larger with higher irradiation energy/pulse than with lower energy/pulse. This
means that, in order to increase the mechanical strength of the FBGs, the
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8.8 Strength degradation with different energy/pulse: —�— lower energy
per pulse, · · ·� · · · higher energy per pulse.

irradiation energy/pulse should be lowered. We also observed that, not only
does the reflectivity increase slowly with the growth of the total dose of UV
irradiation after certain reflectivity (99%), but also the line-width of the
reflected peak gets wider. The wide reflected peak is disadvantageous for the
accuracy of the test. Thus, in FBG fabrication, the UV irradiation time should
not be too long.
Because FBG fabrication is a complex procedure and glass fibre is brittle,

the mechanical strength degradation is related not only to the UV irradiation
but also to the coating stripping method. We have stripped coating with
differentmethods in our FBG fabrication and compared their influence on the
mechanical strength of the optical fibre. Optical fibres were divided into two
groups, each with 20 samples. One group had the coating stripped with
acetone, and the other with sulfuric acid. Coating stripped with acetone was a
physical procedure. The stripped part of the optical fibre was soaked into
acetone for several minutes, the acetone caused the costing to soften and swell;
the coating then separated from the cladding. The coating can be pulled off
gently. When the optical fibre was immersed in sulfuric acid (98%) at room
temperature (� 20 °C), the coating was ablated by sulfuric acid, which took
about 5 minutes. The optical fibre was then rinsed in water to remove the
residual acid and other materials. No mechanical shock occurred to fibres in
these two coating stripping procedures. Themechanical fracture during stripping
was reduced to as little as possible. The mechanical strength of these stripped
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8.9 Weibull plot of optical fibre with different coating stripping method.
—�— pristine fibre, —�— decoated with acetone, —s— decoated with
H2SO4.
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8.10 Influence of UV irradiation frequency on mechanical strength of
FBGs. —�— 26kV, 5Hz, —�— 26kV, 8Hz.

optical fibres was tested. TheWeibull plot is shown in Fig. 8.9. Table 8.2 gives
the parameters for the distribution. Themechanical strength degraded notably
when the coating was stripped with acetone. This may be related to the
properties of these two solvents.
We have also compared the mechanical strength of FBGs fabricated with

different frequencies of UV irradiation. The energy per pulse was the same
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Table 8.2 Mechanical strength of optical fibre with different stripping method

Stripped with Stripped with
acetone sulfuric acid Pristine fibre

Mean of broken stress 1.14 1.76 4.09
Median stress 1.16 1.67 4.09
m value 2.8 2.8 52.0

Table 8.3 The influence of UV irradiation frequency

Grating
Without UV
irradiation 5Hz 8Hz

Mean of broken stress 1.76 0.47 0.63
Median stress 1.67 0.44 0.55
m value 2.8 4.0 4.1

Coating stripped with H2SO4.

with different frequencies. Figure 8.10 is the Weibull plot of FBGs with
different UV irradiation. We can ascertain that the mechanical strength
degradation is larger with lower frequency irradiation. As shown in Table 8.3,
the m-values are almost the same in both situations and, obviously, the
median broken strength of gratings with 8Hz irradiation is higher than that of
gratings fabricated with 5Hz irradiation. This may be because irradiation
with high frequency can increase the surface temperature of the fibre, resulting
in the thermal annealing of some of the flaws produced in the first phase,
thereby increasing the median break stress of the fibre.
We have also studied the influence of spot size on the mechanical strength.

In FBG fabrication, we have found that when UV lasers pass through the
phase mask, the density of light is not uniform. There was a notable change in
the area of the edge of the phase mask. We have fabricated FBGs under
different fabrication conditions and compared their mechanical strength.
Group 1 was fabricated under normal fabrication conditions. The spot size is
27mm� 1mm. When Group 2 was fabricated, part of the UV light was
covered so that the spot size was only within the mask area. The spot size was
9mm� 1mm. The edge effect of the phase mask was avoided. The Weibull
plot of the FBG is shown in Fig. 8.11.
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8.11 Weibull plot of FBGs with different spot size during fabrication:
—�— 27mm �1mm, —s— 9mm� 1mm.

8.5.1.3 Enhancing the mechanical performance of FBG sensors

Because the strength degradation of the FBG sensors has important conse-
quences for the reliability of the UV-induced Bragg gratings which are used as
strain, temperature, and pressure sensors in a variety of fields, Varelas et
al.�
��� have examined the influence of homogeneous irradiation, using a
continuous wave (CW) laser in the mechanical degradation of the fibre and
compared it with the equivalent irradiation dose delivered by a pulsed laser
source. Imamura et al.�� have developed a new method for fabricating Bragg
gratingswith direct writing. The strength of Bragg gratings has been enhanced
notably.
CW laser irradiation results in the mechanical resistance of a fibre being

similar to that of a pristine fibre. This is in contrast to the case where the fibre
undergoes pulse excimer irradiation. The total dose dependence is also less
pronounced in the case of CW irradiation. This phenomenon has important
consequences for Bragg grating fabrication, where high mechanical resistance
is required for strain applications.
Although high strength Bragg gratings with higher reflectivity can be

fabricated by CW UV exposure after chemical stripping of the protective
polymer coating, this is not practical as it requires recoating and packaging. It
has the potential for reducing the fibre strength due to exposure of the bare
fibre to air. A direct fibre Bragg grating writing method through the coating
has been demonstrated.����� Imamura et al.�	 directly fabricated fibre gratings
through the coating and have succeeded in producing a high strength fibre
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8.12 Young’s modulus of the optical fibre.

grating. Tin-codoped germanosilicate fibre is more photosensitive than
germanium-doped fibre.��The germanosilicate singlemode fibrewas codoped
with 15 000ppm Sn and 900ppm Al in the core. To further enhance the fibre
sensitivity, the fibres were treated under low temperature hydrogen for 2
weeks at 20MPa prior to the UV exposure. The silica cladding had a diameter
of 125 �m and was single coated with a UV-transparent UV-curable resin to
an outer diameter of 200 �m.

8.5.2 Influence of UV irradiation on Young’s modulus and
hardness of fibre

The influence of UV irradiation on the mechanical strength of optical fibres is
notable. How about the influence of UV irradiation to the other mechanical
properties of optical fibres? Young’smodulus and hardness of the optical fibre
with andwithoutUV irradiationhave been testedusing theNano Indenter IIp.
In the test, the surface of the sample should be a smooth plane. The optical

fibre is so thin that the lateral side has a large curvature. In order to get a plane
in the lateral side of the optical fibre, the tested fibres were put into a polymer,
then the polymer was polished carefully with lapping film (0.2�m) so that a
very smooth plane along the fibre was obtained. The sample contained three
parts: optical fibre without UV irradiation, with UV irradiation but without
phase mask, and grating. The result of Young’s modulus of the cladding is
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8.13 Hardness of the optical fibre.

shown in Fig. 8.12. There is no notable difference between the three parts.
Statistical analysis�� was performed. Suppose the measured data belong to
normal distribution, with a 95% confidence level, the confidence interval of
three parts are 71.29GPa	�	 75.30GPa, 66.00GPa	� 	 77.97GPa and
73.28GPa	�	76.76GPa, respectively tooptical fibrewithoutUVirradiation,
with UV irradiation without phase mask, and grating. They are almost in the
same range. That is to say, the UV irradiation cannot influence Young’s
modulusof the optical fibre. Figure 8.13 is the hardness of the optical fibre. The
UV irradiation cannot influence the hardness of the optical fibre either.
Changing the depth of the plane (by polishing the tested fibre so that the test
plane is closer to the core of the fibre), the results are the same.
From the experiment above we can confirm that it is reasonable to assume

that the deformation of optical fibre contains uniform Bragg grating during
the tension and the strain measured is believable.

8.6 Polymeric fibre

8.6.1 Properties of polymer optical fibre

Polymer optical fibre (POF) is a circular optical waveguide. POF is receiving
increasing interest in short-distance communication systems because of its
large power-carrying capacity, ease of joining and light weight. The structure
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8.14 Extension properties of plastic optical fibre with ten cycles.

of POF is as the same as silica optical fibre. It consists of a central part, the
core, with refractive index n

�
and of cylindrical shape, surrounded by a second

part, the cladding, with a lower refractive index n
�
. These two areas, which are

essential for the light guiding, are composed of two different but transparent
organic materials. In order to avoid external damage or the deterioration of
this surface during the handling or use of the optical fibre, it is often covered
with a protective coating which plays no part in the light guiding.
The core diameter varies according to the type of fibre, but is of the order of

amillimetre, except in special cases. For economic reasons, the thickness of the
cladding is much less, of the order of tens of micrometres. The surface of the
core/cladding separation must be as even as possible.
A possible classification of POF can be based on the principal corematerial.

The principal types of POF are fibres with PMMA (polymethylmethacrylate)
core, fibres with PS (polystyrene) core, fibres with PC (polycarbonate) core
and fibres with deuterated core.��
Physical properties, such as tensile resistance, compression resistance,

shock resistance, torsion resistance, the effect of permanent winding, bending
resistance, etc., temperature property and the chemical properties of POF
have been studied systematically.��

8.6.1.1 The mechanical property

Figure 8.14 shows the elongation property of the measured fibre. In the
measurement, the gauge length was 100mm. Themeasurementwas controlled
by a programme, in which ten cycles were set. Each cycle contained loading
and unloading; the speed was 0.5mm/min. The elongation of the cycles was
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8.15 DSC of the sample of the plastic optical fibre.

0.5%, 1.0%, 1.25%, 1.5%, 1.75%, 2%, 2.5%, 3.5%, 5% and 8%, respectively.
In this figure, the unloading curves were not the same as the loading curves.
Like plastic material, the fibre has the hysteresis property. In the meantime,
we find that, if the elongation of the fibre is larger than 1.5%, the sample
cannot return to its original length even when the external force is released:
this means that permanent deformation was induced in the sample. Sonic
modulus was measured as 6.3GPa.

8.6.1.2 DSC results

The heat flow to a sample can bemeasured in thermally controlled conditions
with differential scanning calorimetry (DSC) by Mettler TA4000 Thermal
Analysis System. The DSC measurement result is shown in Fig. 8.15. At
67.5 °C, some physical properties of the fibre were changed. This temperature
is called the glass transition temperature. At 330 °C, the fibre began tomelt. At
384.3 °C, the fibre began to be oxygenated, and it was completely oxygenated
at 456.9 °C.

8.6.2 Bragg grating of polymer optical fibre

Although silica optical fibre Bragg gratings can be used to measure many
physical parameters, the changes in the Braggwavelength due to the change of
thesemeasured values are small. Themeasured range is limited, typically a few
nanometres.�� This is because silica glass has a small thermal effect and large
Young’smodulus. In the case of polymeroptical fibre, the situation is different.
Its Young’s modulus (1GPa), for example, is more than 70 times smaller than
that of glass (72.9GPa), and its elongation is much larger than that of glass
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optical fibre. The refractive index changes that can be inducedbyphotoreaction
are relatively high (�n� 10��). Therefore, it is expected that a Bragg grating
written into a polymer optical fibre would be tunable over a very wide
wavelength range. In addition, polymer optical fibre gratings are ideal devices
for inclusion in an organic solid-state fibre laser,�� which in turn provides a
compact and low-cost optical source over a broad range of wavelengths
throughout the visible spectrum.�

Xiong et al. have fabricated a photosensitive polymer optical fibre, whose

refractive index in the core region can be changed under irradiation from a
pulse UV laser beam, and have shown that it is possible to write gratings in
these fibres.�� They have fabricated several types of grating, including surface
gratings on the flat surface of a preform, gratings in preform core, and gratings
in the core of a multimode polymer optical fibre.
The polymer preform was prepared according to the method reported in

Peng et al.,�� except that the coremonomer used contained amuch lower level
of lauryl peroxide and chain transfer agent so as to increase its photosensitivity.
The preform was then cut into a square block with the core exposed and
polished. A grating was fabricated by means of a phase mask with a period of
1.06�m. The illumination period was 10 ns, and the pulse energy was about
5mJ. The grating created at wavelength 248nm was a surface grating formed
by period removal of the core polymer. An atomic force microscope (AFM)
was used to obtained a surface profile which has a grating period of 1.06�m,
coinciding with that of the pulse mask. The diffraction efficiency is 15%.
The mechanisms responsible for the formation of periodic structures in

polymers have been explained.��—�� They can be classified into photolysis,
oxidization and laser ablation for the surface relief gratings, while chain
scission, cross-link and photopolymerization are considered to be responsible
for bulk or volume gratings and in-fibre gratings. The cross-link in Bragg
grating fabrication can be shown as:

C

CH CH M HC

COOCH 

  CH[ ]2

3

C

COOCH 

  CH[ ]2

  CH22

3

Peng et al. have written Bragg gratings in single-mode polymer optical
fibre�� and have shown that these gratings can be readily tuned over a
wavelength range of 12nm without changing their reflection spectra.
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8.7 Conclusions

The mechanism and procedure of FBG fabrication are discussed, and the
influences of UV irradiation on the mechanical strength of optical fibres are
studied. The mechanical strength of optical fibres is unaffected by the on-line
writing of a single pulse during fibre drawing. The strength degrades
drastically with UV irradiation after the coating is stripped, and will degrade
further with 248nm single pulse UV irradiation than with 193 nm. The
strength degradation is more serious with higher radiation energy per pulse
than lower radiation energy. Lower UV irradiation frequency degrades the
mechanical strength more than higher frequency. The mechanical strength of
the optical fibre will not be lowered significantly after certain doses of UV
irradiation. The mechanical strength of the FBG sensor can be increased
notably with CW UV irradiation and the direct writing method without
stripping the coating. Young’s modulus and the hardness of the optical fibre
will not change with UV irradiation.
Because of its large elongation property and relatively high refractive index

changes induced by photoreaction, a Bragg grating written into a plastic
optical fibre would be tunable over a very wide wavelength range. Plastic
FBGs can be used tomeasure large strain and other physical properties with a
large change range of structures.
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9
Optical responses of FBG sensors

under deformations

DONGXIAO YANG, XIAOMING TAO AND
APING ZHANG

9.1 Introduction

Many sensors�—�� can be used tomeasure the strain and deformations, such as
traditional strain-meter sensors, piezoelectric sensors, piezo-resistive sensors,
optic sensors based on fluorescence spectroscopy or Raman spectroscopy,
fibre optic sensors based on Brillouin scattering, fibre optic sensors based on
interferometer or/and polarimeter, fibre optic sensors based on photography
and fibre Bragg grating (FBG) sensors. FBG sensors have been considered
excellent sensing elements, suitable for measuring static and dynamic fields,
like temperature, strain and pressure. Since the measured information is
wavelength encoded,��—�� FBGmakes the sensor self-referencing, rendering it
independent of fluctuating light levels and the system immune to source power
and connector losses that plague many other types of fibre optic sensors. The
advantages of FBG sensors include light weight, flexibility, stability, potential
low cost, longer lifetime, higher temperature capacity, unique wavelength-
multiplexing capacity, suitable size for embedding into composites without
introducing significant perturbation to the characteristics of the structure,
good invulnerability to electro-magnetic interference, and even durability
against high radiation environments, making reproducible measurements
possible. Therefore, FBG sensors seem to be ideal for realizing fibre optic
smart structures where sensors are embedded in or attached to structures for
achieving a number of technical objectives, such as health monitoring, impact
detection, shape control and vibration damping, via the provision of real-time
sensing information, such as strain, temperature and vibration. FBG sensors
have been used for measurements of a wide variety of parameters: some FBG
sensor systems have been installed in large-scale practical applications, and
some are commercially available.�� FBG sensors have been used in bridges,
highways, textiles,mines,marine vehicles,medical therapies and aircrafts.�����—��
They����	���—�	 can be used for quasi-static strain monitoring, dynamic strain
sensing, time- and wavelength-division multiplexing, and temperature/strain
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discrimination. The combination of FBG and long period fibre grating can be
used to simultaneously determine strain and temperature. FBGs can also be
used in laser sensors and interferometer sensors.
Most of the sensing applications of FBG sensors focus on its reflection

spectra, which depend on the relationship between the Bragg wavelength of
FBGand its physical quantities.����	Thekey detection issue is the determination
of the often small measurand-induced Bragg wavelength shift. In addition to
fibre grating spectra, the polarization optics of FBG sensors will also be
discussed in this chapter. The contents include optical methodologies, optical
responses under tension, torsion, lateral compression and bending.

9.2 Optical methodology for FBG sensors

Anoptical fibre is a cylindrical dielectricwaveguidemade of low-lossmaterials
such as silica glass. It has a central core in which the light is guided, embedded
in an outer cladding of slightly lower refractive index. Light rays incident on
the core-cladding boundary at angles greater than the critical angle undergo
total internal reflection and are guided through the core without refraction.
Rays of greater inclination to the fibre axis lose part of their power into the
cladding at each reflection and are not guided.
Light in fibre propagates in the form of modes. In mathematics, a mode in

optic fibre is a solution of the Maxwell’s equations under the boundary
conditions. The guided modes are electric and magnetic fields that maintain
the same transverse distribution and polarization at all distances along the
fibre axis. Each mode travels along the axis of the fibre with a distinct
propagation constant and group velocity, maintaining its transverse spatial
distribution and its polarization. There are two independent configurations of
electric and magnetic vectors for each mode, corresponding to two states of
polarization.When the core diameter is small, only a single mode is permitted
and the fibre is said to be a single mode fibre. Fibres with large core diameters
are multimode fibres.

9.2.1 Electric field in single mode fibre

In a single mode fibre, the weakly guiding approximation n
�

� n
�

� 1 is
satisfied, where n

�
and n

�
are the refractive index of the core and the cladding,

respectively. The fundamental mode is hybrid mode HE
��
, which can be

simplified in the analysis by linear polarized mode LP

�
. This fundamental

mode consists of two orthogonal modes HE�
��
and HE�

��
in accordance with

their polarization directions, so the electric fields in a single mode fibre which
is not under Bragg condition can be well represented as:
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where F


(r) represent the zero-order Bessel functions J



in the core, and

modified Bessel functions K


in the cladding, respectively, 



, e

�
, e

�
and e

�
are

the propagation constant of the mode in an ideal single mode fibre, the unit
vectors in x, y and z directions, respectively.
The coupled mode theory is often used to describe the polarization

characteristics, or modes coupling in optical fibre, and the reflection spectra
of FBG sensors. When the optical response of an optical fibre is analysed
based on the coupled mode theory, the electric field is normalized as
� �E

�

· E*

�

dxdy� 1. Based on the perturbation approach, the slowly varying

amplitudes c
�
are determined by the following coupled mode equations:

dc
�
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��
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�
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�
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��
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�
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where the subscripts 1 and 2 denote the modes HE�
��
and HE�

��
, respectively.

The amplitude coupling coefficient from mode m to mode n is given by:

�
��

� (k�


/2



)�� (�� ��E�

) · E*
�
dxdy, n,m� 1, 2 [9.6]

where ��
��
is the dielectric permittivity perturbation tensor.

9.2.2 Polarization optics��—��

When the polarization behaviour of FBGs under various deformations is
discussed, one has to consider three types of perturbation, that is, those
induced by the fibre making process (intrinsic), UV side exposure and strain
caused by deformation.
An evolution velocity 
 is usually introduced to describe qualitatively the

polarization characteristics of specific polarizationbehaviour.
 in a generalized
Poincaré sphere can be expressed by the coupled coefficients as:��

� 
 � � [(�
��

��
��
)� 4�

��
�
��
]��� [9.7]
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2�� arctan[(�
��

� �
��
)/(4�

��
�
��
)]��� [9.9]

where 2� and 2� are the latitude and longitude of the generalized Poincaré
sphere, respectively. Hence the general approach of the polarization analysis
based on the coupled mode theory is used, by analysing the permittivity
perturbationfirst, then inserting it into the coupledmode equations, obtaining
the solutions of c

�
and c

�
, and qualitatively presenting the polarization

characteristics by the evolution velocity.
The Poincaré sphere,�� which has a unit radius and the spherical angular

coordinates 2� (longitude) and 2� (latitude), is often used to represent the
different states of polarization geometrically. According to the traditional
terminology which is based on the apparent behaviour of the electric vector
when ‘viewed’ face on by the observer, we say that the polarization is
right-handedwhen to an observer looking in the direction fromwhich the light
is coming, the end point of the electric vector would appear to describe the
ellipse in the clockwise sense. Hence right-handed polarization is represented
by points on the Poincaré sphere which lie below the equatorial plane, and
left-handed by points on the Poincaré sphere which lie above this plane.
Linear polarization is represented by points on the equator. Right- and
left-handed circular polarization are represented by the south and north pole
on the Poincaré sphere, respectively.

9.2.3 Reflection spectra

A fibre Bragg grating (FBG) consists of a periodic modulation of refractive
index in the core of a single mode fibre. The electric fields in FBGs are
represented by the superposition of the ideal modes travelling in both forward
and backward directions:

E(x, y, z; t)��
�

[a
�
(z)exp(i

�
z)

[9.10] b
�
(z)exp(� i

�
z)]E

�
(x, y)exp(� i�t)

where a
�
and b

�
are slowly varying amplitudes of the kthmode travelling in the

 z and� z directions. The transverse mode fields E
�
(x, y) might describe the

LP modes, or the cladding modes. The modes are orthogonal in an ideal
waveguide, hence do not exchange energy. The presence of a dielectric
perturbation causes them to be coupled. Based on the slowly varying envelope
approximation, the coupled mode equations for amplitudes a

�
and b

�
can be

obtained by:
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where the transverse coupling coefficients betweenmodes k and j are given by:

�
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· E*

�

dxdy [9.13]

where ��
�
is the permittivity perturbation. It is often treated as a scalar term for

FBG sensors, and can be approximately expressed by index perturbation as
��
�
� 2n · �n. However, in the caseswhere there is significant linear birefringence

in an optical fibre, such as in polarization maintaining fibre, or under high
lateral compression, it should be corrected. The longitudinal coefficient��

��
can

usually be neglected, since generally ��
��

� �

��
for modes. In most FBGs, the

induced index change is non-existent outside the core, and the core refractive
index changes can be expressed as:

�n� �n
���
(z)�1 � · cos�

2�
�
z�(z)�� [9.14]

where �n
���
(z) is the DC index change spatially averaged over a grating period,

� is the fringe visibility of the index change, � is the nominal period, and �(z)
describes the grating chirp, respectively. Figure 9.1 shows some reflection
spectra of normal FGBs with different fringe visibility.
If we insert the perturbation term Eq. (9.14) into Eq. (9.13), we can obtain

quantitative information about the reflection spectra of fibre gratings. One of
themost important results of FBGs is the phase-matching condition, or Bragg
condition. The phase-matching condition of FBGs with period � is given by

�
�

�
� 2�/�, where 

�
and 

�
are the propagation constants of forward

and backward propagation modes. 
�
��

�
� for directional coupling

between the same modes. The phase-matching condition can then be
simplified to  ��/�. If the effective refractive index is used to represent the
propagation characteristics as � 2� · n

���
/�, it can then be expressed as:

�
�
� 2n

���
� [9.15]
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9.1 Reflection spectra of an FBG sensor with different ‘AC’ modulation
dose (a) 2.0� 10−4; (b) 1.0� 10−4; (c) 0.67�10−4; (d) 0.5�10−4).

where the Bragg wavelength �
�
is the free space centre wavelength of the input

light that will be back-reflected from the Bragg grating. Equation (9.15) is the
first-order Bragg condition of the grating.
This first-orderBragg condition is simply the requirement that satisfies both

energy and momentum conservation. Energy conservation requires that the
frequencies of the incident radiation and the scattered radiation are the same,
��

�
� ��

�
, where �� h/2�, h is Planck’s constant, and �

�
and �

�
are radian

frequencies of incident radiation and scattered radiation, respectively.
Momentum conservation requires that the incident wave-vector ki, plus the
FBG wave-vector kg, equal the wave-vector of the scattered radiation
ks � ki  kg, where kg has a direction normal to the FBG planes with a
magnitude 2�/�, � is the spacing period of the FBG, ki has a direction along
the propagation direction of the incident radiationwith amagnitude 2�n

���
/�

�
,

�
�
is the free space wavelength of the incident radiation, n

���
is the modal index

(the effective refractive index of the fibre core) at the free space wavelength, ks

has a direction along the propagation direction of the scattered radiation with
a magnitude 2�n

���
/�

�
, and �

�
is the free space wavelength of the scattered

radiation. If the scattered radiation is the reflected radiation of incident
radiation, that is, k

�
�� k

�
� � 2�n

���
/�

�
e
�
, the momentum conservation

condition becomes the first-order Bragg condition Eq. (9.15). The guided light
along the core of an optical fibre will be scattered by each FBG plane. If the
Bragg condition is not satisfied, the reflected light from each of the subsequent
planes becomes progressively out of phase and will eventually cancel out. It
will experience very weak reflection at each of the FBG planes because of the
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index mismatch. This reflection accumulates over the length of the FBG.
A very important advantage of FBG sensors is that they are wavelength

encoded. Shifts in the spectrum, seen as a narrow-band reflection or dip in
transmission, are independent of the optical intensity and uniquely associated
with each FBG, provided no overlap occurs in each sensor stop-band. FBG
sensors have achieved significant applications in monitoring or inspecting the
mechanical or temperature response in smart materials and structures. Most
of these applications focus on the axial deformation (or strain) and temperature
measurements, because the sensitivities to axial deformation and temperature
are much higher than those to other modes of deformation.
It is known fromEq. (9.15) that the Bragg wavelength is proportional to the

modal index and the FBG spacing period. Both the index and period may
change with external conditions which can be divided to temperature and
applied disturbances, such as deformations. The induced Bragg wavelength
shift of mode j (including polarization mode) can be expressed by:

��
��

� 2 ��n����
��
�T

�
�n

����
�T ��T

[9.16]
 �

�
�n����

��
�u

�

�
�n

����
�u

�
��u

��
where n

����
and u

�
are the effective refractive index ofmode j and a perturbation,

respectively. Measurement of the perturbation-induced Bragg wavelength
shift froma single FBGdoes not facilitate the discrimination of the response to
these variables. The simplest approach is to isolate theunwantedperturbations.
In applications, sensorsmust be embeddedwithminimal intrusion. In case the
deformation sensing is considered, temperature is the main unwanted
perturbation. Temperature-compensating methods may be classified as
intrinsic or extrinsic. The elimination of cross-sensitivity may be achieved by
measurements at two different wavelengths or two different optical modes, in
which the strain and the temperature sensitivity are different. The sensor
schemes can be constructedby the combination of FBGswith different grating
types, such as FBGs with different diameter, different Bragg wavelength,
different codope, hybrid FBGs and long period fibre grating, Fabry—Perot
cavity, stimulated Brillouin scattering or fibre polarization rocking filter. The
measurands may be Bragg wavelength, intensity, Brillouin frequency or
polarization rocking resonant wavelength.�	—�� In this chapter, only the
optical responses of FBG sensors under deformations are included.

9.3 Optical responses under tension

No significant polarization signals can be observed for FBG sensors under
tension. But an FBG sensor has good linear characteristics when it is applied
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to measure the axial strain by reflection spectra. According to Eq. (9.16), the
relative shift of the Bragg wavelength due to strain is given by:��

��
�

�
�

�
1

n
���

�
�

�n
���

��
�

�
�

1

�
�
�

��
��

�

�
�

[9.17]

where �
�
is the applied strain field to the FBG sensor. According to the

photoelastic effect, the first termon the right side ofEq. (9.17) canbewrittenas:
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���
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���

��
�
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���
2

�
�
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��
�
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[9.18]

where p
��
is the strain-optic tensor. For a homogeneous isotropic medium,
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[9.19]

where p
		

� (p
��

� p
��
)/2. For the case of tension, the strain response arises

due to both the change in fibre index due to photoelastic effect, and the
physical elongation including the corresponding fractional change in grating
pitch of the FBG. If a uniaxial longitudinal stress �

�
is applied to the FBG

sensor in the z-direction, the resulting strain from first-order elastic theory has
three principal components:

�
�
� [� ��

�
� ��

�
�
�
0 0 0]� [9.20]

where the superscript T denotes the transpose of a matrix, �
�
��

�
/E is the

longitudinal strain, E is Young’s modulus and � is Poisson’s ratio. The
index-weighted strain-optic coefficient is then given by:

p
���

� n�
���
[p

��
� (p

��
 p

��
)�]2 [9.21]

Hence the right side of Eq. (9.18) can be written as � p
���

�
�
.

If it can be assumed that the strain-induced change in the period of the FBG
is only dependent on the axial strain, the second term on the right side of Eq.
(9.17) will be equal to �

�
. Equation (9.17) is then expressed as:

��
�
/�

�
� (1� p

���
)�

�
[9.22]

If the fibre is extended at both ends and no body force applied, the fibre core
and cladding can be regarded as homogeneous and isotropic, the strain
response of the germanosilicate FBG sensor at constant temperature under
tension is then given by:
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(��
�
/�

�
)/�

�
� 0.78 [9.23]

In a silica fibre there are three transmission wavelength windows in which the
losses are very low, such as 0.15 dB/km at 1550nm. According to Eq. (9.23),
typical values for the sensitivity to an applied axial strain in these windows are
1.2 nm/milli-strain at 1550 nm, 1 nm/milli-strain at 1300 nm, and 0.66 nm/milli-
strain at 850 nm. The resolutions of FBG are 8.3 micro-strain at 1550 nm, 9.8
micro-strain at 1300nm and 15micro-strain at 850 nmby an optical spectrum
analyser with a wavelength resolution of 10 pm.

9.4 Optical responses under torsion

Unlike the optical responses of an FBG sensor under tension, the sensitivity of
the Bragg wavelength shift of an FBG sensor under torsion is very small.
However, the polarization response to torsion is significant. The coupled
mode theory can be used to analyse the polarization behaviour of an FBG
sensor under torsion.��

9.4.1 Shear strain-induced polarization behaviour

The torsion introduces shearing stress in the cross-section of the fibre. If the
twisted length of a fibre isL, and the angle of twist is� � �L, where � is torsion
ratio that is the angle of twist per unit length along the axis of the fibre, the
matrix for the strain due to this torsion is:

�
�
� [0 0 0 �x � �y 0]� [9.24]

so that the matrix for �D
�
, perturbation in optical impermeability, is:

�D
�
� p

��
�
�
� [0 0 0 p

		
�x � p

		
�y 0]� [9.25]

The relationship between the dielectric permittivity perturbation and the
optical impermeability perturbation can be expressed as:

��
������� ��

�� n	
��
�D

��
[9.26]

The induced polarization behaviour can be analysed by using Eq. (9.26) and
Subsection 9.2.2. The induced circular birefringence in a single mode optical
fibre is given by:��

B

� n

�
��(p

��
� p

��
)/(2�) [9.27]

9.4.2 UV-induced polarization behaviour

The polarization of pulse UV beam and asymmetric geometry associated with
the side-exposure of UV light during the FBG fabrication process�	��� will
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induce linear birefringence. The peak birefringence of the FBG can be
calculated from the expression:�	

�n�
�

2� ·L
�phase(Q

�
)�phase(Q

�
)� [9.28]

where L is the length of the FBG, Q
�
and Q

�
are the eigenvalues of the

corresponding Jones matrix:

det[T (t)T��(0)�QI]� 0 [9.29]

where T, t and I are the Jones matrix, the time from the beginning of the UV
exposure and the identity matrix, respectively. The symbol det and the
superscript��denote the determinant and the inverse of amatrix, respectively.
Based on the birefringence, a permittivity perturbation tensor can be used to
represent its polarization behaviour:
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[9.30]

where ��
�
� ��

�
� 2n

���
·�n. By considering the azimuth � of the faster or

slow axis of the FBG sensor and the tilted angle q, Eq. (9.30) becomes:

�� �
��
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�
T
�
��
��

T�
�
T�
�

[9.31]

where T
�
and T

�
are the rotation matrix around z, x axes, respectively. The

induced polarization behaviour can be analysed by using Eq. (9.31) and
Subsection 9.2.2.
In the case of an FBG sensor under torsion, both shear strain-induced

birefringence and UV-induced birefringence are considered:

��
��
� ��

������� ��
 �� �

��
[9.32]

There are UV-induced linear birefringence and shear strain-induced circular
birefringence in the fibre.

9.4.3 Simulated and experimental results

In numeric simulations, the parameters of the FBG sensor are the same as
those used in the corresponding experiments. The core radius, cladding radius
and the effective refractive index are 4.25�m, 62.5�m and 1.46, respectively.
The strain-optic coefficients p

��
andp

��
are takenas 0.113 and0.252, respectively.

Based on the preceding theoretical analysis, the FBG sensors can be treated
as the wave-plates. Apparently, when an FBG sensor is under torsion, these
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9.2 FBGs under torsion. The length of the FBG and the torsion gauge of
the fibre are 1 cm and 17.5 cm, respectively.

9.3 Simulated polarization signals of an FBG under torsion. The
orientation is 0, �/12, �/6, �/4, respectively, and the angle of ellipticity is
zero in (a), and �/8 in (b).

wave-plates will be rotated. This means the geometric parameter, the azimuth
�, will be changed during the twisting of an optical fibre. Then the output
polarization signalswill represent the combination effects of the torsion-induced
circulation birefringence and the UV irradiation-induced linear birefringence.
The torsion model under investigation is shown in Fig. 9.2, where the FBG

is located at the middle point of an optical fibre. The experimental setup is
similar to that of T. Erdogan and V. Mizrahi,�	 and the UV-induced
birefringence of a FBG is approximately 2.5� 10��. The wavelength of the
incident laser is set at 1525 nm, and the loading rotation angle is from0 to 360°.
The simulated results are presented in Fig. 9.3. According to these simulations,
the initial orientations do not appear to affect the shape of the output
polarization signals. However, the ellipticity of the input light will affect the
output polarization signals significantly.
The position of the FBG can influence the output polarization signals

significantly. On one side, it will change the direction of the angular velocity
vector of theFBGsensor, andon the other side, itwill provide a different initial
state of polarization from the FBG segment. Although both their directions
vary along the equator in a generalized Poincaré sphere, their respective
variation velocities are different. These differences will result in different
output polarization signals for various FBG sensor positions.
Figure 9.4 shows one measured polarization signal of an FBG sensor under
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9.4 Measured polarization signal of an FBG under torsion.

torsion. The twisted length was 17.5 cm, the Bragg wavelength without
external strain was 1555 nm, the wavelength of incident laser was 1525nm, the
torsion ratios were 0—0.36 rad/cm with a step of 0.005 rad/cm. The states of
polarization were measured by a commercial polarimeter. The simulated
result coincides with the experimental result.
The reflective spectrum of the FBG sensor was measured by an optical

spectrum measuring system composed of a tunable laser, an optical power
meter with GP-IB interface, and a computer. The wavelength resolution is
10pm. The measured wavelength shift under the torsion ratio of 1 rad/cm is
smaller than the resolution of the optical spectrum measuring system.

9.5 Optical responses under lateral compression

In the case of optical fibres under lateral compression, linear birefringencewill
be induced based on the strain—optic relationship. Thus a fibre can be used to
sense the lateral compression by measuring the change of state of polarization
of travelled light. For general FBG sensors the wavelength-compression
sensitivity is relatively small compared with the axial strain sensitivity, but
spectrumbifurcation, or spectrumsplit, will occurwith the compression-induced
birefringence in optical fibres.��The transverse strain can also be sensed by an
FBG written into a polarization-maintaining fibre (PMF) by measuring the
Braggwavelength shifts of two reflective peaks associatedwith the orthogonal
polarization modes.��—�� In addition, transverse strain can be measured by a
long-period fibre grating.��
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9.5 FBG under lateral compression. The length of FBG and compressed
length of fibre are 1 cm and 1.8cm, respectively.

9.5.1 Polarization responses under lateral compression

The strain of an optical fibre under lateral compression will induce linear
birefringence. Since the glass optical fibre is a rigid medium, the birefringence
induced by the geometric property, such as tilted angle for tilted FBG, is small.
The polarization behaviour of the FBG under lateral compression can be
determinedby the combination effects of both the compression-induced linear
birefringence and the UV-induced linear birefringence.
The case that an uncoated silica optical fibre is laminated by two rigid plates

is considered, as shown in Fig. 9.5. Since the silica optical fibre is a rigid
medium, this contact problem can be simplified to line force loading. Then the
close form of the stress solutions can be obtained with the help of the plane
stress assumption. Since the electric field in a single mode fibre is concentrated
in the core region, the solution in the centre is approximately selected to
represent the stress of a singlemode fibre under lateral compression.The stress
in the core can be expressed as:

�
��

� f/(� · r
�
) [9.33]

�
��

�� 3f/(� · r
�
) [9.34]

�
��

� 0 [9.35]

�
��

� �
��

� �
��

� 0 [9.36]

where f is the lateral loading, and r
�
is the radius of optical fibre cladding.

Based on the strain—optic relationship, the permittivity perturbation ��
��
can be

derived. It can be inserted into the coupledmode equations, Eqs. (9.4) and (9.5),
and the coupled mode coefficients can be obtained by coupling integrals, Eq.
(9.6). The strain induces a linear birefringence:

B
�
� �

4n�
�
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�E · r


� (1 �)(p

��
� p

��
) [9.37]

In the simulated analysis, the lateral loading is from 0 to 1000N/m, and the
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9.6 Polarization signals of FBG under lateral compression. The normal
compression is shown in (a), and slant compression with 45° in (b); the
angle of ellipticity is 0. The orientations are 0, �/12, �6 and �/4, respectively.

permittivity perturbation ��
��
induced by the transverse strain andUV-induced

birefringence are considered together. For a normal lateral compression, the
UV irradiation-induced birefringence axis coincides with the strain-induced
birefringence. Since the silica optical fibre is a rigid medium, the compression-
induced displacement is small, and it has little effect on the geometric
parameters of the UV-induced perturbation. Thus, the output polarization
signal is the same as the single mode fibre. The output polarization signals are
shown in Fig. 9.6(a). They are insensitive to the FBG position.
For a slant compression, there is an angle between the strain- and UV

irradiation-induced birefringence axis. Though the UV irradiation-induced
component change is small during the loading, it still affects the output
polarization signals during the compression.Apparently, the effects are related
to the angle and the position of the FBG. The output polarization signals are
shown in Fig. 9.6(b).

9.5.2 Spectrum responses under lateral compression

As shown in the previous section, lateral compression will induce linear
birefringence in a single mode optical fibre. This means that a difference of the
propagation constants in the twoorthogonal polarizationmodes in the fibre is
induced. Based on the phase-matching condition Eq. (9.15), these two
propagation constants correspond to two different Bragg wavelengths. Thus,
with the increasing of compression loading, the spectrum bifurcation or
spectrum split will be observed. An extended multidimension measurement is
applying the double wavelength measurement in the birefringent FBG. Since
the effective indices of the orthogonal LP modes are different from each other
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in birefringent optical fibre, every FBG in a birefringent fibre has two
corresponding Bragg wavelengths. If we write two different FBGs in a single
optical fibre, then it is expected to obtain four different Bragg wavelengths,
which can establish four equations as Eq. (9.16), and to measure not only the
axial strain and temperature, but also two transverse strain components.
In the case of lateral compression, the propagated fundamentalmodeHE

��
perfectly degenerates intox- and y-polarizedmodeswith different propagation
constants. According to thephotoelastic effect and the stress—strain relationship,
the effective index changes of the two polarized modes can be expressed as:��

�n
����
(x, y, z)��

n�
���
2E

�(p
��

� 2�p
��
)�

�
(x, y, z)

[9.38] [(1� �)p
��

� �p
��
]�

�
(x, y, z)�

�n
����
(x, y, z)��

n�
���
2E

�(p
��

� 2�p
��
)�

�
(x, y, z)

[9.39] [(1� �)p
��

� �p
��
]�

�
(x, y, z)�

Using the stress—strain relationship and Eq. (9.17), the relative shifts of the
Bragg wavelength of two polarized modes at any point of the FBG due to
lateral compression are then obtained by:
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The spectrum split of the polarized modes at any point is then given by:
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Figure 9.7 represents the reflection spectra of an FBG under different lateral
loads. The spectrum of the FBG splits in more than one peak at the Bragg
wavelength. For higher values of applied force, thepeaksbecome totally separate.
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9.7 Reflection spectra of an FBG sensor under lateral compression
(loadings a–d are 0.0, 1.5, 2.0 and 3.0 kN/m, respectively), the angle
between the orientation of input linear polarized light and the compression
direction is 45°.

9.6 Optical responses under bending

The major effects of FBG under bending (see Fig. 9.8) may come from the
geometrically bent structure and non-uniform lateral stress. Using the
perturbationmethod, the scalar propagation characteristics of a geometrically
bent optical waveguide can be analysed. Corrected electric fields or Gaussian
approximations have been proposed to describe the field deformations.�����
The equivalent straight waveguide is often used to describe its electric field in
the bent waveguide. More rigorous description adopted a full-vectorial wave
propagation theory.��Based on the photoelastic relationship, the non-uniform
stress distribution-induced birefringence has been presented.�

—�
� The
induced linear birefringence can be expressed as:��
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�
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�
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Assuming that the mode holds and the phase-matching condition works well
in the bent FBG, the effects under bending can be qualitatively analysed. Then
the shift of Bragg wavelength is determined by the changes of propagation
constants or effective refractive index, and grating period. In the case of
stress-inducedbirefringence, only the effects of non-uniform lateral compressive
stress are considered, since it is only sensitive to the difference of that in two
orthogonal directions. But, in order to obtain an absolute change of refractive
index, the effect of the axis component is required. According to the
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9.8 Fibre Bragg gratings under bending.

photoelastic relationship, the index of the optical fibre is decreased by tension
and is increased by compression. Since the electric field in the bent optical fibre
shifts towards the outer core/cladding boundary, and the outer side of the bent
optical fibre is under tension, the field deformation will induce a decrement of
effective refractive index. Apparently due to the birefringence of the bending
optical fibre, two independent Bragg wavelengths occur. The difference of
these two Bragg wavelengths is small, and only a broader bandwidth of
reflection spectrum can be observed.�
�
Another characteristic of the silica fibre is the non-linear stress—strain

relationship. It is known that the neutral axis is also shifted toward the outer
side of the fibre under bending.�
	 Its direct effect on the FBG is that the
grating period will be compressed, so these effects should also be considered,
togetherwith the change of effective refractive index of the FBGunder bending.
Other fibre gratings can also be used in bend sensing, such as long-period

fibre grating�
���
� and multicore fibre Bragg gratings.�
�

9.7 Conclusions

This chapter has given the optical responses of FBG sensors under different
modes of deformation. Both the polarization behaviour and optical spectrum
of FBGs have been used to analyse the deformation perturbations. In the case
of anFBGunder tension, the wavelength sensitivity to tension is significant. In
the case of torsion, the wavelength sensitivity is very small, and the
polarization behaviour is sensitive to it. In the case of lateral compression, the
wavelength sensitivity is much smaller than that under tension, but the
deformation induced birefringence can broaden and split the reflection peaks.
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Table 9.1 Optical responses of normal germanosilicate FBG under different
deformations

Optical response

UV induced Deformation induced
Bragg linear linear/circular

Mode of wavelength birefringence83 birefringence82,85

deformation shift 14,85,102 B l B l /Bc

Tension 1200pm/m �, at
wavelength 1550nm

2.5�10−5 0

Torsion 	10pm, at torsion
ratio 0.072 rad/mm,
from experiment

2.5�10−5 B l = 9.7�10−7 �,
[�] = rad/mm, at
wavelength 1550nm

Lateral
compression

2.0pm/N (parallel),
8.6pm/N
(perpendicular), with
compression length
10mm

2.5� 10�5 Bl = 5.1�10−4, at
10N/mm

Pure bending 	260pm, at
curvature 2.43 cm−1

2.5�10–5 Bl = 1.5�10−5 (1/rbent)
2,

[rbent] = cm

The lateral compression can be sensed by the spectrum behaviour in some
sensing schemes. Both the polarization behaviour and the optical spectrum of
FBGs can be used to analyse lateral compression. Bending of FBGs can be
analysed for both the polarizationbehaviour and the optical spectrum, but it is
difficult to measure the polarization evolution of fibre under bending. The
optical responses of normal germanosilicate FBG under different individual
modes of deformations are summarized in Table 9.1.
In practical FBG sensors, temperature must be considered in the spectrum

because of their high sensitivity to temperature. Some approaches include
isolating or compensating or simultaneously measuring the temperature
perturbation.
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10
Smart textile composites integrated

with fibre optic sensors

XIAOMING TAO

10.1 Introduction

The rapid development in textile structural composites (TSCs) has created new
marketing and research opportunities for the textile industry and textile
scientists.� According to their structural integrity, three-dimensional textile
composites have a network of yarn bundles in an integrated manner, thereby
giving rise to significant increases in inter- and intralaminar strength, higher
feasibility of complex structural shape formation, and greater possibility of
large-scale manufacturing at reduced cost as compared with traditional
laminated composites. Their higher strength and stiffness with lighter weight
have led to increasing applications in aerospace, automobile industries and
civil engineering. It has been predicted that the improvement of TSC
fabrication technologies and their combinationwith smart structure technologies
will lead to major industrial growth in the next century by challenging the
position of metals and other conventional engineering materials.
A success in developing TSC fabrication technology relies on a better

understandingof theprocessing structure—properties relationship.An important
step in this direction involves the monitoring of the internal strain/stress
distributions in realtime during the fabrication of textile preforms and the
subsequent solidification to their final structures. Another important issue in
the application of TSCs is to make them sensitive to their internal health
conditions and external environments. Integration of sensing networks inside
fabric-reinforced structures is considered to be the first step to make the
materials smart. Furthermore, the complexity of the TSC structure, for
instance, the skin—core effect of three-dimensional braid composites, makes
characterization of the material a very difficult task. In the past, it has been
almost impossible to measure the internal stress/strain distribution of such a
complex material by using conventional methods such as strain gauges and
ultrasonic sensors. In addition, there is a need for some kind of sensing
network embedded in the structures to offer a means to (1) monitor the
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internal stress distribution of TSCs in situ during the manufacturing process,
(2) allow health monitoring and damage assessment of TSCs during services,
and (3) enable a control system to actively monitor and react to the changes in
the working environment.
Fibre optic technologies offering both sensing and signal transmission

functions have attracted considerable attention in recent years, especially in
smart concrete structures including highways, bridges, dams and buildings.���
Anumber of researchers have applied fibre optic sensor (FOS) technologies to
manufacture process monitoring and structure health assessment for
fibre-reinforced composites.	—� Since optical fibres are of small size and
lightweight, compatible with textile yarns, and readily embedded or even
woven inside TSCs, they are the most promising medium to form the sensing
network mentioned above.
This chapter provides a review of various types of fibre optic sensors, major

issues of smart textile composites integrated with fibre Bragg grating sensors,
that is temperature and strain coupling, sensitivity, multiaxial strain
measurement, measurement effectiveness and reliability issues, as well as
various measurement systems for smart textile composites integrated with
fibre optic sensors.

10.2 Optical fibres and fibre optic sensors

Normally, an optical fibre consists of a core surrounded by a cladding whose
refractive index is slightly smaller than that of the core. The optic fibre is
coated during the fibre drawing process with a protective layer of polymer.
Inside the fibre core, light rays incident on the core-cladding boundary at
angles greater than the critical angle undergo total internal reflection and are
guided through the core without refraction. Silica glass is the most common
material for optical fibres, where the cladding is normally made from pure
fused silica, and the core from doped silica containing a few mol% of
germanium. Other dopants, such as phosphorus, can also be used. Extra-low
absorptionoccurs in a germanosilicate fibrewith a localminimumattenuation
coefficient�� 0.3 dB/kmat 1.3�mand an absoluteminimum �� 0.16dB/km
at 1.55�m.Therefore, light in the twowindows travels down tens of kilometres
of fibre without strong attenuation in a correct guidedmode condition. This is
why optical fibre has been replacing copper coaxial cable as the preferred
transmission medium for electromagnetic waves, revolutionizing the world’s
communication today.
Parallel with the rapid development in the area of optical fibre communica-

tions, fibre optical sensors have also attractedmuch attention and experienced
a fast growth in the recent years. They are lightweight, small and flexible; thus
they will not affect the structure integrity of the composite materials and can
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be integrated with the reinforcing fabrics to form the backbones in structures.
They are based on a single common technology that enables devices to be
developed for sensing numerous physical perturbations of a mechanical,
acoustic, electric, magnetic and thermal nature. A number of sensors can be
multiplexed along a single optical fibre using wavelength-, frequency-, time-
and polarization-division techniques to form one-, two- or three-dimensional
distributed sensing systems. They do not provide a conducting path through
the structure and do not generate additional heat that could potentially
damage the structure. They do not require electrical isolation from the
structural material and do not generate electromagnetic interference; this
could be a crucial advantage in some applications.
For the applications in smart structures, FOSs can be divided according to

whether sensing is distributed, localized (point) ormultiplexed (multipoint).� If
sensing is distributed along the length of the fibre, the measurand distribution
as a function of position can be determined from the output signal, so a single
fibre can effectively monitor the changes in the entire object into which it is
embedded. A localized sensor detects measurand variation only in the vicinity
of the sensor. Some localized sensors can lead themselves to multiplexing, in
which multiple localised sensors are placed at intervals along the fibre length.
Each sensor can be isolated by wavelength, time or frequency discrimination,
thereby allowing the real-time profiling of parameters throughout the structure.
Before the invention of fibre Bragg gratings (FBGs), FOSs could be

classified into two broad categories, intensiometric and interferometric,
according to the sensing scheme. Intensiometric sensors are simply based on
the amount of light detected through the fibre. In its simplest form, a stoppage
of transmission due to breakage of a fibre embedded in the structure indicates
possible damage. Interferometric sensors have been developed for a range of
high-sensitivity applications, such as acoustic and magnetic field sensors, and
are usually based on single-mode fibres. For example, the Mach—Zehnder
interferometer, as shown inFig. 10.1, is one of themost common configurations.
With this type of device, strain can be monitored directly by embedding the
sensing fibre arm in the structure, while the referencing arm of equal length is
isolated from the environment. Although such a configuration is highly
sensitive to strain, the whole fibre length in the signal arm responds to strain,
and thus localization of the sensing region is difficult. An alternative
interferometric sensor, more suitable for localized sensing, is based on
interference between light reflected from two closely spaced surfaces, which
form a short gauge length Fabry—Perot (FP)-type interferometer (Fig. 10.2).
The strain or stress applied on the gauge inside the structure can be
determined by measuring the reflected spectrum or reflected light signal from
the FP cavity, which is a function of the distance between the two reflected
surfaces. The disadvantage of such devices is that it is difficult to perform
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10.2 Measurement by interferometric sensors with Fabry–Perot-type
interferometer.

absolutemeasurements, and hard to form a multiplexing sensor array along a
single fibre length due to the large loss of the discontinuing structure of an FP
cavity. Detailed review and analysis have been given byUdd� andMeasures.�

10.3 Principal analysis of embedded fibre Bragg
grating sensors

10.3.1 Principle of FBGS

As FBGs have many advantages over the other two groups, and show great
promise,wewill concentrate onFBGs in this section.TheFBG is fabricatedby
modulation of the refractive index of the core in a single mode optic fibre,
whichhas been described in detail in Chapters 8 and 9. Assume that the change
in the index modulation period is independent of the state of polarization of
the interrogating light and only dependent on the fibre axial strain,
differentiating the Bragg wavelength in Eq. (9.15) yields:

��
�

� �
�


�n
n

[10.1]

where �
�
is the total axial strain of the optic fibre. Generally speaking, � and n

will have different values in the directions of polarization. Subscript i� 1, 2, 3
is denoted for � and n as their values in the defined polarized direction. A local
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Cartesian coordinate system is used, with 1, 2, 3 representing the three
principal directions respectively. Eq. (10.1) can be rewritten as:
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[10.2]

For strain, subscript (j� 1, 2, 3, 4, 5, 6) is used. The first three represent the
normal strains in the first (fibre axis), second, third directions, respectively, the
latter three being the three shear strains, respectively. The strain � of an optic
fibre may be contributed by either thermal expansion or stress, hence the
symbol �* is used for the optic fibre strain induced by stress only. The
refraction index n is related to both temperature T and strain �*, therefore:
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According to the strain optic theory:�
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where P
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is the strain-optic coefficient matrix. For a homogeneous isotropic

medium,
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where P
		

� (P
��

�P
��
)/2.

For a homogeneous isotropic medium, it can be assumed that the index of
refraction n has a linear relation with temperature T:

��
�n

�
�T

[10.6]

where � is regarded as a thermo-optic constant.
Because lights are transverse waves, only the transverse (2, 3 directions)

deviations of the reflective index can cause the shift of the Bragg wavelength.
Substituting Eqs. (10.4), (10.5) and (10.6) into Eq. (10.3), the peak wavelength
shifts for the light linearly polarized in the second and third directions are
given below:
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In many cases, the wavelength shift for the Bragg grating sensor observed for
each polarization eigen-mode of the optical fibre depends on all the three
principal strain components within the optical fibre. Sirkis and Haslach�

extended Butter and Hocker’s model� and have shown that their results are
closer to those observed in transverse loading experiments�� for the
interferometric optical fibre sensor.
The general cases will be discussed in Section 10.4.2. Here we will only

discuss the axisymmetric problemwhere �*
�
� �*

�
. If the optic fibre is a thermal

isotropic material with a constant expansion coefficient �, then �*
�
� �

�
� ��T

(j� 1, 2, 3). Eqs. (10.7), (10.8) can be written into the same form:
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and
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f is defined as the sensitivity factor, �* as the revised optic-thermal constant.

10.3.2 Sensitivity factor

10.3.2.1 Axial strain measurement alone

When the temperature change is so small that its effect can be ignored, the
FBG can be considered as a strain sensor. Let us define �*� (� �

�
/�

�
) as the

effective Poisson’s ratio (EPR) of optic fibre. From Eq. (10.11), it is obvious
that the sensitivity factor f is not a constant but a function of �*,
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10.3 Sensitivity factor plotted against effective Poisson’s ratio.

Table 10.1 Material parameters of single mode silica optic fibres

Strain-optic
coefficient

Index of refraction Elastic modulus Poisson’s ratio
P11 P12 (n) E (GPa) �

0.113 0.252 1.458 70 0.17

f� 1�
n�

2
[P

��
� (P

��
P

��
)�*] [10.12]

Figure 10.3 shows a typical curve of the sensitivity factor as a function of the
effective Poisson’s ratio, calculated by using the material parameters of optic
fibre, provided in Table 10.1.
Let us consider the following special cases:

1 �*� 0.17, f� 0.798: which implies that the EPR is equal to the fibre
material Poisson’s ratio andmeets the requirement of Butter andHocker’s
assumption.�The value of sensitivity factor, f� 0.798, is recommended by
many FBGS manufacturers;

2 �*�� 1, f� 0.344: which implies that the strains in three principal
directions of the fibre are equal, which corresponds to the case of static
uniform stress or the case of thermal expansion;

3 �*� 0.0, f� 0.732; which implies that there is no transverse deformation.

Therefore, if an FBGS is used as an embedded sensor, it is necessary to
make a correction of the sensitivity factor with respect to the transverse
principal strain. Otherwise, only when the transverse principal strain of the
optic fibre is not sensitive to the host’s strain field can the sensitivity factor be
regarded as a constant.
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10.3.2.2 Temperature measurement alone

If a stand-alone FBGS is subjected to a temperature change, then:

�
�
� �

�
� ��T

where � is the isothermal expansion coefficient of the optic fibre. Substituting
the above equation into Eq. (10.9), we can derive the following:

��
�

��� �1�
n�

2
(2P

��
P

��
)� �*��T � (� �)�T

Usually � is over ten times greater than � (for silica, �� 0.55� 10��,
�� 8.3� 10��), therefore the effect of thermal expansion on themeasurement
result may be negligible for such a stand-alone FBGS.

10.3.3 Temperature and strain coupling

As an embedded strain sensor, ideally, the measured strain �
�
in Eq. (10.9)

should represent the host strain in the optic fibre direction. The temperature
compensation can be made simply by:

�
�
� (��/�� �*�T)/f [10.13]

For the germanium-doped silica core,� the thermal-optic coefficient � is
approximately equal to 8.3� 10��, then the revised constant �* is 8.96� 10��.
If the measured strain is greater than 0.001 and the variation of the
temperature is smaller than 10 °C, comparatively the term �*�T in Eq. (10.13)
is one order of magnitude smaller than that of the strain, and the temperature
compensation would be unnecessary in some cases.

10.4 Simultaneous measurements of strain and
temperature

10.4.1 Simultaneous measurement of axial strain and
temperature

If the internal temperature of the host is unknown and its contribution to the
shift of the wavelength is compatible to that of the strain, it is impossible to
determine strain and temperature from Eq. (10.9) only. One of the most
significant limitations of FBG sensors is their dual sensitivity to temperature
and strain. This leads to difficulty in the independent measurements for these
two measurands. The main approach is to locate two sensor elements which
have different responses to strain and temperature. The sensor schemes are
based on the combination of FBGs with different grating types, such as FBGs
with different diameter, different Bragg wavelength, different codope, hybrid
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10.4 Structures of FBG cavity sensors: (a) FBG Fabry–Perot cavity, (b) FBG
slightly tapered cavity.

FBGs and long period fibre grating, Fabry—Perot cavity, stimulated Brillouin
scattering or fibre polarization rocking filter. The observables may be Bragg
wavelength, intensity, Brillouin frequency or polarization rocking resonant
wavelength.��—�� This subsection introduces simultaneous axial strain and
temperature measurements by using an FBG Fabry—Perot cavity�
��� or
superstructured FBGs.��
The structure of a FBG Fabry—Perot cavity sensor is shown in Fig. 10.4(a),

which consists of two identical FBGs separated by a short cavity with a length
ofL

�
. If the reflectivity of the two FBGs,R

�
(�), is small, the reflection spectrum

of the FBG Fabry—Perot cavity sensor, R
��
(�), is approximately given by:

R
��
(�)� a

�
R

�
(�)F(�)

F(�)� 1 cos[�(�)]� 1 cos(4�n
�
L
�
/�)� [10.14]

where a
�
is a constant, F(�) is an interference of the cavity, �(�) is the phase

difference between the light reflected by the two FBGs, and n
�
is the effective

refractive index of the section. The reflection spectrumof theFBGFabry—Perot
cavity sensor is modulated by the cavity phase change. As a result, strain and
temperature are encoded into the Bragg wavelength shift and the variation in
the cavity’s phase difference or optical path. The change in the phase difference
can be decoded by measuring the change in the total reflected power or the
reflection spectrum profile of light from the sensor.
When a minimum of F(�) occurs within the grating’s main reflection band,

the FBG Fabry—Perot cavity reflection spectrum is split into two peaks, one
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on each side of the Braggwavelength �

. If thisminimum�

���
coincideswith �


the intensities of the two peaks become equal. With applied strain or
temperature, both the spectrum and the interference function as a result of
change in the phase difference variation. The respective shifts of �


and �

���
can be expressed by:

�
��


/�


��

���
/�

���
���

K
��

K
��

K
��

K
��
��

�T

� � [10.15]

where K
��
and K

�� are the temperature and strain coefficients of the FBG
(i� 1) and the cavity (i� 2) sections, respectively. If the two sections have
equal coefficients such as K

���K
�� and K��

�K
��
, the relative position

between �
���
and �


will not change with applied strain or temperature. In this

case the reflection spectrum of the FBG Fabry—Perot cavity sensor shifts, but
its profile remains unchanged. Thus temperature and strain cannot be
determined separately. However, if the FBG and cavity sections have different
strain and temperature coefficients, that is K

���K
�� or K��

�K
��
, �


will

move at a faster rate than �
���
. This results in a reduction in the intensity of

peak 1 and an increase in the intensity of peak 2 when strain or temperature
increases. When �


increases to coincide at the next maximum of F(�) at �

���
,

peak 2 reaches a maximum value and peak 1 vanishes. Further increase in
strain or temperature will result in two peaks in the FBG Fabry—Perot cavity
reflection spectrum, but in this case the intensity of peak 2 (corresponding to
the longer wavelength) will decrease, whereas the intensity of peak 1
(corresponding to the shorterwavelength) increases. Therefore, the intensity of
the two peaks changes periodically with strain and temperature.
The intensity fluctuation of the light source can be eliminated by introducing

a normalized parameter M� (I
��

� I
��
)/(I

��
 I

��
), where I

��
and I

��
are

the respective intensities of peaks 1 and 2. If the relationship between��
�
,M, �

and �T is assumed to be linear, then the two measurands can be determined
simultaneouslybymeasuring the changes inM and thewavelength shift��

�
of

either peak 1 or peak 2 with respect to strain and temperature:

�
��

�
�M���

A
��

A
��

A
��

A
��
��

�T

� � [10.16]

In order that the strain and temperature coefficients of the cavity section are
different from those of the grating sections, a short (1mm long) and thin
aluminium tube (with an inside diameter of 0.3mm and wall thickness of
0.15mm) was glued onto the cavity section. This section is more difficult to
stretch than the grating sections, and thus its strain coefficient is correspondingly
smaller, so that K

��	K
��. On the other hand, its temperature coefficient

becomes larger (K
��

�K
��
). This is because the thermal expansion coefficient
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of aluminium (23.5� 10��/°C) is much larger than that of the silica glass fibre
(0.55� 10��/°C), and expansion of the aluminium tube due to temperature
rise induces additional strain to the cavity section.
Figure 10.4(b) shows another FBG Fabry—Perot cavity structure, that is an

FBG tapered cavity sensor, in which the cavity section is tapered slightly. The
maximum change of diameter at the cavity section is smaller than 15%, hence
no obvious changes in transmission and mode-effective refractive index are
induced. The tapered cavity section possesses the same strain and temperature
coefficients as those of the grating section. However, the average strain
suffered by the tapered cavity (�

�
) becomes larger than that at the grating

section (�), which is given by �
�
� ��, where � is an average ratio of

cross-sectional areas between the grating and cavity sections. The relative
movement between F(�) and R

�
(�) remains zero when the temperature

changes, therefore the spectral profile is only sensitive to the strain applied
along the sensor:

�
��


/�


��

���
/�

���
���

�
�


�

�
�

�
�
��

�T

� � [10.17]

where �
�
and 

�
are the temperature and strain coefficients of the grating

section, respectively.
Superstructured FBG sensors were developed for this purpose,�� which

have advantages of easier manufacturing and no need to alter the mechanical
properties and geometry of fibre sensor. FBG sensors generally consist of a
singleFBGor a combinationofFBGswritten in low-birefringent optical fibre.
In the former case, the Bragg wavelength shift can be used tomeasure the axial
component of strain or a change in temperature. In the latter case, axial strain
and temperature can be simultaneously determined according to the Bragg
wavelength shifts, or the Bragg wavelength shifts and the intensities.

10.4.2 Simultaneous measurement of multi-axial strain and
temperature

10.4.2.1 Polarization-maintaining (PM) FBG

The transverse strain-induced wavelength sensitivity of FBGs in silica optical
fibres is low. For instance, in lateral compression, the changes in fibre
birefringence are smaller than 10��. This level of birefringence corresponds to
wavelength separations much smaller than the typical bandwidth of an FBG.
However, we have shown in Section 10.3.1 that the sensitivity factor is a
function of the two principal transverse strains and axial strain, which are
normally unknown. The needs are apparent for multi-axial measurements of
strain and temperature.
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FBGswere written in a polarization-maintaining fibre for themeasurement
of lateral strains.��—�� A polarization-maintaining fibre may consist of a
circular core and inner cladding surrounded by an elliptical stress-applying
region. Birefringence is induced by thermal stresses generated during the
cool-down from the drawing temperature due to the geometric asymmetry of
the stress-applying region. This stress-induced birefringence leads to different
propagation constants for the two orthogonal polarizationmodes in the fibre.
The x and y axes are parallel to the fast and slow axes of the principal
polarization axes of the fibre, respectively, which correspond to the minor and
major axes of the elliptical stress-applying region. Polarization-maintaining
fibre has an initial birefringence that is sufficient to split the grating completely
into two separate spectra. Because of the difference in effective refractive
indices of the two orthogonal polarizationmodes, two effective FBGs result in
one along the polarization axes by writing one FBG. For the case of
low-birefringent FBG, if the temperature sensitivity of the FBG remains
constant, the relative Bragg wavelength shifts can be written as:

��
��
/�

��

� �

�
� 0.5� n�

����
[p

��
�
�
 p

��
(�
�
 �

�
)]

��
��
/�

��

� �

�
� 0.5� n�

����
[p

��
�
�
 p

��
(�
�
 �

�
)]� [10.18]

where �
��
and �

��
are the Bragg wavelength for the two orthogonal polarization

modes, respectively, �
��

and �

��

are the initial unstrained Bragg wavelength

for the two orthogonal polarizationmodes, respectively, and n
����

and n
����
are

the effective refractive indices of the two orthogonal polarization modes,
respectively. Supposing that the axial strain is known, the relative Bragg
wavelength shifts can be written in matrix:

�
��

��
/�

��

��

��
/�

��

���

K
��

K
��

K
��

K
��
��

�
�

�
�
� [10.19]

where the coefficient matrix contains p
��
, p

��
, �

�
, n

����
and n

����
. For the case of

high-birefringent FBG, such as polarization-maintaining FBG (PM-FBG),
the sensormust be calibrated to the finite-element predictions by performing a
least-squares fit to determine the coefficient matrix from the measured
wavelength data. According to Eq. (10.19), the lateral components of the
strain can be determined. In many structures, one would like an FBG sensor
that could measure both lateral axes of strain, axial strain and temperature.
An approach to solving this problem is to use dual overlaid FBGs at different
Bragg wavelengths written onto a PM fibre.�� If two FBGs of different Bragg
wavelengths, such as 1300 nm and 1550 nm, were written at a single location
in a PM fibre, four effective FBGs result in one along the corresponding
polarization axis and at corresponding Bragg wavelength. The relative Bragg
wavelength shifts can be written as:
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where �
��
and �

��
are the Bragg wavelength for the two orthogonal polarization

modes of the second FBG, respectively, and �
��


and �
��


are the initial
unstrained Bragg wavelength for the two orthogonal polarization modes of
the second FBG, respectively. Assuming linearity in sensor response and that
the element of the 4� 4 coefficient matrix is independent of strain and
temperature, and the matrix is not singular, the elements of the matrix can be
determined by performing separate experimental and least-squares fitting
calibrations of the response of the sensor to lateral strain, to axial strain and to
temperature changes.

10.4.2.2 �-Phase-shifted FBG

Another approach is to use �-phase-shifted FBGs.����� If a regular FBG is
irradiated with UV light at a certain region in the middle of the FBG, the
refractive index in the region is raised. Such processing produces two FBGs
out of phase with each other, which act as a wavelength-selectiveFabry—Perot
resonator, allowing light at the resonance to penetrate the stop-band of the
original FBG. The resonance wavelength depends on the size of the phase
change. When the shifted phase is equal to � at a wavelength �



in the

stop-band of the original FBG, the strong reflections from the two FBG
sections are out of phase, resulting in strong transmission at this wavelength.
This post-processing FBG is called �-phase-shifted FBG (�-FBG). The
transmission window of �-FBG can be made very narrow and is split in two
when the FBG is birefringent. This sharpness permits very high accuracy
measurement of the FBGbirefringence. Furthermore, the birefringence required
for separating the peak is much smaller than for regular FBGs and can be
provided by the intrinsic birefringence of an FBG written in non-PM fibre.
The fibre has birefringence in the absence of an external load, of which

several factors, such as geometric, UV-induced and stress-induced, may be at
the origin. However, for mathematical convenience, it is assumed that the
initial birefringence in the FBG is due to a residual strain state in the fibre core
that is described by the principal strains �

�

and �

�

(�
�


��
�

). These principal

strains are in directions perpendicular to each other and to the fibre axis, and
direction 1 makes an angle � with the x axis. According to Eq. (10.18), the
wavelength separation can be expressed as:

��


� ��

�

� ��

�

� 0.5�
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��
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) [10.21]
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10.5 Three-layer composite model of host, coating, and fibre.

The new wavelength separation can be obtained by a function of ������

��(�)� a b cos(2�) [10.22]

where a and b are positive values which are independent of �. Thus, the larger
the angle � is, the lower the sensitivity to lateral strain.

10.5 Measurement effectiveness

For the FBGS to be an ideal embedded strain sensor in a textile composite, the
following conditions will have to be met:�
 (1) the integrated optic fibre has
little effect on the host strain field; (2) the axial strain of optic fibre �

�
can

represent the nearby host strain in the optic fibre direction; and (3) the effective
Poisson’s ratio �* is constant during the measurement period. The embedded-
optic-fibre—host system can be illustrated�� as a composite comprising a
cylindrical fibre and two concentric shell layers, with fibre, coating and host
from the centre to the outer surface (Fig. 10.5). The height of the composite
cylinder is 2H, the radius of the fibre is R

�
, which is also the interior radius of

coating, R
�
is the outer radius of the coating and the inner radius of the host,

and R
�
is the outer radius of the host. The following basic assumptions have

beenmade so that the case canbe simplified as an axial-symmetricproblem: (1)
The optical fibre, fibre coating and host are linear elastic. (2) The thermal
expansion coefficients of fibre, coating and host are constants. (3) There is no
discontinuity in displacement at the interfaces of fibre and coating, coating
and host under loading. (4) Thermal load is uniform in the whole composite
cylinder. (5) The two ends (z� �H) are assumed to be free from any external
force and there is no constraint on displacement.

10.5.1 General views of the normalized strain distribution

Figure 10.6(a), (b) and (c) illustrate the normalized strain distribution in the
fibre, host and coating, respectively, along the fibre axial direction with
various values of radius r. Figure 10.6(a) shows that the normalized strain of
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10.6 Strain distribution in the embedded optic fibre–host sytem:
(a) distribution of fibre’s axial strain at various radial positions, —�—
0.007875; —�— 0.023625; —s— 0.039375; —�— 0.055125;
(b) distribution of host’s axial strain at various radial positions, —�—
0.248; —�— 0.498; —s— 0.748; —×— 0.998; (c) distribution of coating’s
axial strain at various radial positions, —�— 0.0705; —�— 0.0855; —s—
0.1005; —�— 0.1155.

188 Smart fibres, fabrics and clothing



fibre declines with increasing length z. Because the thermal expansion
coefficient of the optic fibre is more than one order of magnitude smaller than
that of the host, the strain level of the optic fibre depends largely on the
restriction of the host. As the middle part of the optic fibre is restricted more
than the parts near the two ends, the strain of the middle optic fibre is closer to
that of the host without the embedded fibre sensor (e� 1). The strain
distribution curves are identical, regardless of the radial position in the fibre,
thus the strain of the fibre can be regarded as a function of z only.
Figure 10.6(b) shows the reverse trends of strain distribution in the host. The

strain level of the middle host is lower than that of the host near the boundary,
which is because the middle host is restricted more by the fibre and the host
near the boundary can expand more freely under a thermal load. The
normalized strain values of the host are very close to 1 (0.995	 e	 1), which
implies that the host with the embedded fibre sensor has a strain field very
close to that without the embedded optic fibre.
Because of its lower elastic modulus, the strain distribution of the coating is

significantly affected by both the fibre and the host, as shown in Fig.10.6(c).
The strain distribution along z is similar with that of the fibre when r
approachesR

�
, and the strain near the outer surface of the coating varies little

along z, like that of the host.

10.5.2 Effects of parameters on effectiveness coefficient

The term H
��
has been introduced,�� at which e has a value of 0.95. The

physical meaning of H
��
is that only when the z of the optic fibre grating is

smaller thanH
��
is the measurement result of the fibre effective. The length of

the zone represents the limits of effective measurement of host strain by an
embeddedFBGS. The longer the zone length, the more effective an FBGS in a
host. Thus the relative length of the effective zone is defined as the effectiveness
coefficient  by:

�
H

��
H

The effectiveness coefficient is influenced by a number of factors, the elastic
modulus, Poisson’s ratio of coating, tension stiffness ratio, the thickness of
composite etc.�
��� Figure 10.7 shows that increasing E

�
leads to a sharp

increment in  when E
�
varies from 0.045 to 1GPa. The curve then reaches a

plateau and the effect on  becomes very small. Thus E
�
� 1GPa can be

regarded as a threshold value for the specified conditions.
Figure 10.8 plots the effective Poisson’s ratio of the optic fibre against the

fibre length. Within a range from zero to 7mm, the effective Poisson’s ratio

189Smart textile composites integrated with fibre optic sensors



0.1
0

0

Log (E  )

0.5

0.2

0.3
0.4
0.5
0.6
0.7
0.8

0.9

1

0.5 1 1.5 211.5

c

10.7 Effect of elastic modulus of coating on the effectiveness coefficient 
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10.8 Distribution of fibre’s effective Poisson’s ratio along the fibre length
at various radial positions.

declines slightly with the increment of z. Thus it can be regarded as a constant
along the z axis except for the short portion near the boundary. The value of �*
near z� 0 is 0.13 which is not equal to the Poisson’s ratio of the fibre (0.17).
This indicates that the transverse strain of the optic fibre is not dominated by
the host strain (otherwise it should be close to� 1) but by the Poisson’s ratio
of the fibre.
In the particular case under our investigation, the elastic modulus of the

coating should be equal to or greater than the threshold value f� 0.78GPa, if
the measurement effectiveness is concerned (see Fig. 10.7). However, the
increment ofE


will affect the value of the effective Poisson’s ratio, �*, then the

sensitivity factor, f. Figure 10.9 plots �* as a function of E

, which exhibits the

reversed trend compared with that of the effectiveness . When the coating
modulus is smaller than, or equal to, the threshold value of 1GPa, the
variation of �* is rather small. By considering the effects of the coating elastic
modulus on both measurement effectiveness and the effective Poisson’s ratio,
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10.9 Effect of elastic modulus of coating on fibre’s effective Poisson’s
ratio.

the optimal coating modulus should be chosen as the threshold value
E

� 1GPa. This case illustrates the necessity of selecting optimal material

properties of coating in order to make effective measurements.

10.6 Reliability of FBGs

A single-mode silica optic fibre has a typical cladding diameter of 125microns
and an outer diameter of 250 microns. It can be introduced into a textile
preform in itsmanufacturingprocesses such asweaving, knitting andbraiding.
Alternatively, it can be introduced at the consolidation process of the textile
composites. In both cases, caution should be exercisedwhen integrating it into
the textile structure. Apart from avoiding the damage to the optic fibre during
manufacturing processes, the reliability of an embedded fibre Bragg grating
sensor is influenced by a number of other factors as follows:��

1 Grating-making method: an optic fibre is normally decoated around the
grating location before UV pulse laser exposure and recoated afterward.
During the decoating andUV irradiation processes, the optic fibremay get
damaged, as shown in Chapter 8. Further, the new coat may cause some
variation in the fibre. The sensitivity to strain may be different for FBG
sensors, even with the same central reflecting wavelength.

2 Location and direction of sensors in composite hosts: usually the FBG
sensor is used to measure certain positional and directional normal strain
in the host. However, in the procedure of embedding the FBG sensor into
the composite host, some deviation of the optic fibre sensor may occur
from the designed position and direction. To reduce the measurement
error, determination of the real location of the grating of FBG sensors
inside the composite may be a key issue, especially when the sensors are
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embedded in a large gradient strain field such as near the tip of a crack.
Furthermore, it is very difficult to precisely detect the real position and
direction of the fibre grating sensor after it is embedded into a composite.
The levels of errors induced by the deviation of position and direction of
the sensors will be given in Section 10.7.

3 The interfaces of fibre/coating and coating/resin: stress concentration
exists around the interfaces and may cause cracks, which may affect the
measurement results.Researchers have introducedadebondingphenomenon
into the interfaces betweenfibre and coating aswell as between coating and
host when fabricating the fibre Bragg optic strain sensors and integrating
them into a laminated composite beam.�� The study showed that the
dual-ended sensors are reliable in cyclic bending deformation, while the
single-ended sensors are not when their interface bonding fails. To reduce
the measurement error, determination of the real location of the grating of
FBG sensors inside the composite may be a key issue for future work,
especially when the sensors are embedded in a large gradient strain field
such as near the tip of a crack.

4 The environment and working conditions to which a textile composite is
subject, and how long it is subject to them, will greatly influence the
selection and integration of fibre optic sensors. The analysis ofmeasurement
effectiveness in the previous section is based on the composite model
assuming perfect interfaces between the coating and fibre as well as
between the coating and host. Another condition is that the strain
measured by the optic fibre sensor is at a predetermined position and in a
predetermineddirection. Hence, the following sectionwill investigate their
effects when these assumed conditions are not met.

10.7 Error of strain measurement due to deviation of
position and direction

10.7.1 Deviation of direction

Assume the principal strains in a structure are �
�
, �

�
and �

�
. If an FBG sensor is

embedded in the structure and the angles between the sensor and principal
strains are �

�
, �

�
and �

�
, the strain induced along the FBG sensor is:
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� �
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where cos� �
�
 cos� �

�
 cos� �

�
� 1. The strain measured in the sensor is a
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function of the principal strains and the angles between them and the sensor.
In practice,whena sensor is embedded in the structure, it ismost likely to show
deviation between the sensor and desired direction. Suppose the deviations of
the sensor are ��

�
, ��

�
and ��

�
, then the strain in the sensor will be:

�	�� �
�
cos�(�

�
��

�
) �

�
cos�(�

�
��

�
) �

�
cos�(�

�
��

�
)

[10.24]

According to Eq. (10.24), if one wants to measure one of the principal strains,
the simplestmethod is to place sensors along the directionof the desired strain.
For example, if �

�
is desired, the sensorwill be placed along this direction.Then

we have �
�
� 0 and �

�
� �

�
��/2. The influence of other strains (�

�
and �

�
)

will be cancelled. If the deviations between the sensor and the desired direction
are ��

�
, ��

�
and ��

�
, the strain along the sensor will be:

��	�� �
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�
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�
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�
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[10.25]

The relative error between the measured and real values of strain is:
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[10.26]

If ��
�
, ��

�
and ��

�
are small quantities, Eq. (10.26) can be expressed as:
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In Eq. (10.27), the third and higher orders of deviations are omitted. The
measurement error is quadratic to the deviations in the orientation angles.

10.7.2 Deviation of position

The strain field of a structure is related to the position and the deformation of
the structure. Suppose the strain at point (x, y, z) can be expressed as
�� f(x, y, z, �), where � is a tensor and � represents the displacement vector of
the structure. The variation of strain due to the deviations of the position
(�x,�y,�z) can be expressed as:

���
�f(x, y, z, �)

�x
·�x

�f(x, y, z, �)
�y

·�y

[10.28]


�f(x,y, z, �)
�z

·�zE(�x,�y,�z)
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where E(�x,�y,�z) is the second and higher-order quantities of the position
deviation (�x,�y,�z). When the deviations are small and E(�x,�y,�z) can be
omitted, Eq. (10.28) can be simplified as:

���
�f(x, y, z, �)

�x
·�x

�f(x, y, z, �)
�y

·� y
�f(x, y, z, �)

�z
·�z [10.29]

For a cantilever beam, if a concentrated load acts at its free end, the axial strain
of an arbitrary point (x, y, z) in the beam due to the normal displacement � of
the free end is:

�
�
(x, y, z)�

3�
L�
(L � x)z [10.30]

whereL is the length of the beam, x is the location of the point along the beam,
y is the locationof the point along the y-direction, and z is the distance between
the point and the neutral axis of the beam.
The strain in the beam is independent of the position of y. That means the

deviation of y will not influence the strain measurement. If there are any
deviations of the test point (�x,�y,�z), according to Eq. (10.29) the variation
of the strain will be:

��
�
��

3�z
L�
·�x

3�(L � x)

L�
·�z [10.31]

The relative error of strain deduced from the position deviations is:

error
�
� �

��
�(x, y, z) �� �

�x
L �x � �

�z
z � [10.32]

If the sensors are placed near the fixed end (x�x
���

� 0) and far from the
neutral axis (z� z

���
� h/2, h is the height of the cantilever beam) of the beam,

the measurement error will be the minimum.

10.7.3 Deviation of both direction and position

If deviations of direction and position occur simultaneously, then the total
relative error is:

error

�
��

� error
�
 error

�
� � ���

�
� �

�
�

�
�

���
� � �

�
�

�
�

���
� �

 �
�x

L �x �
�z
z � [10.33]

From Eq. (10.33) we know that, in order to obtain an accurate measurement
result, the deviations of direction and position should be as small as possible.
This derivation is more suitable for the surface-mounted FBGs. If
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embedded in a composite, the localized heterogeneity will normally lead to a
complicated strain field. If the strain is not uniformly distributed along FBG,
grating apodization occurs. The strain may induce birefringence which may
cause peak split. Hence, the analysis of measurement error must consider at
least the above-mentioned factors.

10.8 Distributed measurement systems

By the means of measuring the shift of the peak wavelength of the reflective
spectrum, the average strain over the whole grating length is determined,
rather than the distribution of the strain. Inmany applications, the distribution
of strain and temperature is the major concern, thus a number of methods can
be implemented to serve this purpose.The grating length of FBGs can bemade
very short (e.g. 2mm), thus the strain measured by the shift wavelength of the
reflective spectrum can be regarded as a localized strain. The FGB arrays
render themselves as ideal candidates for multi-point or quasi-distributive
measurements by the multiplexing techniques used for several other optical
fibre sensors, such aswavelength-division-multiplexing (WDM),�	 time-division-
multiplexing (TDM)and spatial-division-multiplexing (SDM).Detailed reviews
have been given by Rao,�� Kersey et al.�� and Othonos and Kalli.�� Figure
10.10 shows a schematic diagram of the measurement systems, consisting of a
broad-band LED, a coupler or optic switch, an optical analyser, and an
embedded multiplexing FBG array by which we carried out our pseudo-
distributed measurement of strain-temperature in textile composites.
In simple cases, if it is monotonic, the strain distribution can be determined

along the grating by analysing the reflection spectrum. Volanthen and his
colleagues developed a measurement system of distributed grating sensors to
measure the wavelength and reflectivity of gratings as functions of time
delay.��—	
 By using low-coherence reflectometry, this technique was applied
to three-point bending experiments of a textile composite beam embedded
with FBGs.�


10.9 Conclusions

In conclusion, fibre optic sensors are ideal candidates to be embedded in textile
structural composites for monitoring manufacturing processes and internal
health conditions. The sensors provide an effective means by which the
distributions of a number of physical parameters, such as temperature,
stress/strain, thermal expansion, pressure, etc., canbequantitatively determined.
In integrating the sensors into textile composites, apart from the properties of
the sensors themselves, the reliability of the sensors and sensing scheme as well
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10.10 Wavelength-division-multiplexing systems by FBG arrays embedded in composites.



as the interactionbetween sensors and composites are very important issues to
consider.
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11
Hollow fibre membranes for gas separation

PHILIP J. BROWN

11.1 Historical overview of membranes for gas
separation

During the last century and a half, the development ofmembranes has resulted
in a voluminous amount of literature on the subject.
One review of membranes by Lonsdale� still contained over 400 references,

even though the author claimed to have covered only the most relevant
references in the article. This review also does not therefore intend to be a
comprehensive review of the development of membrane technology; rather it
is a short account of the interesting developments that have taken place along
with the milestones in ‘membranology’ that have led to the development of
hollow fibres for industrial gas separations.
The development of membrane technology is relatively recent, though

membranes have been studied for over 200 years. Some of the early papers
were quite outstanding and laid the foundations for today’s understanding. In
1829, Thomas Graham� inflated water wet bladders containing air by
inserting them into a jar filled with CO

�
. He explained this effect as being due

to the dissolution of the CO
�
in the water in the ‘capillary canals’ of the

membrane, its diffusion through the membrane followed by the release of the
CO

�
in the bladder.

J. K. Mitchell in 1831 experimented with the so-called ‘penetrativeness’ of
fluids� and investigated the penetration of gases. Mitchell noticed that
different gases escaped at different rates from natural rubber balloons and
found that there was a 100-fold difference between the rates of escape between
carbon monoxide and ammonia. Thomas Graham	—� investigated the
diffusion of liquids and gases and recognized the potential for separation of
gases by mechanical means. The important principles of molecular transport
through porous and non-porous membranes were intuitively grasped in these
early papers. Thomas Graham’s experiments on the molecular mobility of
gaseswere beautifully simple.Graham’s diffusiometer as first constructedused
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a glass tube 10 inches (25.4 cm) in length and less than 1 inch (2.54 cm) in
diameter. The tube was closed at one end with porous plaster of Paris (the
plaster of Paris was later replaced by graphite), the tube was filled with
hydrogen gas over amercurial trough, and the graphite plate was coveredwith
gutta percha. On removing the gutta percha, gaseous diffusion took place
through the pores in the graphite. Graham had great insight into the
mechanism of the diffusional processes, and said that: ‘It seems that molecules
only can pass; and they may be supposed to pass wholly unimpeded by
friction, for the smallest pores in the graphite must be tunnels in magnitude to
the ultimate atoms of a gaseous body.’ Graham found that the passage times of
different gases — H

�
, O

�
and carbonic acid — showed a close relation to the

reciprocal of the square of the densities of the respective gases. Graham used
his diffusiometer not only to study single gases but also to partially separate
mixed gases (Graham termed this atmolysis). Graham noted that each gas
made its way through the graphite plate independently, each following its own
rate of diffusion. Though Graham could be said to be the father of gas
separation membranes, it was Fick� in 1855, using liquids, who described
quantitatively the diffusional process. Fick realized that diffusion was
analogous to heat conduction (Fourier’s law), and with this hypothesis
developed the laws of diffusion. The fluxwas then defined as shown inEq. (11.1):

J��AD
�c
�x

[11.1]

where c is the concentration, x is the distance,D is the diffusion coefficient,A is
the area and J is the flux (one-dimensional). Fick thereafter developed his
equational analogy further and obtained Eq. (11.2):

�c
�x

�D�
��c

�x�

1

A

�A
�x

�c
�x� [11.2]

In order to prove his hypothesis, Fick used two different diffusional-shaped
cells containingwater and placed a crystalline salt at the bottomof the cells. In
case A, the cell was a cylindrical shape and in case B, the cell was a conical
shape narrowing at the top.
A steady-state concentration gradient was achieved by changing the water

at the top of the vessels. Fick found that, in case A, a linear relationship was
observed between the specific gravity of the salt solution and distance down
the tube, the gradient giving a measure of the diffusion coefficient. In case B,
where the area for diffusion changes with time, he found that the results
obtained by experiment compared well with those calculated, thus proving
that the laws of diffusion were analogous to those of heat transfer. The
calculation for the funnel was done using Eq. (11.2).
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11.2 Development of membranes for industrial gas
separation

It was, however, a number of decades before the principles laid down by
Graham and Fick were to be put into use on a large scale. During the 1940s,
uranium was needed for military atomic research and led to a large-scale gas
separation membrane system. These membranes were porous and metallic,
and were used to separate UF

�
isotopes. Isotope separation had already been

achieved by Graham� in 1846. Polymers which could withstand the presence
of HF were not available in the 1940s. The difference in molecular weight
between ���UF

�
and ���UF

�
is small and yields a molecular weight ratio of

1.008. The gas mixture was therefore not easy to separate, and thousands of
separation stages were needed.
Agreat breakthroughbyLoeb andSourirajan� (reverse osmosismembranes)

came about in the early 1960s via the formation of ultrathin membranes of
cellulose acetate (CA). These membranes were formed by the casting of a
viscous solution of CA and then immersing the cast solution in water. The
resulting precipitation gives rise to what is now known as an asymmetric
membrane, which consists of a thin dense skin layer which is microporous,
supported by a more highly porous sublayer. These thin membranes resulted
in high flux and good salt rejection properties. The economic desalination of
water was now realizable, and this sparked off a number of studies. Electron
microscope�
 studies were carried out in order to determine the thickness of
the dense skin layer and mechanisms, and explanations were sought for the
formation of these skinned membranes.�� Calculations as to the effective
thickness of the CA membranes were done by Merton, Riley and Lonsdale,�
and correlatedwell with those seen from electronmicroscopy at approximately
0.2�m.
The adaptation of the principles used in the development of the membranes

for the desalination of water via reverse osmosis was all that was needed to
develop membranes for gas separation. It was realized that gas separation
through dense polymer films was not practicable (due to the low gas flux)
unless ultrathin dense films could be obtained. A thin film ensures a high flux
even if the intrinsic permeability of the polymer is low. In 1970, using Loeb
Sourirajan CAmembranes which were dried,Merten andGantzel�� obtained
a separation factor of approximately 40 for He/N

�
, with high fluxes equivalent

to those of a silicone rubber film 10�m thick, but which would have a
corresponding separation factor of only 1.5.
But undoubtedly the biggest breakthrough in the last 20 years or so was

brought about by the Monsanto Company. Polysulfone, a polymer which at
that time was considered to have a high intrinsic selectivity for gases but a low
permeability, was utilized in the form of hollow fibres. The Monsanto
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PRISM�� system, which used these fibres, was similar to the reverse osmosis
system developed by Du Pont, the Permasep RO system. The hollow fibres
were asymmetric, with thin skins on the outside supported by a porous layer.
The skin in this case was microporous, and the breakthrough was to coat the
fibres with a highly permeable polymer which blocked the pores. The
separating layer was then the thin dense polysulfone skin layer and not the
coating. The resulting fibres have a high flux and high gas separation
performance. Henis and Tripodi (the inventors), along with the Monsanto
company, issued a series of patents��—�� in the early 1980s. Following thework
of Henis and Tripodi, and with it the reality of commercial membrane systems
for gas separation, the 1980s saw a time in which a plethora of work was done
in developing the performance of membranes for gas separations. However,
the work of Henis and Tripodi is worth describing in some detail since it was
undoubtedly theirworkwhich causedmany researchers to become involved in
hollow fibre membranes for gas separations.
The United States Patent 4 230 463 (1980) by Henis and Tripodi describes

multicomponentmembranes for gas separations. This patent makes 78 claims
and contains 7 figures. Sixty-three examples are given in all to demonstrate the
flexibility of the invention, its limitations and successful use. A summarized
description of the invention is given below.
The multicomponent membrane described in the invention exhibits a

separation factor significantly greater than the intrinsic separation factor of
the coating material which is used to ‘occlude’ the pores of a microporous
polymer substrate. The intrinsic separation factor of a material is defined as
the separation factor of a dry compact membrane of the material. The term
‘significantly greater’ was defined as being anywhere from 5 to 10% greater
than the coating material and preferably 50% higher. The ‘occluding contact’
refers to the fact that, after coating the membrane, the amount of gas passing
through the material of the membrane is increased relative to the amount of
gas now passing through the pores. It is claimed that the porous separation
membrane could be anisotropic and characterized by having a dense region in
a barrier relationship to that of the porous separationmembrane. The coating
of porous membranes which have a relatively dense skin region provides
enhanced flux through the multicomponent membrane. The coatings are
applied in a liquid phase (usually a polysiloxane solution in isopentane) and,
for advantageous coating, the liquid will adhere to the porous separation
membrane to be utilized. It is preferable that the coating material polymerizes
after the liquid has been applied to the porous separation material. Suitable
porous separation substrates, e.g. polysulfone, cellulose acetate andpolyimides,
are some of those given. The porous separation membrane is preferably at
least partially self-supporting and, with this in mind, hollow fibres were
selected.Descriptions of polymer concentrations, the solvents for the spinning
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process and the spinning conditions are given in some of the examples in the
patent. This patent in itself contains vast amounts of data, as well as a
mathematical model (the resistance model), and it paved the way for others
containingmore detailed examples of spinning conditions and examples of the
use of the resistance model. The resistance model was elaborated on by Henis
and Tripodi in another paper,�� and since this model is the basis of
Monsanto’s work, and since it has been used as a predictor by many other
membrane researchers, it is shown below.

11.2.1 The resistance model approach to gas permeation

In the patents and papers which describe the resistancemodel, it is shown that
permeation through composite hollow fibre membranes is analogous to
electrical resistance. The symbols used to denote flux or permeation rate are
the ones used byHenis and Tripodi. The permeation rate or fluxQ

�
is given by

Eq. (11.3):

Q
�
�
P

�
A�c

�
l

[11.3]

where P
�
is the intrinsic permeability of the polymeric membrane to gas com-

ponent i,A is the cross-sectional surface area of themembrane to component i,
l is the thickness of the membrane area through which the component
permeates, and�c

�
is the partial pressure difference across the membrane. The

electrical analogy is that the permeation through a polymer membrane is
equivalentmathematically toOhm’s law for flow through a resistor, Eq. (11.4):

I�E/R [11.4]

The current is analogous to permeation rate, the driving force or voltage is
analogous to the concentration gradient or pressure differential, and the
electrical resistance is then the analogue of resistance to permeate flow. The
resistance to permeate flow can then be said to be R

�
:

R
�
� 1/P

�
A [11.5]

Combining Eqs. (11.3) and (11.5), Henis and Tripodi derive Eq. (11.6):

Q
�
��c

�
/R

�
[11.6]

The permeation behaviour of porous hollow fibre membranes is analogous
then to the flow of electricity through an array of series—parallel resistors, and
themembranes are thus called resistancemodel or ‘RM’ compositemembranes.
A cross-sectional representation of a membrane is shown in Fig. 11.1, along
with its electrical analogue. Regions are defined as a skin of thickness l

�
(analogue R

�
) defects or pores (analogue R

�
), a highly porous substrate
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11.1 Represention of a porous asymmetric membrane and its electrical
analogue. (From Henis & Tripodi.)

(analogue R
	
), and the coating of thickness l

�
(analogue R

�
). The total

resistance to the flowR


(see Eq. (11.7)) is a function of the resistance to flow in

each of the regions defined within the membrane:

R


�R

�


R
�
R

�
R

�
R

�

R
	

[11.7]

The porous substrate resistance R
	
is very small and can be disregarded. The

coating R
�
substantially increases the resistance to the passage of gas. The

blocked pores resist gas flow one million times more than an open pore.
Assuming that the coating layer fills pores to a depth equal to that of the skin
layer, the resistance in the pores is given by Eq. (1.8) and the resistance to the
coating material is also given:

R
���

�
l
�

P
�
,
�
A

�

and for the coating R
���

�
l
�

P
���
A

�

[11.8]
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11.2 Effect of surface porosity on separation factor.

The skin resistance is given by Eq. (11.9):

R
���

�
l
�

P
�
,
�
A

�

[11.9]

The total flux for the compositemembrane can be arranged to find the gas flux
per unit area and per unit pressure drop, which is equivalent to the thickness
corrected permeability or permeation rate (P/l) or P�:

�
P
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The surface porosity is low in hollow fibre composite membranes;A
�
is much

less than A
�
. For simplicity, it can also be assumed then that A

�
�A

�
.

The separation factor for two gases i and j is the ratio of the (P/l) values (see
Eq. (11.11)):

��
�
�
(P/l)

�
(P/l)

�

[11.11]

The effect of the surface porosity on separation factors for H
�
/CO for porous

substrates and RM composite membranes is shown in Fig. 11.2.
The advantage of the RM composite membrane over a porous substrate

membrane is that a far greater variability in the surface porosity of the fibre
can be obtained without seriously affecting the flux and separation factor.
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Work done by Peinemann et al.�� uses the resistance model for highly
microporous membranes. They showed that the supporting layer in thin film
composite membranes can be at least as important as the selective layer. In an
extremecase, whereN

�
andC

�
Cl

	
were separatedusing a polysulfone—silicone

rubber composite, they found that, although the silicone coating was defect
free and 87�m thick, the intrinsic C

�
Cl

	
/N

�
selectivity of 50 was never

obtained. This was due to the high permeability of tetrachloroethylene vapour
through the silicone. The non-selective microporous support now resisted the
C

�
Cl

	
vapour to the same order of magnitude as the silicone layer itself. The

Peinemann paper highlights the fact that a non-selective support layer can
restrict the flow of a highly permeable gas and reduce separation factors to
below those expected.
The Monsanto invention led to the commercial PRISM�� separator.��

Since thework of theMonsanto team, an international effort has been put into
membrane research.

11.2.2 Polymer development

Due to the successful implementationof polysulfone in hollowfibremembranes,
this system has become the one to outperform. The intrinsic selectivity of
polysulfone is high, with a CO

�
/CH

	
separation factor of about 29, an

H
�
/CH

	
separation factor of about 54, and an H

�
permeability of about 10

Barrer. A substantial amount of work has been done in trying to develop new
polymers which are more permeable and more selective than polysulfone,
while at the same time still tractable. The greatest success appears to have
come from the polyimide class of polymers, though others are worthy of note.
The work of Koros et al.�
 showed the relationship between the chemical
structures in a series of polyimides and their gas separation properties. The
polyimides studied are shown in Fig. 11.3.
One of the Koros polymers in particular (6FDA—ODA) exhibited some

quite remarkable permeability/separation characteristics. The general rule for
a group of polymers such as poly(paraphenylene oxide), polysulfone,
polycarbonate and cellulose acetate is that, as the gas selectivity goes up, the
permeability goes down.The 6FDA—ODApolyimide does not conform to this
general trend. The permeability for 6FDA—ODA to CO

�
at 35 °C at 10 atm

was 23 Barrer with a CO
�
/CH

	
selectivity of 60.5. This compares to a

permeability of 5.7 Barrer and a CO
�
/CH

	
selectivity of 27 for polysulfone.

The superior performance of the polyimides had shown that, through
controlling both the intrasegmental mobility and intrasegmental packing
(preferably reducing both), new CO

�
/CH

	
could be designed with high

permeability and selectivity.
Similar work since by Stern et al. has been done in order to further the
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11.3 Polyimides studied by Koros et al.
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11.4 Poly(1,3phenyl1,4phenyl) 4 phenyl1,3,4triazole.

understanding of the structure property relationships in similar polyimides.��
Stern used the (6FDA) monomer with a series of diamines to show that
relatively small structural modifications of a polyimide can result in large
changes in gas permeability. The results from Stern’s study are intriguing and,
within thepolyimide series, the selectivity decreaseswith increasingpermeability,
but to a smaller extent than with standard commercial polymers. Stern in
discussion points out that anomalies can still occur. For instance, within one
polyimide series, the polymer determined to have the smallest interchain
spacing and the highest density did not exhibit the lowest permeability and
highest selectivity as expected. On the whole, it seems likely that in order to
understand the structure/permeability relationships more fully, information
on the free volume distribution within the polymer will be required.��
Smolders et al.�� worked on developing tailor-made polymers for gas
separation. As well as looking at polyimides, they have another polymer (a
polytriazole) which was shown to have good permeability and selectivity
characteristics. The polytriazole polymer (seeFig. 11.4) has aCO

�
permeability

of 10—20 Barrer and a CO
�
/CH

	
selectivity of 60.

The polytriazoles are thermally and chemically resistant and are therefore
attractive materials for membrane manufacture. The polytriazoles are soluble
in formic acid and the polymer can be formed into membranes via a phase
inversion technique. One of the problems with the polytriazole is the limited
number of solvents available, which in effect reduces the processing flexibility.
A slightly different type of membrane but one worthy of note is the
ion-exchange type membrane. Here, selective transport of H

�
, CO

�
and H

�
S

has been achieved using facilitated transport gel—ion exchange membranes.�	
The best commercial polymers available achieve anH

�
/CO

�
separation factor

of around seven to ten, whereas gel—ion exchangemembranes can give amuch
better performance. The ion-exchange membranes in this case are made from
polyperfluorosulfonicacid (PFSA) and aremodified to form a gel for use as the
support for the solvent and carrier. These membranes have hydrophilic
regions into which a solvent which has the desired complexing agent is
embedded. Typically, H

�
O is used as the solvent, with ethylene diamine as the
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carrier. Selectivities have been achieved of over 400 for CO
�
/H

�
, with

permeabilities of 11 000 Barrer for CO
�
. The high intrinsic permeability is in

itself not enough to obtain high productivity for commercial use, as the
membranemust also be thin. In one assessment for the economic case for using
an immobilized liquid membrane, the film thickness becomes an important
economic consideration. Reducing the membrane thickness from 50 �m to
30�m and increasing the CO

�
permeability from 800 to 2000 Barrer results in

a calculated reduction in the required capital investment from $172MM to
$12MM. The difficulty with this type of membrane is to create a mechanically
stable gel within amodule and tomatch the properties available from the thick
films in the thin ones. If the technical problems can be overcome, facilitated
transportmembraneswill becomean economically viable gas separation system.
During the late 1980s, the Japanese C1 chemistry programme put a

substantial effort into developing efficientmembranes for gas separations. The
Japanese budget was approximately £7.5 million on membrane development
over 7 years.
The interest of the Japanese lay mainly in the separation of O

�
from air and

H
�
from CO. Companies which were interested in hydrogen separation were

Ube Industries Ltd., Toyobo Co. Ltd. and Sumitomo Electric Industries Co.,
whilst those interested in oxygen research were Toyobo, Nitto Electric,
Torray,Kururay, AsahiGlass, Teijin andMatsushitaElectric. An investigation
of porous organic, inorganic and non-porous organic membranes was carried
out. The membranes developed during the project exceeded the targets set at
the beginning.Materials were evaluated in flat film form and then hollowfibre
form. The performance of the various membranes was summed up in a DTI
report.�� Ube developed the polyimide membrane, Sumitomo focused on
plasma polymerizedmembranes, with permeability ratios recorded as high as
300 for H

�
/CO, and Toyobo developed a polysulfoneamide membrane and

found that increasing the amide content increased the polymer’s selectivity.
The polyimides made by Ube had better properties than conventional
polymers,with aCO

�
/CH

	
selectivity of 46, but not as high as those developed

byKoros et al., referred to earlier. Reiss et al. achieved a remarkable selectivity
using polyaniline polymers.�� Tailoring the gas selectivity for polyaniline
membranes involves doping polymer filmswith counter ions of an appropriate
size. The selectivity reported for H

�
/N

�
, O

�
/N

�
and CO

�
/CH

	
surpasses the

highest previously reported values of other permeable polymers. Polyaniline
(C

�
H

	
NH)

�
wasmade into a mechanically robust film from a 5%w/v solution

inN-methylpyrrolidinone. The cast films were dried in a vacuum for 24 hours
and then tested in the ‘as cast’ form. Samples of the ‘as cast’ film were doped in
4.0Macid solution for 15 hours. The filmswere undopedusing 1.0MNH

	
OH

for 24 hours. Samples were then redoped by immersion for 12 hours in a
0.0175M solution of the same acid used in the initial doping, which resulted in
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a partially doped film. The effects of the doping and redoping on polymer
permeability and selectivity were, to say the least, remarkable.One example of
a redoped film gave an incredible separation factor for H

�
/N

�
of 3590, with a

hydrogen permeability of 10 Barrer. In another example, the dopant cycling
procedure achieved a CO

�
/CH

	
selectivity of 640, well over 100 times that

possible with polysulfone.
However, despite the promise of the polyaniline polymer, its use to

manufacture hollow fibre membranes that can compete commercially have so
far eluded researchers in the field. This may be due to the difficulties
encountered in hollow fibre spinning processes.

11.3 Theories of permeation processes

The permeation of gases through polymer membranes depends upon whether
the membrane is porous or dense. If the membrane is porous, the gas flow is
predominantly controlled by the mean free path of the gas molecules and the
pore size. The mechanism of flow through porous membranes has been
discussed elsewhere.����� In short, the gas flow regime is contributed to by
Poiseuille flow and Knudsen flow, the amount of each contribution being
defined by pore size, pressure, viscosity and the molecular weight of the gas
involved. However, microporous membranes exhibit low gas selectivity, as
shown earlier in the resistance model approach.
For more efficient separations, dense polymer membranes are used,

although they will usually have a high microporous substructure. In dense
polymer membranes, gas flow across the membrane is via a solution diffusion
mechanism. In simple terms, the gas is sorbed onto the polymer, then diffuses
down a concentration gradient via Fick’s law (Eq. (11.1)) and finally desorbs
from the low pressure side of the membrane. A large number of publications
have been written on the subject of the mechanism of gas permeation, and
some key arguments have been described elsewhere.��—	


11.4 Phase inversion and hollow fibre membrane
formation

The term phase inversion refers to the process by which a polymer solution
inverts into a three-dimensional network. Initially, the solvent system is the
continuous phase, and after phase inversion the polymer is the continuous
phase.	� Four phase inversion processes exist: (1) the dry process, in which a
volatile solvent is lost and phase inversion occurs, (2) the wet process, in which
solvent is exchanged for non-solvent and precipitation occurs, (3) the thermal
process, where a latent solvent (a substance which is only a solvent at elevated
temperatures) is used, involving the cooling of the polymer solution which
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11.5 Finger-type pores in polyetherketone hollow fibres.

then gels, (4) the polymer-assisted phase inversion or PAPI process, where the
system contains a solvent and two compatible polymers from which a dense
film is cast. The dense film morphology is known as an interpenetrating
network, IPN.After complete or partial solvent evaporation from the IPN, the
film is usually immersed in water or a solvent which is a solvent for one
polymer but not the other.
The hollow fibre membranes reviewed in the present work here are formed

using the wet phase inversion process. The wet phase inversion process has
been very well described by Strathmann.	��	� In his work, Strathmann casts
various polymer solutions onto glass plates and then immerses the cast film
into a bath of precipitation fluid. This kind of precipitation is fast and a
skinned membrane structure forms. The skin formation is explained by
Strathmann on the basis of the concentration profiles of the polymer, solvent
and the precipitant which occurred during the phase inversion process.
In skin-type membranes, like hollow fibre membranes, two characteristic

structures can be formed. One structure is sponge-like below the skin, and one
has finger-shaped pores below the skin. These finger-shaped pores can be
clearly seen in the polyetherketone hollow fibre (see Fig. 11.5).	��		
These structures are different when different precipitation conditions are

used.		 The finger-like structures which form cannot be entirely explained by
the thermodynamic and kinetic approach. The skin formation is the same as
that for sponge-type membranes, but, when the shrinkage stress in the skin
cannot be relieved by creep relaxation of the polymer skin, the skin ruptures.
The points at which the skin splits form the initiation points for fingers. The
exchange of solvent with precipitant in the finger is much faster than through
the unfractured skin region. The fingers form a layer of precipitated polymer
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around them; the rest of the polymer solution is thus protected from the
precipitant and, between the pores, a sponge-like structure is formed. In the
case of polysulfone hollow fibre membranes, it was found by Senn	� that the
reduction of these finger-like pores ormacrovoids improved the gas separation
performance of the fibres. Elimination of macrovoids was achieved bymaking
the appropriate selection of polymer, solvent and precipitant, and then
obtaining the correct spinning conditions.
Many investigations have been made to examine the effects of phase

inversion on membrane morphology, and the related effects of spinning
conditions on hollow fibre membrane morphology and the ensuing gas
separation properties. Kesting and Fritzche	� argue that considering the
disadvantages of synthesizing new polymers, namely, increased cost of
materials and problems of poorer processing and mechanical properties,
better use should be made of commercially available polymers. The work by
Monsanto	� that developed polysulfone second generation hollow fibre
membranes justifies this point of view. Thus, the spinning conditions can
themselves impact molecular packing, polymer density and interchain
displacement to enhance gas separations. The second-generation polysulfone
hollowfibremembranes show a fourfold increase in oxygen permeability, with
no loss in oxygen/nitrogen selectivity	�when compared to the original fibres.
The factors affecting membrane structure and performance are many. For

example, the better the compatibility between polymer and solvent, i.e. the
smaller the solubility parameter disparity between polymer and solvent, the
longer it takes to remove solvent from the polymer, therefore the slower the
precipitation rate. The greater the precipitant polymer solubility parameter
disparity, the faster the precipitation will occur. Increases in the compatibility
of polymer and precipitant tend to give membranes with a sponge-type
structure (optimum for gas separation), whilst decreasing compatibilities lead
to finger-like structures. The solvent precipitant interaction is also important,
and ameasure of this is the heat of mixing. In systems such as polyetherketone,
where the only suitable solvent is 98% sulfuric acid, the heat of mixing solvent
and non-solvent (water) is so great that it is difficult to obtain sponge-like
membrane structures.		 However, with polysulfone and polyimides, many
types of hollow fibre morphologies can be obtained due to the large numbers
of solvents and non-solvent combinations available. Perhaps this is why
polysulfone, polyethersulfone andpolyimide polymers are still being investigated
for their phase separation characteristics.	�—��
Additives can be added to the precipitant or polymer solution, and these

change the activity coefficients for the polymer, solvent or precipitant. In the
case of the precipitant, additives such as salts reduce the rate of precipitation
and a sponge structure is favoured. In the case of the polymer spinning
solution, the same additives generally increase the rate of precipitation and a
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finger structure is therefore favoured. Increasing the polymer concentration
tends to result in sponge-type structures, whilst low polymer concentrations
result in finger-type structures.
The higher the polymer concentration, the higher the strength of the surface

precipitated layer, since a higher polymer concentration exists at the point of
precipitation and this tends to prevent the initiation of finger pores. Increasing
the viscosity of the polymer solution has the same effect. It was shown by
Senn	� that a sponge-type structure was preferable to a finger-like structure,
both in terms of permeation rate and separation factor for polysulfone hollow
fibre membranes; though some of the early photographs of Monsanto hollow
fibres showed the fibres to have finger-type structures, it is unlikely that these
fibres are the ones actually used in the PRISM�� system.
Moreover, with hollow fibre systems the formation shape and size of the

hollow fibre lumen is dependent upon the injection rate and the composition
of the internal coagulant, as well as the air-gap in the dry jet wet spinning
system. An essential function of the injection fluid is to produce a circular
lumen of sufficient diameter to allow the unimpeded flow of the faster
permeant gas.
The effects of spinning conditions on fibre morphology and performance

have been discussed recently for polyimides,����� polyetherketone		 and
polysulfone. Many papers have been published, examples of which can be
found in the following references.	�—��

11.5 Future hollow fibre membranes and industrial
gas separation

Membranes have to compete with the existing gas separation technologies of
pressure swing adsorption, cryogenics and absorption. The advantages and
disadvantages of each separation technology have been well established.�	
Within this context, the use of hollow fibre membranes for industrial

separation processes has developed, and they can now compete effectively in
some cases with conventional processes in terms of energy and capital costs.
Membranes for gas separation have developed significantly in the last 20
years; however, there is still a need for high temperature and chemically
resistant hollow fibre membranes that exhibit good selectivity and gas
permeability. In spite of the developments in gas separationmembranes, there
are still only a few types of hollow fibre membranes that are commercially
available. Polymers currently in use include polysulfone (Monsanto),
polycarbonate (Dow Chemical Co.) and polyimide (Medal Co.). Ceramic
membranes have found broad application for chemical and temperature
resistance, but these are far more expensive and more difficult to make than
polymeric membranes.��
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With this in mind, new better polymeric hollow fibre membranes are still
needed that have unique combinations of mechanical toughness, high
modulus, thermo-oxidative and hydrolytic stability, resistance to organic
solvents and retention of physical properties at very high temperatures up to
250 °C. The challenge continues.
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12
Embroidery and smart textiles

BAX RBEL SELM, BERNHARD BISCHOFF AND
ROLAND SEIDL

12.1 Introduction

At first glance, embroidery technology seems to have little in common with
intelligent textiles and high-tech clothing, since embroidery is generally
defined as follows: ‘The decoration of woven or knitted textile fabrics or other
surfaces, e.g. leather, through the application of threads or other decorative
objects (beads, cords, applications), by sewing them in or on in an arrangement
designed to achieve a pattern on the ground fabric’.�
The 1990s, however, taught us otherwise. Embroidery is the only textile

technology in which threads can be arranged in (almost) any direction. The
boom in technical textiles has, all of a sudden, created an interest in
embroidery technology formechanical engineering.Arranginghighperformance
fibres, such asKevlar, carbon fibres, PPS, PBO, etc. in components, according
to the lines of force acting upon them, results in elements combining high
performance with small mass.
What was until recently unthinkable has now come about: medicine has

discovered embroidery. This technology allows wound dressing to be
constructed in such a way that embroidered, three-dimensional structures
become functional in the healing of wounds.
A combination of aesthetics and innovation is represented in the embroidered

stamp, which was introduced as a world novelty in the year 2000 in St. Gallen,
Switzerland. Embroidery technology — until very recently used ‘just’ for
decorative purposes — is now slowly penetrating the field of technical textiles.
This technology offers unique possibilities and a potential for ‘smart textiles’.

12.2 Basics of embroidery technology

Almost all peoples of all regions can look back on a tradition of hand
embroidery many centuries old. This was used then, and it still is, for home
decorations, clothing, and textiles for cult or religious purposes. The variety of
stitches, materials and patterns, which are characteristic features of particular
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eras and countries, is huge and beyond visualization. The ground fabric is held
in a round frame, the embroiderer pierces the ground fabric by hand with a
needle from the top, and the other hand, beneath the embroidery frame,
receives the needle, carefully pulls tight the thread and sends the needle to the
top again close to the previous stitch. The stitches used include outline
embroidery stitches, such as rope, coral, cable, chain or split stitches; flat-mass
embroidery stitches, such as couching, satin stitch, darning, cross stitch or
appliqué; and shading stitches, such as the feather stitch.

12.2.1 Combined embroidery techniques

Combined embroidery techniques mean that, apart from the ground material
and basic embroidery, other additional materials and techniques are used.
These products are still categorized as embroidery, even though other
techniques such as padding, shearing, etc. are also involved. This is explained
by the fact that these are primarily embroidery products. All other techniques
are subordinate and merely serve the purpose of the embroidery process,
exercising no major influence on the end result.
Combined embroidery techniques without cutwork mean that there are no

openings in the ground material. The use of additional materials is frequent
with this technique and, less often, other techniques are applied, such as
shearing of applications. These combined techniques are divided up into braid
embroidery, cord and ribbon embroidery (soutache), appliqués and quilting,
and pearl and tinsel embroidery (sequins). The combined embroidery
techniques with cutwork comprise thread tensioning and thread pull-out.

12.2.2 Embroidery machines

The fundamental principle of hand embroidery machines is to increase
performance by simultaneous operation of a number of needles. Needles with
points on either end and eyes in the middle are used. The frame, which holds
the groundmaterial, moves to produce a pattern. The needlesmove in and out
of the material along their longitudinal axis. The pattern control is by hand,
with a pantograph following an embroidery drawing.
The shuttle embroidery machine is essentially based on the same design as

the hand embroidery machine. The most important components of such
machines are:

∑ frame to stretch and move the ground material
pattern control by hand: pantograph machines
pattern control by a drive: automatic embroiderer
electronic pattern control: Positronic
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∑ needle bar with yarn guide
∑ shuttle bar with drive
∑ central drive unit.

12.3 Embroidery for technical applications – tailored
fibre placement

With the aid of embroidery, through fibre orientation, fibre-composite
components can be created to withstand complex forces. This is called tailored
fibre placement, TFP.�
The process applied is based on embroidery technology,modified to suit the

specific technical requirements. A ‘cord’ of reinforcing fibres is sewn onto the
ground material. The arrangement (guiding) of the cord is CNC controlled,
and the ‘embroidery pattern’ is produced with the aid of a computer program.
The reproducibility of technical embroidery is good and a change of pattern
can be rapidly effected.
The cord can be made of glass, carbon or aramid fibres. Hybrid yarns,

consisting of reinforcement and matrix fibres, can also be applied.
A variety of materials can be used as the groundmaterial on which the cord

is embroidered, such as woven and non-woven fabrics or foils. In the process,
thesematerials become part of the composite and have to be coordinatedwith
the matrix material. This applies equally to the binding ends, used for the
production of the cord. In this way, for instance, glass wovens and polyester
ends can be used for a glass/epoxy resin system. For a carbon/PEEK system,
PEEK foil and PEEK ends are used. The main advantage, when compared to
standard textile technologies, is that reinforcement threads can be arranged in
anydirection, i.e. at anyangle between 0° and360°. Thus embroidery allows an
accumulation of reinforcement material by repeated embroidering across the
same place.
To turn the embroidered goods into composites, conventional technologies

can be used, such as layout by hand, resin injection processes or pressing. The
composite can consist of embroidered products only, or of a combination of
standard reinforcement structures.
Examples of typical construction components are:

∑ rotating machine elements, subjected to centrifugal forces, must be
reinforced by radial and tangential structures

∑ compression-tensionbars reinforced by loops and by radial and tangential
structures

∑ levers, subjected to pressure and inflection loads, reinforced by cords,
which are arranged along the main stress lines.
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12.1 Embroidery stent, as used for the repair of abdominal aortic
aneurysms.

12.4 Embroidery technology used for medical textiles

The field of medical textiles is vast. Clothing for hospital staff, surgery
blankets, textiles for hygienic and orthopaedic purposes, dressings, implants
and much more are included in the wider sense. For future development,
products for the healing and construction of human tissue are of particular
interest, and this is also the main focus of this chapter. Up to now, products
manufactured with embroidery technology have not been available in the
medical field. Even though the technique of embroidering has been known for
centuries, this field of work has never been touched.However, the first medical
products have now beenmanufactured and are being launched on themarket.
For many years, textile structures have been successfully used for wound

treatment, operations and implants. The popular range of these products
include plasters, wound gauze, dressing material, surgical stitch material,
vessel prosthesis and hernia nets. There is a differentiation between external
and internal (implant) application.Most products are woven or knitted textile
materials, which, for the various applications, are made up according to
individual requirements. Figure 12.1 illustrates an embroidered stent.
Today, the use of textile structures in medicine is a growing market. There

are constantly new discoveries concerning cellular components, and the
reactions of the human body to new and existing substances. New ideas and
improvements are needed in order to meet the requirements of this new field.
This is anopportunity for embroidery technology.Theprocess of embroidering

allows threads to be arranged on a flat substrate in anydirection, thus enabling
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the production of any desirable textile form. This is particularly advantageous
with relatively small motifs. As opposed to weaving, where threads are
arrangedat rigid angles, embroidery also enables roundedpatterns.Additionally,
made-up embroidery goods are dimensionally stable — unlike knitted fabrics.
A further particularity of embroidery is that threads can be placed on top of
one another, achieving three-dimensional characteristics.Modern embroidery
machines are equipped with colour change devices, enabling switching from
one material component to another during the course of production.
Refined and highly sophisticated software enables such flexible production

methods. This combines graphics input, of entering images and patterns, with
machine language in the embroidery works. The draft of an embroidery
pattern is entered into a CAD (computer-aided design) programme, after
which it is immediately available for production in machine-readable code.
This enables rapid prototyping, so that prototypes to customer requirements
can be produced within one day. Ideas from doctors and hospitals can be
turned into prototypes equally fast. These rapidly produced embroidered
patternsprovide a helpful basis for discussion and communicationwithpeople
from other specialized fields, thus accelerating the development processes.
For medical products, special thread materials are embroidered onto a

substrate according to the form required. If a substrate is chosen that is made
of polyvinyl alcohol (PVA) or cellulose acetate (CA), it can be dissolved in
water or acetone respectively after the embroidery process. The design must
ensure that the thread structures hold together securely. Local reinforcements
and functional elements can easily be incorporated into the embroidered
goods. In an initial phase, the research team with J. G. Ellis� has developed
embroidered textile implants. They designed hernia patches, implants for
intervertebral disc repair and a stent for the repair of abdominal aortic
aneurysms (Fig. 12.1). They even used embroidery technology to place and fix
rings made of Nitinol shape memory.
In the development of medical textiles, polyester is frequently used. If

specialized biocompatible materials are used, they are brought in at a later,
more advanced stage of development, due to their high cost (up to
4000US$/kg). Various synthetic or natural polymer fibres feature very specific
structural and mechanical properties, favoured by tissue engineering as bone,
cartilage or skin replacements. Karamuk and Mayer	 carried out tests with
embroidered materials that decompose inside the body. These were threads
made of polyglycolic acid (PGA). In vitro tests (Fig. 12.2) showed that forces in
embroidery goods can be controlled by embroidery technology; in this way,
the mechanical properties of the textile can be adapted to those of the body
tissue, and inflammatory reactions can be avoided.
The research team, including E. Karamuk,� developed a textile wound

dressing for the treatment of chronic slow-healingwounds. These embroidered
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12.2 Cellular growth on a single fibril.

12.3 Electron microscopic view of the embroidered layer of a Tissupor
wound dressing.

goods have a three-dimensional structure (Fig. 12.3) and achieve the desired
reconstruction of skin tissue. Great attention was paid to the selection of the
yarns used: monofilament and multifilament were chosen. In their interstices,
multifilaments provide small pores for the body tissue to grow. The spacing
between the yarns has larger pores and allows blood vessels to grow into the
variously sized holes provided. Apart from the structural configuration of the
embroidery goods, stiff elements are incorporated to effect local stimulation of
the body tissue. Clinical studies were carried out successfully with patients
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12.4 Production of embroidered stamps on a large embroidery machine.

who suffered from deep tissue defects due to bedsores, and with patients
who suffered from surface wounds due to ulcers caused by bad circulation in
their legs.
The growing field of tissue engineeringwill requiremore textile structures to

support human cells, to reconstruct tissue or entire organs.Possible alternatives,
such as transplants or genetic engineering, still leave too many questions
unanswered. That is why the means of embroidery technology will yield
further products and solutions. Further development work will result in the
provision of tailor-made substrates for medical textiles for the healing and
regeneration of various wounds and organs.

12.5 Embroidered stamp – gag or innovation?

The world’s first embroidered stamp, presented to the public in June 2000,
provides further evidence to prove that embroidery technology can be used
outside the field of fashion. The agreement on an appropriate size for the
forming of proper textile structures was an essential factor. Furthermore, a
self-adhesive coating had to be chosen, which would meet the requirements of
the post office as well as stamp collectors. Although this project was very
successful, it cannot be assumed that embroidery technology will be used as
standard technology to produce stamps, since the cost is very high. The limited
time available to translate this innovative idea into practice hardly allowed for
pure research on the subject. This example demonstrates however that, with
flexibility existing technologies can be combined and applied to new areas for
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12.5 A square of four stamps on the embroidery machine.

which they were not originally intended. The production of the embroidered
stamps on a large embroidery machine is shown in Fig. 12.4 and 12.5.

12.6 Summary

The combination of embroidery technology and intelligent textiles was, until
very recently, a contradiction — now they are one and the same. The examples
of ‘unconventional’ uses of embroidery, as presented in this chapter, indicate
the potential still to be exploited. However, we are at the very beginning of
exploring this field, and extensive research and development work will be
required for the eventual manufacture of commercial products. Tailor-made
and/or three-dimensional textiles capable of withstanding forces will be with
us and clothe us — the smart textiles of the new millennium.
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13
Adaptive and responsive textile

structures (ARTS)

SUNGMEE PARK AND
SUNDARESAN JAYARAMAN*

13.1 Introduction

The field of textiles has been instrumental in bringing about one of the most
significant technological advancements known to human beings, i.e. the birth
of the computer, which spawned the information/knowledge revolution being
witnessed today. It is only appropriate that this field take the next evolutionary
step towards integrating textiles and computing, by designing and producing
intelligent textiles that can adapt and respond to the wearer’s needs and the
environment. In this chapter, we discuss the need for the new generation of
adaptive and responsive textile structures (ARTS) and present the design and
development of the Georgia Tech Wearable Motherboard�� (GTWM), the
first generation of ARTS. We will discuss the universal characteristics of the
interface pioneered by the GTWM, or the smart shirt, and explore the
potential applications of the technology in areas ranging from medical
monitoring to wearable information processing systems.We will conclude the
chapter with a discussion of the research avenues that this new paradigm
spawns for a multidisciplinary effort involving the convergence of several
technical areas — sensor technologies, textiles, materials, optics and communi-
cation — that can not only lead to a rich body of new knowledge but, in doing
so, enhance the quality of human life.

13.2 Textiles and computing: the symbiotic relationship

John Kay’s invention of the flying shuttle in 1733 sparked off the first
Industrial Revolution, which led to the transformation of industry and
subsequently of civilization itself. Yet another invention in the field of textiles —
the Jacquard head by Joseph Marie Jacquard (ca. 1801) — was the first binary
information processor. Ada Lovelace, the benefactor for Charles Babbage
who worked on the analytical engine (the predecessor to the modern day
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computer), is said to have remarked, ‘The analytical engine weaves algebraic
patterns just as the Jacquard loom weaves flowers and leaves.’ Thus, the
Jacquard mechanism that inspired Babbage and spawned the Hollerith
punched card has been instrumental in bringing about one of the most
profound technological advancements known to humans, viz. the second
Industrial Revolution, also known as the Information Processing Revolution
or the Computer Revolution.�

13.2.1 The three dimensions of clothing and wearable
information infrastructure

Humans are used to wearing clothes from the day they are born and, in
general, no special ‘training’ is required to wear them, i.e. to use the interface. It
is probably the most universal of human—computer interfaces and is one that
humans need, use and are very familiar with, and that can be enjoyed and
customized.�Moreover, humans enjoy clothing, and this universal interface of
clothing can be ‘tailored’ to fit the individual’s preferences, needs and tastes,
including body dimensions, budgets, occasions and moods. It can also be
designed to accommodate the constraints imposed by the ambient environment
in which the user interacts, i.e. different climates. In addition to these two
dimensions of functionality and aesthetics, if ‘intelligence’ can be embedded or
integrated into clothing as a third dimension, it would lead to the realizationof
clothing as a personalized wearable information infrastructure.

13.2.2 Textiles and information processing

A well-designed information processing system should facilitate the access of
information Anytime, Anyplace, by Anyone — the three As. The ‘ultimate’
information processing system should not only provide for large bandwidths,
but also have the ability to see, feel, think and act. In other words, the system
should be totally ‘customizable’ and be ‘in-sync’ with the human. Clothing is
probably the only element that is ‘always there’ and in complete harmonywith
the individual (at least in a civilized society!). And textiles provide the ultimate
flexibility in system design by virtue of the broad range of fibres, yarns, fabrics
and manufacturing techniques that can be deployed to create products for
desired end-use applications. Therefore, there is a need for research in textiles
that would result in a piece of clothing that can serve as a true information
processing device, with the ability to sense, feel, think and act based on the
wearer’s stimuli and the operational environment. Such an endeavour can
facilitate personalized mobile information processing (PMIP) and give new
meaning to the termman—machine symbiosis. The first step in creating such an
intelligent or adaptive and responsive textile structure (ARTS) has been taken
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with the design anddevelopment of theGeorgiaTechWearableMotherboard��,
also known as the smart shirt.�

13.3 The Georgia Tech Wearable MotherboardTM

In the spring of 1996, the US Navy Department put out a broad agency
announcement inviting white (concept) papers to create a system for the
soldier that was capable of alerting the medical triage unit (stationed near the
battlefield) when a soldier was shot, along with some information on the
soldier’s conditioncharacterizing the extentof injury.As such, this announcement
was very broad in the definition of the requirements, and specified the
following two key broad objectives of the so-called sensate liner:

∑ Detect the penetration of a projectile, e.g. bullets and shrapnel
∑ Monitor the soldier’s vital signs.

The vital signs would be transmitted to the triage unit by interfacing the
sensate liner with a personal status monitor developed by the US Defense
Advanced Projects Research Agency (DARPA).

13.3.1 The name ‘Wearable Motherboard’

As the research progressed, new vistas emerged for the deployment of the
resulting technology, including civilian medical applications and the new
paradigmof personalized informationprocessing using the flexible information
infrastructure. Therefore, we coined the name Wearable Motherboard�� to
better reflect the breadth and depth of the conceptual advancement resulting
from the research. Just as chips and other devices can be plugged into a
computermotherboard, sensors and other information processing devices can
be plugged into the sensate liners produced during the course of the research.
Therefore, the name Wearable Motherboard is apt for the flexible, wearable
and comfortable sensate liners. The name also represents (1) a natural
evolution of the earlier names sensate liner and woven motherboard, (2) the
expansion of the initial scope and capability of a sensate liner targeted for
combat casualty care to amuch broader concept and spectrum of applications
and capabilities — much like a platform to build upon, and (3) the symbiotic
relationship between textiles and computing that began with the Jacquard
weaving machine.

13.3.2 Detailed analysis of the key performance requirements

Quality function deployment (QFD) is a structured process that uses a visual
language and a set of inter-linked engineering and management charts to
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transform customer requirements into design, production and manufacturing
process characteristics.	 The result is a systems engineering process that
prioritizes and links the product development process to the design so that it
assures product quality as defined by the customer. Additional power is
derived when QFD is used within a concurrent engineering environment.
Therefore, theQFDapproachwas adopted for the research that also served as
an example of integrated product/process design (IP/PD) or concurrent
engineering.
The first step in this QFD process is to clearly identify the various

characteristics required by the customer (the US Navy, in this research) in the
product being designed.��� Therefore, using this information on the two key
performance requirements, an extensive analysis was carried out. A detailed
andmore specific set of performance requirements was defined with the result
shown in Fig. 13.1. These requirements are functionality, usability in combat,
wearability, durability,manufacturability,maintainability, connectability and
affordability. The next step was to examine these requirements in depth and to
identify the key factors associated with each of them. These are also shown in
the figure. For example, functionality implies that the GTWMmust be able to
detect the penetration of a projectile and should also monitor body vital signs
— these are the two requirements identified in the broad agency announcement
from the Navy.
Likewise, as shown in the figure, wearability implies that theGTWMshould

be lightweight, breathable, comfortable (form-fitting), easy to wear and take
off, and provide easy access to wounds. These are critical requirements in
combat conditions, so that the protective garment does not hamper the
soldier’s performance. The durability of the GTWM is represented in terms of
a wear life of 120 combat days and its ability to withstand repeated flexure and
abrasion — both of which are characteristic of combat conditions. Manufac-
turability is another key requirement, since the design (garment) should
eventually be produced in large quantities over the size range for the soldiers;
moreover, it should be compatiblewith standard issue clothing and equipment.
The maintainability of the GTWM is an important requirement for the
hygiene of the soldiers in combat conditions; it should withstand field
laundering, should dry easily and be easily repairable (for minor damages).
The developed GTWM should be easily connectable to sensors and the
personal status monitor (PSM) on the soldier. Finally, the affordability of the
proposed GTWM is another major requirement, so that the garment can be
made widely available to all combat soldiers to help ensure their personal
survival, therebydirectly contributing to themilitarymissionas force enhancers.
Thus, in the first step of the conceptual design process, the broad

performance requirements were translated into a larger set of clearly defined
functions along with the associated factors (Fig. 13.1).
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GTWM requirements

Functionality

Manufacturability Maintainability Connectability

Usability in combat Wearability Durability
Projectile penetration alert

Military size ranges Field launderable To sensors

Compatible with standard combat
clothing and equipment

Easy drying To personal status monitor

Colour fastness
Ease of fabrication Repairable

Odour-free and antibacterial

Physiological thermal protection Comfortable
- no skin irritation and no pressure points

Wear life of 120 combat days

Monitor body vital signs Minimize signature detectabilty
- thermal,acoustic, radar,and visual 

Flexural endurance
Breathable (air permeable) Strength

- tear, tensile and burstResistance to petroleum products Moisture absorption
- wickability (MVTR)Electrostatic charge decay Abrasion resistance

Resistance to EMI Lightweight
- low bulk and weight

Corrosion resistance

Hazard protection
- nuclear, biological and chemical Dimensional stability

Easy to wear and to take offFlame and directed energy retardancy
Adjustable with standard handwearBiomechanical efficiency
Easy to access wounds

Maintain operational mobility

Maximize range of motion

13.1 GTWM: performance requirements.



13.3.3 The GTWM design and development framework

Once the detailed performance requirements were defined, the need for an
overall design and development framework became obvious. However, no
comprehensive framework was found in the literature; therefore, one was
developed. Figure 13.2 shows the resulting overall GTWM design and
development framework and encapsulates the modified QFD-type (quality
function deployment) methodology developed for achieving the project goals.
The requirements are then translated into the appropriate properties of
GTWM: sets of sensing and comfort properties. The properties lead to the
specific design of the GTWM, with a dual structure meeting the twin
requirements of ‘sensing’ and ‘comfort’. These properties of the proposed
design are achieved through the appropriate choice of materials and
fabrication technologies by applying the corresponding design parameters as
shown in the figure. These major facets in the proposed framework are linked
together as shown by the arrows between the dotted boxes in Fig. 13.2. The
detailed analysis of the performance requirements, the methodology and the
proposed design and development framework can be found elsewhere.� This
generic framework can be easily modified to suit the specific end-use
requirements associated with the garment. For instance, when creating a
versionofGTWMfor the preventionof sudden infant death syndrome (SIDS),
the requirement of ‘usability in combat’ would not apply.

13.3.4 The design and structure of GTWM

This structured and analytical process eventually led to the design of the
structure. The Wearable Motherboard consists of the following building
blocks or modules that are totally integrated to create a garment (with
intelligence) that feels and wears like any typical undershirt. The modules are:

∑ a comfort component to provide the basic comfort properties that any
typical undergarment would provide to the user,

∑ a penetration sensing component to detect the penetration of a projectile,
∑ an electrical sensing component to serve as a data bus to carry the

information to/from the sensorsmounted on the user or integrated into the
structure,

∑ a form-fitting component to ensure the right fit for the user, and
∑ a static dissipating component to minimize static build-up when the

garment is worn.

The elegance of this design lies in the fact that these building blocks (like
LEGO�� blocks) can be put together in any desired combination to produce
structures to meet specific end-use requirements. For example, in creating a
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Functionality

Electrical/optical conductivity

Usability in combat

Wearability

Lead to

Connectability

Durability

Maintainability

Manufacturability

Affordability

Are achieved throughTranslate into By applying these
Requirements

GTWM performance
requirements

Desired properties

Sensing properties

Materials Design parameters

Manufacturing technologies Design parameters

Properties

Design

Materials and
fabrication
technologies

Design parameters

Resistivity (of insulating layer)
Act as an elastic circuit board
Attenuation of signal
Bending rigidity

Plastic optical fibres
Penetration sensing comp. (PSC)

Silica optical fibres

Copper core/PE sheath
Electrical conducting comp. (ECC)

Polyacetylene core/PE sheath

Spandex

Form-fitting component (FFC)

Nega-stat

Static dissipating comp. (SDC)

Meraklon (modified polypropylene)

Comfort component (CC)

Cotton
Microdenier poly/cotton blend
Gore-Tex film

Flexural endurance
Elongation and creep
Tensile strength and modulus
Weight
Manufacturability
Cost

Numerical aperture (NA),
signal attenuation, bandwidth
bending radius, strength

Electrical conductivity,
resistivity; strength,
flexibility

Strength, elongation, fineness,
creep/elastic recovery

Charge dissipation rate,
fineness

Warp/weft density, weave structure,
warp/weft yarn count

Tubular weaving

GTWM assembly Design parameters

Sensor locations,
sensor interconnection technology

Interconnections
sensor mounting

Wale/course density,
knit structure, yarn count

Inlay knitting

Type of backing fabric,
pattern, thread count

Embroidery

Fibre length, fineness,
uniformity (U %), maturity,
strength, elongation,
moisture absorption, 
density, friction, 
cross-sectional shape

Fabric hand

Comfort properties

Air permeability
Moisture absorption
Stretchability
Bending rigidity
Weight
Tensile strength and modulus
Static dissipation
Form fitting
Manufacturability
Cost

Penetration sensing component (PSC)
Electrical conducting component (ECC)

Comfort component (CC)
Form-fitting component (FFC)
Static dissipating component (SDC)

13.2 GTWM: design and development framework.



GTWM for healthcare applications, e.g. patient monitoring, the penetration
sensing component will not be included. The actual integration of the desired
building blocks will occur during the production process through the
inclusion of the appropriate fibres and yarns that provide the specific
functionality associatedwith the building block. In and of itself, the design and
development framework resulting from this research represents a significant
contribution to systematizing the process of designing structures and systems
for a multitude of applications.

13.3.5 Production of GTWM

The resulting design was woven into a single-piece garment (an undershirt) on
a weaving machine to fit a 38—40 in chest. The various building blocks were
integrated into the garment at the appropriate positions in the garment. Based
on the in-depth analysis of the properties of the different fibres and materials,
and their ability to meet the performance requirements, the following
materials were chosen for the building blocks in the initial version of the smart
shirt:�

∑ Meraklon (polypropylene fibre) for the comfort component
∑ plastic optical fibres for the penetration sensing component
∑ copper core with polyethylene sheath and doped nylon fibres with

inorganic particles for the electrical conducting component
∑ Spandex for the form-fitting component
∑ Nega-Stat�� for the static dissipating component.

The plastic optical fibre (POF) is spirally integrated into the structure
during the fabric production process without any discontinuities at the
armhole or the seams using a novel modification in the weaving process.With
this innovative design, there is no need for the ‘cut and sew’ operations to
produce a garment froma two-dimensional fabric. This pioneering contribution
represents a significant breakthrough in textile engineering because, for the
first time, a full-fashioned garment has been woven on a weaving machine.
An interconnection technology was developed to transmit information

from (and to) sensors mounted at any location on the body, thus creating a
flexible bus structure. T-Connectors — similar to button clips used in clothing —
are attached to the yarns that serve as the data bus to carry the information
from the sensors, e.g. EKG (electrocardiogram) sensors on the body. The
sensors plug into these connectors and, at the other end, similar T-connectors
are used to transmit the information to monitoring equipment or DARPA’s
personal status monitor. By making the sensors detachable from the garment,
the versatility of theGTWMhas been significantly enhanced. Since the shapes
and sizes of humans will be different, sensors can be positioned on the right
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13.3 Wearable MotherboardTM on subjects. The optical fibres are lit,
indicating the shirt on the left is ‘armed’ for detecting penetration.

locations for all users and without any constraints imposed by the GTWM. In
essence, the GTWM can be truly ‘customized’. Moreover, it can be laundered
without any damage to the sensors themselves. In addition to the fibre optic
and specialty fibres that serve as sensors, and the data bus to carry sensory
information from thewearer to themonitoring devices, sensors formonitoring
the respiration rate, e.g. RespiTrace�� sensors, have been integrated into the
structure, thus clearly demonstrating the capability to directly incorporate
sensors into the garment.
Several generations of the woven and knitted versions of the Wearable

Motherboard have been produced (see Fig. 13.3). The lighted optical fibre in
the figure illustrates that the GTWM is ‘armed’ and ready to detect projectile
penetration. The interconnection technology has been used to integrate
sensors for monitoring the following vital signs: temperature, heart rate and
respiration rate. In addition, a microphone has been attached to transmit the
wearer’s voice data to recordingdevices.Other sensors can be easily integrated
into the structure. For instance, a sensor to detect oxygen levels or hazardous
gases can be integrated into a variation of the GTWM that will be used by
firefighters. This information, along with the vital signs, can be transmitted to
the fire station, where personnel can continuously monitor the firefighter’s
condition and provide appropriate instructions, including ordering the
individual to evacuate the scene if necessary. Thus, this research has led to a
truly and fully customizable ‘Wearable Motherboard’ or intelligent garment.
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13.4 EKG trace from the GTWM.

13.3.6 Testing of the GTWM

The penetration sensing and vital signs monitoring capabilities of theGTWM
were tested. A bench-top set-up for testing the penetration sensing capability
was devised. A low-power laser was used at one end of the plastic optical fibre
(POF) to send pulses that ‘lit up’ the structure indicating that the GTWMwas
armed and ready to detect any interruptions in the light flow that might be
caused by a bullet or shrapnel penetrating the garment. At the other end of the
POF, a photo-diode connected to a power-measuring device measured the
power output from the POF. The penetration of the GTWM resulting in the
breakage of the POFwas simulated by cutting the POFwith a pair of scissors;
when this happened, the power output at the other end on the measuring
device fell to zero. The location of the actual penetration in the POF could be
determined by an optical time domain reflectometer, an instrument used by
telephone companies to pinpoint breaks in fibre optic cables.
The vital signs monitoring capability was tested by a subject wearing the

garment and measuring the heart rate and electrocardiogram (EKG) through
the sensors and T-connectors. In Fig. 13.4, the EKG trace from the Wearable
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Motherboard is shown along with the control chart produced from a
traditional set-up. Similarly, the wearer’s temperature was monitored using a
thermistor-type sensor. A subject wearing the smart shirt continuously for
long periods of time evaluated the garment’s comfort. The subject’s behaviour
was observed to detect any discomfort and none was detected. The garment
was also found to be easy to wear and take off. For monitoring acutely ill
patients, who may not be able to put the smart shirt on over the head (like a
typical undershirt), Velcro�� and zipper fasteners are used to attach the front
and back of the garment, creating a garment with full monitoring capability.
Thus, a fully functional and comfortable Wearable Motherboard or smart

shirt has been designed, developed and successfully tested for monitoring vital
signs.�

13.4 GTWM: contributions and potential applications

This research on the design and development of the GTWM has opened up
new frontiers in personalized information processing, healthcare and
telemedicine, and space exploration, to name a few.�Until now, it has not been
possible to create a personal information processor that was customizable,
wearable and comfortable; neither has there been a garment that could be used
for unobtrusivemonitoringof the vital signs of humans on earth or space, such
as temperature, heart rate, etc. Moreover, with its universal interface of
clothing, the GTWMpioneers the paradigm of an integrated approach to the
creation and deployment of wearable information infrastructures that, in fact,
subsume the current class of wearable computers.

13.4.1 Potential applications of the GTWM

The broad range of applications of the GTWM in a variety of segments is
summarized in Table 13.1. The table also shows the application type and the
target population that can utilize the technology. A brief overview of the
various applications follows.

13.4.1.1 Combat casualty care

The GTWM can serve as a monitoring system for soldiers that is capable of
alerting the medical triage unit (stationed near the battlefield) when a soldier
is shot, along with transmitting information on the soldier’s condition,
characterizing the extent of injury and the soldier’s vital signs. This was the
original intent behind the research that led to the development of theGTWM.
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Table 13.1 Potential applications of the Wearable Motherboard

Segment Application type Target customer base

Military Combat casualty care Soldiers and support
personnel in battlefield

Civilian Medical monitoring Patients: surgical recovery,
psychiatric care

Senior citizens: geriatric care,
nursing homes

Infants: SIDS prevention

Teaching hospitals and
medical research institutions

Sports/performance
monitoring

Athletes, individuals
Scuba diving,
mountaineering, hiking

Space Space experiments Astronauts

Specialized Mission critical/hazardous
applications

Mining, mass transportation

Public safety Fire-fighting Firefighters
Law enforcement Police

Universal Wearable mobile information
infrastructure

All information processing
applications

13.4.1.2 Healthcare and telemedicine

The healthcare applications of the GTWMare enormous; it greatly facilitates
the practice of telemedicine, thus enhancing access to healthcare for patients
in a variety of situations. These include patients recovering from surgery at
home, e.g. after heart surgery, geriatric patients (especially those in remote
areas where the doctor/patient ratio is very small compared to urban areas),
potential applications for patients with psychiatric conditions (depress-
ion/anxiety), infants susceptible to SIDS (sudden infant death syndrome) and
individuals prone to allergic reactions, e.g. anaphylaxis reaction frombee stings.

13.4.1.3 Sports and athletics

The GTWM can be used for the continuous monitoring of the vital signs of
athletes to help them track and enhance their performance. In team sports, the
coach can track the vital signs and the performance of the player on the field
and make desired changes in the players on the field depending on the
condition of the player.
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13.4.1.4 Space experiments

The GTWM can be used for the monitoring of astronauts in space in an
unobtrusive manner. The knowledge to be gained from medical experiments
in space will lead to new discoveries and the advancement of the understanding
of space.

13.4.1.5 Mission critical/hazardous applications

Monitoring the vital signs of those engaged in mission critical or hazardous
activities such as pilots, miners, sailors, nuclear engineers, among others.
Special-purpose sensors that can detect the presence of hazardous materials
can be integrated into the GTWMand enhance the occupational safety of the
individuals.

13.4.1.6 Public safety

Combining the smart shirt with a GPS (global positioning system) and
monitoring the well-being of public safety officials (firefighters, police officers,
etc.), their location and vital signs at all times, thereby increasing the safety
and ability of these personnel to operate in remote and challenging conditions.

13.4.1.7 Personalized information processing

A revolutionary new way to customize information processing devices to ‘fit’
the wearer by selecting and plugging in chips/sensors into the Wearable
Motherboard (garment).
A detailed analysis of the characteristics of the GTWM and its medical

applications can be found elsewhere.�

13.4.2 Impact of the technology

The Wearable Motherboard�� technology has the potential to make a
significant impact on healthcare while enhancing the quality of life. For
instance, patients could wear the GTWM at home and be monitored by a
monitoring station (similar to home security monitoring companies), thereby
avoiding hospital stay costs and reducing the overall cost of healthcare. At the
same time, a home setting can contribute to faster recovery. As another
example, when a baby version of the GTWM is used for monitoring infants
prone to SIDS (sudden infant death syndrome), it can shift the focus from the
treatment of infants who have suffered brain damage due to apnea to the
prevention of the damage in the first place. Because the GTWM can be
tailored, it can be used across the entire population spectrum, from infants to
senior citizens of both genders.
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Georgia Tech Wearable Motherboard
(smart shirt)

C

on t i nuum of l i f e

13.5 The twin continua of life and medical care.

13.4.2.1 Product versatility

The ‘plug and play’ feature in the GTWM greatly broadens its application
areas. For instance, athletes can choose to have one set of sensors to monitor
their performance on the field, while firefighters could have a different set of
sensors, e.g. heart rate, temperature and hazardous gases for their application.
Thus, the GTWM is a versatile platform and serves as a true motherboard.

13.4.2.2 Product appeal

The GTWM is similar to any undershirt and is comfortable, and easy to wear
and use. By separating the sensors from the garment, the maintenance of the
garment has been enhanced. The current versions of the garment can be
machine-washed. Initial tests have demonstrated the reliability of the system
to continuously monitor the various vital signs. In terms of affordability, the
anticipated cost of producing the smart shirt is in the $35 range. The costs
associated with the required sensors and monitoring would vary depending
on the individual application. Thus, conceptually, the smart shirt can be
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likened to a home alarm system. Just as the overall cost of the homemonitoring
system will depend on the number of points monitored, the types of sensors
used and the desired response, the final cost of the smart shirt will also vary.
This ability to customize greatly enhances the appeal of the GTWM to a wide
cross-section of the population.
Thus, the smart shirt will have a significant impact on the practice of

medicine, since it fulfils the critical need for a technology that can enhance the
quality of life while reducing healthcare costs across the continuum of life, i.e.
from newborns to senior citizens and across the continuum of medical care,
i.e. from homes to hospitals and everywhere in-between as shown in Fig. 13.5.
The potential impact of this technology on medicine was further reinforced in
a special issue of Life Magazine — Medical Miracles for the Next Millennium,
autumn 1998 — in which the smart shirt was featured as one of the ‘21
breakthroughs that could change your life in the 21st century’.�

13.5 Emergence of a new paradigm: harnessing the
opportunity

One of the unique facets of theGTWMis that there are no seams or ‘breaks’ in
the plastic optical fibre, which circumnavigates the garment from top to
bottom. This pioneering contribution represents a significant breakthrough in
textile engineering because, for the first time, a full-fashioned garment has been
wovenon aweavingmachine.With this innovative process, there is no need for
the conventional cut and sew operations to produce a garment from a
two-dimensional fabric.
Although it started off as a ‘textile engineering’ endeavour, the research has

led to an evenmore groundbreaking contributionwith enormous implications:
the creation of a wearable integrated information infrastructure that has
opened up entirely new frontiers in personalized information processing,
healthcare, space exploration, etc. Therefore, there is an exciting and unique
opportunity to explore this new paradigm on two major fronts, i.e. mobile
wearable information processing systems (MWIPS) and vital signsmonitoring
systems (VSMS) that can not only lead to a rich body of new knowledge but in
doing so, enhance the quality of human life. The two fronts should eventually
converge and give rise to a generation of personalized mobile information
processing systems (PMIPS) with embedded intelligence that can sense, adapt
and respond to the needs of the wearer and the environment. Thus, the
WearableMotherboard, with its truly universal human interface of a garment,
can serve as the integration framework for the realization of affective and
invisible computing.
Today,when amicrowave oven is used, the individual is totally hidden from

or unaware of the microprocessor built into the oven. Likewise, research in
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13.6 An interdisciplinary research approach to personalized mobile
information processing.

PMIPS should lead to smart clothingwhere the ‘intelligence’ is embedded into
the clothing, and the user can harness the required information processing
capabilities without being an expert in the domain of computer hardware or
software. Thus, research must explore in depth the promise of the Wearable
Motherboard technology,while simultaneously engineering the transformation
froman innovative conceptwhose feasibility hasbeen conclusivelydemonstrated
to a robust system with a multitude of real-world applications including
mobile personal information processing,multimedia-rich computing,medicine
and space exploration.

13.5.1 Need for interdisciplinary research

Research in this area must expand on the symbiotic relationship between art,
science and engineering pioneered in the development of the GTWM, where
the fine art of weaving has been skilfully blended with scientific principles and
engineering design to create a unique and innovative structure/system that is
of practical significance tohumankind. Furthermore, thedesignanddevelopment
process involved a convergence of several technical areas — sensor technologies,
textiles,materials, optics and communication —making it an ideal example of a
multidisciplinary approach to problem-solving. This successful paradigm
must be applied during the research for the realization of PMIPS. As
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illustrated inFig. 13.6, itmustbring together researchers fromthe complementary
disciplines essential for exploring the new paradigm:

∑ textile engineering and materials science and engineering
∑ computing hardware, electronics packaging and microelectromechanical

systems (MEMS)
∑ telecommunications
∑ applicationdomain:medicine, space, informationprocessing, networking, etc.

Such an interdisciplinary approach will not only lead to effective solutions
but also to significant breakthroughs in the field.

13.5.2 A research roadmap

We will now identify key areas of research in ARTS, exploring the new
paradigm that will lead to the realization of PMIPS.

13.5.2.1 Sensor development — design and development of wearable,
interconnectable sensors/microchips

In the current generation of the GTWM, sensors for heart rate monitoring are
affixed to the body and connected to the T-connectors on the garment. This
could be uncomfortable/difficult for certain users such as invalid persons,
burn victims and infants with sensitive skin. There is a need for a sensor that
can be integrated into the structure and held against the user’s body using the
form-fitting component of the GTWM. New sensors that can be integrated
into the GTWM must be identified, designed and developed. The sensors
must be rugged enough to withstand laundering and ‘field use’, and/or should
also be easily detachable from the garment. The sensors must also be
interconnectable, compact and have a high degree of reliability. This research
calls for collaboration between the fields of textile engineering, materials
science and engineering, microelectronics,MEMS and biomedical engineering.

13.5.2.2 Interconnection technology development

The interconnection technology used in the present version of the GTWM is
manual and represents the first attempt at realizing such interconnections in
flexible textile materials. There is a need for an interconnection technology
that can provide precise, rugged and flexible interconnections using an
automated process suitable formass production. An interconnection technology
for mounting microchips on the GTWM and technology for coupling optical
fibres to sensors (as opposed to interconnecting them) should also be developed.
This research calls for collaboration between the fields of textile engineering,
microelectronics, electronic packaging and material science.
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13.5.2.3 Wireless communications technology development

Wireless transmission capability is critical for the effective use of the GTWM
in the various applications (see Table 13.1) so that the data can be received,
decoded and analysed, and appropriate action taken. For example, if the
patient recovering at home from heart surgery is wearing the smart shirt, the
EKG (electrocardiogram) needs to be transmitted to the hospital on a regular
basis. This monitoring will help the patient feel ‘secure’ and will facilitate
recuperation while simultaneously reducing the costs and time associated
with recovery. Moreover, in the event of an emergency, the doctor can be
notified instantaneously, leading to prompt and effective treatment. Since the
current version of the GTWM does not have wireless transmission and
reception capability, wireless technologies such as those used in cellular
phones, radiomodems and babymonitorsmust be integrated into theGTWM.
Important factors that would determine the selection of this technology are
cost, the ability to interface with existing computer hardware, bandwidth,
speed and size. The technology must be capable of providing bidirectional,
multimodal multimedia communications between the sensors, cameras and
microphones mounted on the GTWM and remote monitoring stations. This
research calls for collaboration between the fields of microelectronics, tele-
communications and textile engineering (to ensure seamless integration of the
communications device with the garment).

13.5.2.4 Development of decoding/image compression software

There is a need for software that can decode the transmitted data, e.g. vital
signs, and display it in ameaningful format. The software should also have the
ability to record the data for later analysis. The key considerations in the
selection of this software are cost, the ability to run on multiple platforms and
a user-friendly interface. The software system must also analyse the decoded
data and automatically raise an alarm if the vital signs are beyond certain
previously defined thresholds. The important factor that would be considered
is the ability to automatically alert emergency medical personnel using
telephones, pagers or the Web. This research calls for collaboration between
the fields of telecommunications, electrical engineering and medicine.

13.5.2.5 Development of new materials

The required set of properties for the materials used in the GTWM (comfort
fibres, conducting fibres, optical fibres, etc.) will depend on the application, the
sensor suite, etc. For example, chemical resistance will be necessary for fibres
used in fire-fighting applications; however, chemical resistance is not very
important when it comes to using these fibres in baby clothes. Likewise, to
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build or embed ‘memory’ into clothing — that is analogous to the computer’s
memory — there is a need for research in fibres and materials that can provide
such characteristics eventually leading to ‘on-off’ capabilities being embedded
in the fibres themselves. As yet another example, there is a need for fibres that
can integrate properties of stretch, comfort and conductivity in the same
single fibre. Research in this area calls for collaboration between the fields of
textile engineering and materials science and engineering.

13.5.2.6 Development of next generation ARTS using MEMS devices

ARTS represent the new class of textile garments that can sense the vital signs
of the individual wearing the garment (say, the GTWM), analyse the data
using built-in intelligence and provide a suitable response based on the
analysis. For example, some individuals are susceptible to anaphylaxis reaction
(an allergic reaction) when stung by a bee, and need a shot of epinephrine
(adrenaline) immediately to prevent serious illness or even death. Therefore,
there is a critical need for research that could lead to the development and
incorporationof (1) appropriate sensors on theGTWMtodetect the anaphylaxis
reaction (or a diabetes shock), (2) ‘adaptive’ mechanisms that can monitor the
wearer’s vital signs and create a response, and (3) a built-in feedbackmechanism,
e.g. a MEMS device, that can effect the responsive action (administer an
injection). This research calls for collaboration between the fields of MEMS,
medicine and textile engineering.
Thus the research roadmap presented in this section can be utilized to build

on the Wearable Motherboard concept and technology to create adaptive
and responsive textile structures that will pave the way for PMIPS.

13.6 Conclusion

The Jacquard weaving machine was the precursor to today’s powerful
computers. Similarly, the Wearable Motherboard is a versatile and mobile
information infrastructure that can be tailored to the individual’s requirements
to take advantage of the advancements in telemedicine and information
processing and thereby significantly enhance the quality of life. Moreover, the
WearableMotherboard technology provides a strong foundation or platform
for further advancements in the area of personalized mobile wearable
information processing systems that will lead to pervasive computing. In
short, clothing can indeed have the third dimension of ‘intelligence’ embedded
into it and spawn the growth of individual networks or personal networks
where each garment has its own IN (individual network) address much like
today’s IP (internet protocol) address for information processing devices.
When such INgarments become the in thing, personalizedmobile information
processing will have become a reality for all of us!
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14
Wearable technology for snow clothing

HEIKKI MATTILA

14.1 Introduction

Not so long ago, terms like ‘intelligent textiles’ and ‘smart clothing’ started to
appear in seminar presentations and academic discussions. The aim seemed to
be to develop textile materials which have temperature regulating, electrocon-
ductive and other advanced properties. Wearable computer research was
focusing on how to link computer hardware to clothing, glasses and other
accessories worn by the user. The armed forces both in the USA and Europe
were carrying out their own projects in this field.
In 1998, representatives from two Finnish universities and some industrial

companies discussed future research projects and recognized smart textiles to
be both challenging and interesting. The problemwas how to convince private
and public sponsors to allocate enough funds for such a new and rather sci-fi
research area. Therefore, an extraordinary approach was selected. Let’s first
make a prototype. By combining electronics and other unusual devices of
existing technology to a garment, we could prove that such cross-scientific
research and development is possible and worth funding in the future.
For the cross-scientific approach, a network of four university departments

and four industrial companieswas formed. The Institute of Electronics and the
Institute of Textiles from Tampere University of Technology, the Institute of
IndustrialArts and the Institute of Textile Design fromUniversity of Lapland,
the snowmobile suit manufacturer Reima-Tutta Oy, compass and navigating
systems producer SuuntoOyj, heart rate monitor producer Polar-ElectroOy,
and DuPont Advanced Fibre Systems were the participants. In addition,
Siemens and Nokia Mobile Phones assisted with GSM (global system for
mobile communication) communications.Altogether,more than ten researchers
worked on the project.
The snowmobile suit was selected as the prototype. A snowmobile is a

vehicle used for work and leisure in harsh arctic winter conditions. The driver
may be alone or in a group in remote areas. His health and even his life may
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depend on the vehicle and his clothing. In the event of an accident, he might
need help fast. Reima-Tutta Oy is one of the world’s leading snowmobile suit
manufacturers. Thus, the team had expert knowledge of conventional
snowmobile clothing and the problems associated with it.
Work started in the autumn of 1998 with a brainstorming phase which

ended in the spring of 1999. A product design phase followed and the
prototype was tested in Northern Lapland during the winter of 1999—2000.
Maximum publicity was one of the objectives of the project. A well-planned
press release and a show were organized for spring 2000, and the show was
filmed by more than ten international TV stations. Finally, the experiences
from the prototype and the smart clothing philosophy were displayed in the
Finnish pavilion at the Expo 2000 World Fair in Hanover.
The budget for the projectwas approximately onemillionUSdollars, half of

which came fromTEKES, theNational TechnologyAgency,which is themain
financing organization for applied and industrial R&D in Finland. The other
half was paid by Reima-Tutta Oy, the snowmobile suit manufacturer. For a
firm with an annual turnover of 40 million dollars, this was its biggest ever
investment into a single R&D project. A management board was formed for
the project, with representatives from each party. The board closely followed
the work of the research team and offered advice and comments when needed.

14.2 Key issues and performance requirements

The targeted user for the suit was defined as an experienced snowmobile driver
who knows how to move around in an arctic environment and who has basic
first-aid skills. There were several problems that the suit should solve in the
case of an emergency. Firstly, in case the person gets lost he must be able to
locate himself and to knowwhich way to go in order to reach a road or village.
Also, the rescue units must be able to locate him if he needs help. Hemust have
access to local weather forecasts as well as know the times of sunrise and
sunset. In case his snowmobile breaks down, he must be able to walk away in
deep snow or survive long enough to be rescued. In case he falls through ice
into water, he must be able to get out of the water and to survive in sub-zero
temperatures long enough to be rescued. If he has an accident and falls
unconscious, the suit should send an automatic distress signal, together with
enough information regarding his condition for the rescue units to know how
quickly he must be found. Furthermore, the suit should provide shelter and
make life as comfortable as possible in the arctic climate.
The objective was to design and build as many different features into the

prototype as possible. The electronics and other devices should be part of the
garment, rather than being inserted into pockets and picked out when needed.
All wires and other devices must be hidden and the garment must look, inside
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and out, like a clothing product. The product must also be comfortable to
wear. Besides the suit, underwear also had to be designed, in order to facilitate
heart rate monitoring.
The maximum weight for the suit was agreed to be 4.5 kg. All the devices

must work in � 20 °C for 24 hours. Furthermore, everything should be
operational if the person perspires or even if he falls into water. The user
interfaces must be designed so that they can be used without removing heavy
gloves or if the fingers are numb from cold. The product must be washable in a
normal washing machine.
Budget and time limitationsmeant that no basic research could be done and

the inventing of totally new devices should be kept to a minimum. This forced
the research team to use existing technology, but applications could be new.

14.3 The prototype

The purpose of the suit itself is to keep the user warm and dry. A snowmobile
suit is usually a two-piece garment consisting of high waistline pants and a
jacket with hood. The suit must be warm and weathertight, breathable but
watertight. All seams are usually taped for this purpose. Durable and
watertight material is normally used at the seat and knee areas. Special
shock-absorbing padding may be used in the knee, elbow and shoulder areas.
The team selected a breathable material, which lets the humidity out but
prevents water from getting inside. For comfort and safety, the suit should
maintain thermal equilibrium. The possibility of using phase changematerials
(PCMs) was analysed. PCMs are materials containing, either in the fibre or in
the coating, microcapsules with a substance which changes phases from solid
to liquid and back, according to a certain temperature range. In this process,
heat is either released or absorbed, and a more equal temperature is
maintained within the wearer’s personal microclimate. Materials like Outlast
and Gore-Tex were selected for this purpose. In case of emergency, once the
distress signal has been sent, the rest of the energy could be used for the signal
light and for heating critical areas of the body.Heating, however, requires a lot
of energy and in a practical environment it may not be feasible to use the
portable energy sources for such a purpose.
Several sensorswere used formonitoring the body functions andmovements

of the user. Sensorsmonitoring heart rate were attached to the underwear. The
rest of the sensors were attached to the suit itself. There are six sensors for
measuring the outside temperature and four for measuring the inside
temperature. The temperature differences are used for analysing where and in
which position the user is, i.e. is he on his back in the snow or is he just lying
down by a fire? All the electronic devices were attached to the suit itself,
including the processor and communications network, with interfaces in
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different parts of the garment for connecting the necessary components. The
user interface and interface for recharging the batteries would also be part of
the suit. This modular solution makes it possible to have different versions,
thus giving the consumer the option to buy only the devices he needs. Also,
only the user interface, the interface for power recharging, wiring and other
interfacesmust be washable, while the rest of the components can be removed.
Even so, they must be resistant to shock, water and bending.
Sensors monitoring the heart rate had to be placed close to the skin. They

were sewn permanently to the underwear. By monitoring the heart rate, it is
possible to tell, for example, how much pain the user is suffering. Body
temperature was measured in three different places. Other sensors were used
for monitoring temperatures outside and inside the suit. By measuring the
acceleration forces, it was possible to determine whether the user had been in
collisionwith something,whether he is still moving orwhat positionhe is lying
in. This information was gathered by an accelerometer developed by Polar
Electro Oy. The CPU unit containing the programs needed for operating the
whole suit and analysing various features was placed inside the jacket at the
back of the user.
The global positioning system (GPS) uses several orbiting satellites for radio

navigation, providing the user with the ability to pinpoint his exact position
anywhere in the world. By receiving signals from a minimum of four satellites
simultaneously, it is possible to determine the latitude, longitude and altitude
of the user very accurately. The GPS system was installed into the central
processing unit. The user could not only locate himself, but he could also be
found by others. A compass with a GOTO arrow was included, with direction
and distance to the desired destination also displayed. However, special
development work had to be carried out in order to make the GOTO arrow
operational, even if the person is standing or lying still. In a normal GPS, the
GOTO arrow works only if the user is moving.
GSMwas selected for data transfer. Instead of using amobile telephone, the

Siemens Cellular Engine M20 was installed as part of the central processing
unit. This device is capable of sending and receiving short messages.
The power supply was the tricky part. After checking all the possibilities,

from solar panels to utilizing static electricity, conventional batteries had to be
selected. The smallest battery to guarantee power for 24 hours would weigh
600 to 700 g. The battery is rechargeable either at home or from the
snowmobile during the drive.
The objective was to design a single user interface for all the electronics in

the garment. The interface had to be part of the suit and usable with the left or
right handwithout removing gloves. This eliminated any solid or embroidered
keyboards. In fact, nothing existed that fulfilled the requirements, and
therefore it had to be designed for this project. The research teamcame upwith
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14.1 The user interface.

a brilliant idea, a winding palm-size display unit attached with a cable to the
chest of the garment. When the unit is pulled from the chest, the menu in the
display changes accordingly. There are three steps, each about 5 cm apart. At
the first step with the unit nearest the wearer, the display shows the time, heart
rate, power level, the level ofGSMsignal and coordinates. The next step shows
the second menu, and so on. To operate the system, it is only necessary to
squeeze the unit, as shown in Fig. 14.1.
In addition to electronics, other survival equipment was developed. These

features are displayed in Fig. 14.2. It is quite usual to drive over frozen lakes
and rivers with a snowmobile, and sometimes the ice gives way. Two awls
attached to the sleeves will help the user to get out of the water and back on to
the ice. At the back of the garment there is an airtight sack, and by getting into
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14.2 Survival features in the suit.

the sack the user can prevent hypothermia for as long as 4 hours. One of the
thigh pockets is detachable and fireproof, and can be used for melting snow
over a fire. In such situations, to avoid hypothermia, it is important to drink
liquid.Waterproofmatches, collapsible snow shoes, and a first-aid kit are also
provided. A summary of all features is presented in Table 14.1.
In case of an emergency, the wearer of the suit can send a distress signal by

squeezing the user interface for 30 seconds. The rescue team can confirm the
signal back to him and also read his coordinates. Through various sensors, the
suit monitors the condition of the user, for example, heart rate, g-forces,
temperature, pain, hypothermia, and so on. If a critical situation is diagnosed
by the software, a distress signal will be sent automatically. The interface,
however, warns the user first and he has 30 seconds to cancel the signal if
necessary. In addition to just the signal and coordinates, the rescue team will
be able to see whether the person moves around, and in what position he is
lying, whether he is in the water, his body temperature, the outside
temperature, etc.
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Table 14.1 Features of the snowmobile smart suit

Problem Solutions Technology

Cold and wet
environment

Breathable and
waterproof outer fabrics
PCM underwar for
temperature regulation

Taslan, polyamide,
Cordura polyamide
fabrics
Aracon, Gorix, Outlast
underwear materials

Disorientation Location by GPS
Direction and distance to
desired destination

Rockwell-Jupiter GPS
system, Suunto electronic
compass, real time GOTO
arrow

Fall through ice into
water, hypothermia

Get into hypothermia
sack to maintain heat
Melt snow for drinking
water
Send distress signal

Hypothermia sack,
warming underwear
Detackable fireproof
pocket
Siemens M20 GSM
engine

Accident, health
problem,
unconsciousness

Monitor heart rate, body
temperature, outside
temperature, g-forces and
body movement
Send manual or
automatic distress signal

Polar Electro heart rate
monitoring system
Specially designed
Hitachi CPU unit
Siemens M20 GSM
engine

Snowmobile breaks
down

Collapsible snow shoes

Local weather
conditions

Weather Service Finland
report

Siemens M20 GSM

How to operate the
features with one hand
and gloves on

Winding, palm size
display unit attached by a
cable to the chest of the
garment with changing
menu according to
distance.
Operated by squeezing
the unit

PIC processor controls
power management
Electronic compass
Patented Yo-Yo user
interface

14.4 Conclusions

The prototype snowmobile suit developed within this project is a smart
garment.Cross-scientifically, electronic and textile innovationswere combined,
and the objectives were achieved. The suit works as planned. It is not likely
that the prototype costing 1 million dollars to create will be commercially
exploited in its exact shape and form. However, much was learned. Several
innovations, including the user interface,were patented andwill be commercially
applied in the future. The garment manufacturer Reima-Tutta Oy launched
snowboard clothing with electronic devices in the autumn of 2000.
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Some of the objectives proved to be difficult to achieve at the prototype
stage. For example, to make the garment fully washable could not be done.
Only thewiring and interfaces could be treated so that it is possible towash the
product in a normal washing machine. All the other devices, including CPU,
GSM engine, user interface, etc., had to be removed. What was, however,
achieved was to guarantee that the suit and all electronics would remain fully
operational even if the user falls intowater. Gorix is a fabric that can be heated
electrically.The idea of using extra power for heating critical body areaswould
have worked well except that the batteries used for operating the electronics
could maintain heating levels for only a very short period. Therefore, this idea
had to be abandoned.
The project received more publicity than expected. Magazine articles and

programmes by ten European TV stations, including BBC World, spread the
word worldwide. This has convinced the participating companies and
universities that there is a demand for smart clothing. Similar ventures by
Philips, StarLab’s I-Wear and the haute couture fashion houseOliver Lapidus
confirm this. As a result, Reima-Tutta Oy has set up a wearable intelligence
laboratory calledClothingwith ten researchers. The labwill work as part of
a network connecting the other firms and universities that participated in the
original project. The objective will be to create new innovations for adding
intelligent features to apparel products.
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15
Bioprocessing for smart textiles

and clothing

ELISABETH HEINE AND HARTWIG HOECKER

15.1 Introduction

The application of enzymes in food processing, in the paper and leather
industries, as additives in washing powders, and in the desizing process of
cotton is well established. However, biocatalysis has also entered textile
processing. Enzymes, biocatalysts with specific and selective activity, are
today produced by biotechnological processes in great amounts and constant
quality, and are therefore applicable to large-scale processes.
In view of the new applications resulting from the design of enzymes for

specific processes, there is a demand for extensive collaboration between bio-
and textile chemists.
Besides natural protein fibres, like wool and silk, and natural cellulose

fibres, like cotton, flax and hemp, synthetic fibres are also targets for
biocatalysed processes. In cotton finishing, chemical processes are widely
substituted by enzyme-catalysed processes. In addition to the well-known
biostoning and biofinishing, attributes like ‘used look’ and ‘modified handle’
are realized by enzymatic finishing. Moreover, there is potential for replacing
the alkaline scouring in cotton pretreatment by the use of enzymes like, for
example, pectinases. Catalases are added to destroy the residual peroxide in
bleaching baths, to make easy reuse of the liquor possible, leading to an
environmentally friendly and cost-effective process. Inwool finishing, enzymes,
mainly proteases, are used to achieve shrinkproofing. The properties of wool
textiles like handle, whiteness and lustre are modified by enzyme-catalysed
reactions as well. In early wool processing stages, like raw wool scouring and
carbonization, the prospects of enzyme applicationare assessed. Furthermore,
bioprocesses are described leading to pilling reduction and dyeability
improvement. The degumming of silk, traditionally performed by the aid of
soap, alkali or acid, is achieved by proteases. To improve the quality and
consistencyof flax,microbial or dew-retting is replaced by a specific enzymatic
retting. Moreover, the dyeability of flax is improved by the enzyme-catalysed
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degradation of pectic substances without damaging the cellulose components.
Hemp is enzymatically modified with regard to crystallinity, accessibility and
‘pore structure’. Via the controlled enzyme-catalysed fibrillation of lyocell
fibres, the so-called ‘peach-skin’ effect is produced. There is a broad range of
applications and a multitude of prospects for the use of enzymes in textile
processing, leading to a positive impact on the environment. This chapter
surveys recent developments in the field of enzymatic textile processing and
discusses the advantages and limitations of these finishing processes.�
The use of enzymes in food processing, in the paper and leather industry, as

additives in washing powders, and in the desizing process of cotton is well
established. In themeantime, enzymatic processes have been developed,which
aimatmodifying the appearance andhandleof textilesmadeofwool and cotton.
Enzymes are biocatalysts with selective and specific activity, accelerating

distinct reactions and remaining unchanged after the reaction. From an
ecological and economical point of view, the moderate reaction parameters of
enzyme-catalysed processes and the possibility of recycling enzymes are
particularly attractive. Today, enzymes are produced by biotechnological
processes in great amounts and constant quality, thus allowing the use of
enzymes in large-scale processes. Advances in the field of genetic engineering
enable enzyme manufacturers to design an enzyme for a special process, e.g.
with regard to temperature stability or pH optimum. The design of an enzyme
for a special purpose requires an understanding of the catalytic action of the
enzyme on a specific substrate, i.e. in the case of natural fibre substrates, the
designer of an enzyme process needs a certain knowledge of wool and/or
cottonmorphology, of the effect of a special enzyme on the fibre components,
and consequently on the properties of the fibre material as a whole.
Furthermore, to evaluate the enzymatic process, the results of the enzymatic
treatment are to be compared to the results of usual chemical processing.
The first enzymatic process in textile finishingwas the desizingprocess using

amylases. Many areas of textile finishing have been conquered since then.
Today, prospects lie in the field of developing new durable press finishes for
cotton, e.g. by cross-linking, in the field of effluent colour removal, and in the
field of composting synthetic fibres.� Due to the proteinic nature of the
enzymes, safety in handling enzymes is often questioned because repeated
inhalation of protein material can cause allergic reactions in some individuals.
It is important to notice that there is no evidence to indicate that enzyme
allergies are developed through skin contact.� Enzymes can be safely handled
by using safe product design, by engineering controls, by safe working
practices, and by appropriate personal protective equipment. In product
design, enzyme aerosols and powdered formulations should be avoided,
whereas granular (with low dusting capabilities) and liquid formulations (with
low mechanical action or in closed vessels) can be recommended. The market
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potential of enzymes is considerable. A market study says that there should be
growth fromUS$ 350 million in 1992 to US$ 588million in 2000, and that the
biggest potential concerns new applications in the paper, chemical and
pharmaceutical industries and in waste treatment.	

15.2 Treatment of wool with enzymes

15.2.1Morphology of wool

Wool as a complex natural fibre beingmainly composedof proteins (97%) and
lipids (1%) is an ideal substrate for several enzyme classes (e.g. proteases,
lipases). The wool fibre consists of twomajor morphological parts: cuticle and
cortex. The cuticle is composed of overlapping cells surrounding the inner part
of the fibre, the cortex. The latter is built up of spindle-shaped cortex cells
which are separated from each other by the cell membrane complex.� The
cuticle is subdivided into two main layers: exo- (with a- and b-layer) and
endocuticle, and an outermost membrane called the epicuticle, causing the
Allwoerden reaction of wool fibres treated with chlorine water.� One
important component of the cuticle is 18-methylicosanoic acid.� In a model of
the epicuticle drawn up by Negri et al.,� this fatty acid is bound to a protein
matrix to build up a layer. According to Negri et al.,� this layer, referred to as
the F-layer,�
 can be removed by treating wool with alcoholic alkaline or
chlorine solutions, thus enhancingwettability. Another important characteristic
is the cross-linking of the exocuticle, e.g. the a-layer contains 35% cystine
residues. In addition to the normal peptide bonds, the cuticle is cross-linkedby
isodipeptide bonds, �-(�-glutamyl) lysine.
The hydrophobic character of the a-layer, in particular, caused by the large

amountof disulfide cross-links and the bound lipidmaterial, is the originof the
diffusion barrier, e.g. for dye molecules. Therefore, the composition and
morphology of the wool surface is primarily modified in fibre pretreatment
processes.

15.2.2 Heterogeneous reactions – the catalytic action of
enzymes on wool and cotton

Using wool or cotton as substrates for enzyme-catalysed reactions, a special
type of enzyme kinetics is followed. In the heterogeneous system of the soluble
enzyme and the solid substrate enzyme, diffusion plays a more decisive role
than in a homogeneous system where both enzyme and substrate are soluble.
In the heterogeneous reaction, the kinetics dependnot only on the concentration
of the reaction partners, and on the temperature and the pH value of the
liquor; as additional parameters, the diffusion of the enzyme to and into the
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solid phase of the substrate and the diffusionof the reaction products out of the
solid phase into the liquor have to be considered.��
The reaction products, e.g. peptides in the case of wool andoligosaccharides

in the case of cotton, when diffusing out of the fibre, act as a substrate in the
liquor. Thus, part of the enzymes is bound to the soluble substrate in the
treatment bath.
The diffusion of the enzyme from the liquor into the fibre (wool) resembles

the diffusion of a dyestuff. The following steps are to be considered:

1 Enzyme diffusion in the bath
2 Adsorption of the enzyme at the fibre surface
3 Diffusion from the surface into the fibre interior
4 Enzyme-catalysed reaction

The complex structure of natural fibres, especially of wool, complicates
enzymatic fibre modification. Enzymes like proteases and lipases catalyse the
degradation of different fibre components of a wool fibre, thus making
reaction control difficult.
Once having diffused into the interior of the fibre, proteases hydrolyse parts

of the endocuticle and proteins in the cell membrane complex, thus, if not
controlled, leading to a complete damage of the wool fibre. Thus, at least for
some applications, it is desirable to restrict the enzymatic action to the fibre
surface, e.g. by immobilizing the enzyme.��
The results of treating wool with proteolytic enzymes will be unpredictable

in the absence of detailed knowledge of (a) the processing history of the
substrate and (b) how specific process conditions affect subsequent enzymatic
treatments. To elucidate this point, the effects of adsorbed ionic species on
enzyme/substrate adsorption and reaction kinetics were studied.��
For cotton, the restriction of the enzyme to the fibre surface is easily

achieved, because cellulose, being a highly crystallinematerial and comprising
only small amounts of amorphous parts, makes the diffusion of enzymes into
the interior of the cotton fibre nearly impossible. Thus, by regulating enzyme
dosage and choosing the type of enzyme, the catalytic action of the enzyme is
confined to the surface of cotton and to the amorphous regions, leaving the
fibres as a whole intact.

15.2.3 Shrinkproofing

One of the intrinsic properties of wool is its tendency to felting and shrinkage.
There are different theories concerning the origin of wool felting. The
hydrophobic character and the scaly structure of thewool surface are themain
factors causing the differential frictional effect (DFE) that results in all fibres
moving to their root end when mechanical action is applied in the wet state.��
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Therefore, shrinkproofing processes aim at the modification of the fibre
surface either by oxidative or reductive methods, and/or by the application of
a polymer resin onto the surface. The most frequently used commercial
process (the chlorine/Hercosett process) consists of a chlorination step
followedby a dechlorination step andpolymer application.��The chlorination
results in the oxidation of cystine residues to cysteic acid residues in the surface
of the fibre, and allows the cationic polymer to spread and adhere to the wool
surface.Chlorinationproduces byproducts (AOX)which appear in the effluent
and ultimately may generate toxicity in the whole food chain by being taken
up by aquatic organisms. There is therefore an increasing demand for
environmentally friendly alternatives.
Taking into account the problems related to the conventional antifelting

process mentioned above, it becomes obvious that most of the enzymatic
processes concern the development of an alternativemethod for shrinkproofing.
The requirements for an enzymatic process were discussed by Haefely;�	 the
antifelting effect should be achieved without application of a synthetic resin,
only ‘soft chemistry’ should be applied and the whole process should be
environmentally friendly, producing no harmful substances — a premise that is
not yet fulfilled in all of the processes using enzymes as fibre-modifying agents.
In some of the earliest enzyme finishing processes, wool was pretreated by gas
chlorination (Chlorzym process��) or by H

�
O

�
(Perzym process��) prior to

incubating the fibres with papain, the plant derived protease, and bisulfite.
These processes resulted in a complete removal of the cuticle cells. Because of
the high prices of the enzymes used and the non-tolerable weight loss of the
fibres, these early combined enzymatic processes never achieved an industrial
scaling-up.
The major part of enzymatic processes published in the last few years also

comprises combined processes. In 1983, a process was described for rendering
wool shrink resistant, which completely descaled the fibres.�� The treatment
used potassium permanganate (KMnO

	
) as a pre-oxidizing agent and a

subsequent proteolytic treatment, and gave a certain pilling resistance for
wool fabrics. Not only the early ones, like the Chlorzym process, but also
current enzymatic processes still include the use of chlorinating agents.
Inoue�� described a three-step process: the first step comprises the application
of a mixture of papain, monoethanolamin hydrosulfite and urea, the second
step a treatment with dichloroisocyanuric acid, and the last step again an
enzyme treatment resulting in a reduced area shrinkage of the fabric treated in
that way. Connell et al.�� combined a protease pretreatment either with a wet
chlorination or with an oxidative treatment with sodium hypochlorite and
potassium permanganate and additional polymer application to achieve a
reduced area shrinkage of the fabric.
Not only chemical but also physical pretreatment processes are combined
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with the enzyme treatment of wool. In a process patented by Nakanishi and
Iwasaki,�
 a low temperature plasma was applied to the fibres prior to a
treatment with polymeric shrinkproofing agents. The enzyme was used to
remove fibres protruding from the surface of the fabric, thus achieving a higher
softness, too. Ciampi et al.�� combined a protease treatment with a heat
treatment in saturated steam, and Fornelli and Souren�� described the use of
high frequency (HF) radiation on enzyme-treated material.
In 1991, the Schoeller Superwash 2000 treatment of wool was reported by

Schindler.�� The treatment is a three-step process consisting of a so-called
black-box pretreatment, an enzyme treatment and the application of an
AOX-lowpolyamide resin. In the process reported byAulbach�	 (also referred
to as the Schoeller process) a ‘certain minimum chemical pretreatment’ was
described as necessary for the enzyme process. In this process, a superwash-
standard is achievedwithout the application of a resin. Fornelli����� described
the use of a resin as ‘still imperative’ to achieve a sufficient antifelting effect in
the enzyme process reported (‘BIO-LANA’) because by the ‘enzymatic filing’
of the ‘scaly epicuticle’ of the wool fibre, only a certain, but insufficient, degree
of antifelting was obtained. This was confirmed by Riva et al.,��who reported
the role of an enzyme in reducing wool shrinkage. The Streptomyces fradiae
protease used is described to be ‘effective in reducing wool shrinkage’ but not
to ‘confer the desirable shrink-resistant levels for severe machine-washed
wool’. The shrinkage results were not improved by the additional use of
sodium sulfite. Proteases were applied either after oxidative treatment using
hydrogen peroxide or plasma treatment. In both cases, the felting resistance
was improved significantly by the enzyme post-treatment.��The shrinkage of
wool is reduced after protease treatment, but concerning the efficiency of a
protease treatment alone it was stated that Basolan DC treatment, for
example,was still superior.�� In viewof this, the questionwas raisedhowmuch
shrinkproofing wool would need.�
 A practical approach was reported,
showing that the degree of felting of enzyme-treated wool washed in
household laundry machines is comparable to chlorinated wool.
The common characteristic of the so far reported processes is the

application of proteolytic enzymes. In the following section, a survey of
processes is given where other enzyme classes are applied.
The enzymatic treatment for shrinkproofing wool described by King and

Brockway�� is one of the few enzymatic processes workingwithout the aid of a
chemical or physical pre- or post-treatment. In this application, the enzyme
PDI (protein disulfide isomerase), which rearranges disulfide bonds, is applied
to washed material constituting wool. The PDI-treatment resulted in a
non-shrinkingmaterial in contrast to the non-treated, misshaped one. Ogawa
et al.�� described the application of the enzyme transglutaminase for
shrinkproofing wool. The enzyme introduces additional cross-links into the
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substrate, leading to an improved shrinkage resistance, anti-pilling and
hydrophobicity ‘without impairing the texture’ of the material.

15.2.4 Handle modification

Softness plays an essential role in qualifying textile products. Consequently, a
further goal beside the antifelting effect in the pretreatment and processing of
wool fibres is the production of a ‘cashmere-like’ handle. It is the aim of the
processes to modify wool fibres to reduce prickle and to enhance softness and
lustre, thus improving the characteristics of wool as a basic material for high
quality textiles. Prickle is caused by wool fibre endings that are stiff enough to
stimulate nerve endings situated directly below the skin’s surface. Therefore, a
reduction of the bendingmodulus is aimed at. Besides that, fibre diameter and
fabric construction play decisive roles concerning handle. Thus, most of the
wool treatments to improve handle attempt to reduce the fibre diameter, e.g.
by the complete descaling of the wool.�� The descaling is performed by
pretreating the fibres with KMnO

	
and ammonium sulphate, acetic acid and

bisulfite, and a subsequent treatment with a proteolytic enzyme. Descaling
was also achieved by the application of a heat-resistant neutral protease
resulting in a ‘cashmere-like’ feel.�	 The combined use of the chlorinating
agent dichloroisocyanurate and a proteolytic enzyme was also reported to
improve handle properties.�� In contrast to the descaling of wool, some
investigations follow another attempt to improve handle. Benesch�� described
the complete removal of degraded or damaged portions of wool fibres, not of
the cuticle alone, by a protease treatment, followed by a rinse with formic acid
and by the application of a softener. A cashmere-like handle was also achieved
by treating wool with sodium dichloroisocyanurate, neutralizing, incubating
with papain and steaming at 100 °C.�� Wool/cotton blends were treated by
cellulases and proteases, resulting in a soft feel of the material.��
By carefully controlled treatments with proteolytic enzymes, it was possible

to reduce the buckling load of wool yarns. It was shown that softness is
improved and the subjectively perceived prickle of fabrics is reduced.�� The
new yarn-bundle compression test discriminates between wool samples that
differ by about 1�m in mean fibre diameter.

15.2.5Whiteness and lustre

Another important factor in wool fibre pretreatment is the enhancement of
whiteness and lustre. Bleaching of wool is necessary, especially when dyeing in
pastel shades is desired. Using proteolytic enzymes alone	
 or in combination
with H

�
O

�
,	� the degree of whiteness and the hydrophilicity of the fibres were

increased compared to the sole oxidative treatment.	� Whiteness in wool
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bleaching is enhanced by the presence of a protease with both peroxide
bleaching and using dithionite or bisulphite.	� The treatment is accompanied
by losses in weight and strength.

15.2.6 Dyeing behaviour

The suitability of enzymes for improving the dye uptake of wool was studied
by integrating the enzymatic process in a pretreatment step prior to dyeing,��
and by using them as auxiliary agents in wool dyeing.		 It was shown that
bulky dyestuffs are taken up more equally and in higher amounts by the
enzyme-treated samples.	�The fastness of dyedwool samples to artificial light
is enhanced after enzyme treatment.		

15.2.7 Carbonization

Beside wool itself, natural soilings like vegetable matter (grass seeds, burrs)
and skin flakes can be enzymaticallymodified. If not completely degraded and
removed from the textile goods, vegetablematter and skin residues will lead to
uneven dyeing and printing. The vegetable matter is normally removed by
carbonizing, a process where wool is impregnated with sulfuric acid and then
baked to char the cellulosic impurities. The residuals are then crushed and
extracted from the wool as carbon dust by brushing and suction. Research
work has been done to replace carbonizing by the use of enzymes like
cellulases and ligninases, with the aim of reducing wool fibre damage and
effluent load, and to save energy.
Some patents concern the enzymatic decomposition of plant constituents in

wool. Sawicka-Zukowska and Zakrzewski	� reported the removal of plant
impurities fromwool by the use of hydrolases, lyases andoxidoreductases. The
amount of sulfuric acid used for carbonization was reduced by the action of
cellulolytic and pectinolytic enzymes.	� After having incubated wool with
cellulases, burr removal became easier by weakening the cohesion between
burr and wool.	� No chemical or physical damage to the wool was observed
after mechanical removal of the enzyme-treated burrs. Brahimi-Horn et al.	�
gave a survey of the use of enzymes on a range of model compounds for wool
grease and on vegetable matter. The treatment of wool by a mixture of
cellulases, pectinases and ligninases did not impair wool fibres. Liebeskind et
al.�
 produced commercially unavailable lignin peroxidases with the aim of
degrading especially the lignin of the burrs. The process of lignin degradation
is a long-term process and in the time recorded (24 h) H

�
O

�
was added several

times. Thewool was not attacked by this procedure, but neither were the burrs
markedlymodified. The ‘Biocarbo’ processwas introduced, applyingpectolytic
and cellulytic enzymes by padding and washing in an acidic enzyme bath.

261Bioprocessing for smart textiles and clothing



After drying, vegetable residues are removed by carding or beating; the
method is recommended for wools containing less than 3% vegetable
matter.�� In contrast to this, the removal of vegetable matter from wool by
using a trash tester (USTERMDTA 3) was not enhanced after treatment with
hydrolytic enzymes (pectinases, hemicellulases, cellulases).��There areprospects
for the use of oxidative enzymes in this field.

15.2.8 Silk

Thedegummingprocessof silk as another representativeofnatural proteinaceous
fibres is normally performed by chemical treatment using soaps, alkali, acids
or water. By this process, sericine, the amorphous protein glue, is removed
from the silk thread liberating two highly crystalline fibroine fibres. Besides
chemical degumming, the proteolytic removal of sericine is also successfully
applied.�� It was shown that the application of ultrasound accelerates the
degummingprocess when using the proteolytic enzyme papain, whereas in the
case of Alcalase�� (NOVO Nordisk A/S) and trypsin, the beneficial effect of
the physical treatment is lower.�	

15.2.9 Summary

Of all the processes described, only a few are ‘pure’ enzymatic processes, i.e.
enzyme processes without any pre- or post-treatment. In two processes, other
enzyme classes than proteases are used: transglutaminase�� and protein
disulfide isomerase.�� Proteases are used to cut off the damaged fibres�� or to
achieve certain texturing effects.����� The combined processes using proteases
include the additional application of a resin����
��������� where the enzyme is
used as a pre- or post-treatment. Oxidative�
—�������������� and physical
pretreatments�
—�� are also combined with the application of enzymes. Then,
emphasis is put on softening or improving the handle, followed by dyeing
acceleration,��—���� bleaching	
�	� and pilling resistance.
In the combined processes, the cuticle surface is modified by the respective

pretreatment removing lipids and cleaving disulfide bridges and, by the
proteolytic post-treatment, enhancing the number of hydrophilic binding sites
in the fibres. Both pre- and post-treatment lead to electrostatic repulsion of the
fibres, to an enhanced degree of fibre swelling and to an improved dye uptake.
If the fibre modification is successfully performed by the use of enzymes alone,
either other enzyme classes than proteases are applied�������� or proteases are
used not to modify the fibre itself but to completely degrade and remove fibres
having been damaged in the course of earlier processing steps.
The combined enzymatic processes, including chemical pretreatment and

especially chlorination steps, are not real alternative processes becauseAOX is
still produced, even though in reduced amounts.
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By the complete descaling of the fibres on the one hand both lustre and
handle are enhanced and feltability is reduced. On the other hand, the fibre
cortex is being exposed, thus leading to aweakening of the fibre. Regarding the
fibre damage by enzymatic, especially proteolytic action, it can be stated that
in order to achieve the desired effect, either the enzymatic action has to be
controlled, e.g. diffusion control by enzyme immobilization,��� or the enzyme
has to be specially ‘designed’, e.g. by genetic engineering. By the latter
processes, a new enzyme is created or a usual enzyme ismodified in such a way
that only a distinct part of the target substrate is altered. Fornelli describes
enzymes suitable for wool finishing as ‘intelligent’ or ‘magic’.������	�Actually,
the user of enzymes takes advantage of the enzyme’s inherent characteristics of
specificity and selectivity, the enzyme under use being either native or
especially designed for a distinct process.

15.3 Treatment of cotton with enzymes

15.3.1Morphology of cotton

Cotton is built up of cellulosic and non-cellulosic material. The outermost
layer of the cotton fibre is the cuticle covered by waxes and pectins, followed
inwards by a primary wall built up of cellulose, pectins, waxes and proteinic
material.�
 The inner part of the cotton fibre consists of the secondary wall
subdivided into several layers of parallel cellulose fibrils and the lumen. The
smallest unit of the fibrils is the elementary fibril, consisting of densely packed
bundles of cellulose chains.�� In longitudinal direction, highly ordered
(crystalline) regions alternate with less ordered (amorphous) regions. The
non-cellulosic material is composed of pectins, waxes, proteinic material,
other organic compounds and minerals. Additionally, sizes and soilings are
added to cotton fibres. Thewholematerial adhering to the fibre is up to 20%of
the fibre weight. The non-cellulosic material is situated in or on the primary
wall, the outer layer of a cotton fibre making up 1% of the fibre diameter. The
secondarywall, which amounts to 90%of the fibreweight, ismainly composed
of cellulose.
The enzymatic hydrolysis of cotton is performed by cellulase, being

composedof at least three enzyme systemsworking together synergetically.�����
Endo-(1,4)-glucanases (1) hydrolyse chains of native cellulose, thus degrading
structures of low crystallinity and producing free chain endings. Cellobiohyd-
rolases (CBHs) (2) degrade cellulose from the chain end, liberating cellobiose,
which is hydrolysed by -(1,4)-glucosidase (3) to glucose units. The most
important cellulase-producing organisms are fungi of the genus Trichoderma,
Penicillium and Fusarium.
Pectin is the generic term for polysaccharides like galacturonans, rham-

nogalacturonans, arabinans, galactans andarabinogalactans.Thehemicelluloses,
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consisting of xylans, glucomannans and xyloglucans, build up the other group
of non-cellulosic material. In cotton, pectins mainly consist of �-(1,4)-bound
polygalacturonic acid, the carboxylic groups being esterified with methanol.
Pectinolytic enzymes are polygalacturonases cleaving the �-(1,4)-glycosidic
bonds of pectin.

15.3.2 Enzymatic processing of cellulosic fibres

The enzymatic treatment of cotton can be subdivided into three major topics.
The first one concerns the cellulosic part of the cotton and consequently the
enzymes used are mainly cellulases. The effects achieved by these enzymes are
pilling reduction, increase in softness, and amelioration of handle, surface
structure and fabric appearance. These effects are summarized as ‘biopolishing’,
a term created by the Danish company NOVO Nordisk. In the second
application of enzymes in cotton finishing, the stone-wash process of denim
material is replaced by the use of cellulases. By the enzyme treatment, the
amount of stonematerial required can be reduced or even completely replaced
and, unlike the stone-wash process, the enzyme treatment can be prolonged
without damaging the textile material. The third area of application concerns
the removal of natural fibre-adhering material (pectin) as a preparatory
procedure for the subsequent processing steps. Pectinases, or a combinationof
pectinases and cellulases, are the enzymes used for degradation of the pectin
material. The influence of interfering factors like surfactants, electrolytes and
dyestuffmaterials on the quality of biofinish processes has been monitored via
weight loss determination.�	Cellulase treatment is not just for cotton but also
for synthetic cellulosic fibres like lyocell/tencel and rayon, where it improves
softness, drapeability, pilling tendencies and post-laundry appearance. On
cellulose acetate, it is described as giving little benefit.��Using enzymes for the
modification of lyocell in fibre blends, the enzyme product always has to be
adjusted to the needs of the accompanying fibre.��

15.3.3 Biopolishing

The softening effects achieved by enzymatic treatment of cotton textiles were
already patented 20 years ago.�� The treatment did not lower the tensile
strength while softening the textile. In 1981, a process was patented which
comprises swelling of the cellulosic fibres with sulfuric acid, followed by a
treatment with cellulases to give a modified fabric with soft handle.�� The first
real cellulase treatment of cellulosic fibres was published in 1988.�� The
process led to a weight reduction of the fibres, and a weight loss of 3—5% was
evaluated as the optimum to obtain a soft handle and a better surface
appearance. A combined process for cotton softening was patented in 1990.�
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A low-temperature plasma was applied prior to the cellulase treatment. The
effect was measured by the determination of the tear strength. By treating
cotton fabrics with cellulases, e.g. from Trichoderma reesei, an improved
softness and fabric appearance and ahigh dyeing yield are achieved, theweight
loss of the fibres remaining low.�� Seko et al.�� described the use of cellulases
producedby bacteria of the genusBacilluson a cotton knit, enhancing softness
and hygroscopicity and preserving excellent fibre tensile strength. In 1992,
Pedersen et al.�� reported the ‘biopolishing’ effect. The basis of biopolishing is
a partial hydrolysis of the cellulosic fibres,�	 resulting in a certain loss of tensile
strength. The optimum effect was achieved, with a loss in strength of 2 to 7%.
The short fibre ends emerging from the fabric surface were enzymatically
hydrolysedbut an additionalmechanical treatmentwas necessary to complete
the process, i.e. to remove the fibres normally leading to pilling. The surface
appearance of the fabrics treated in that way was improved. The effect was
permanent, i.e. even after several machine washings, the textiles remained
almost entirely without pills. In contrast to the softeners applied to the fibre
surface, the water regain was not decreased by the enzymatic treatment.������
The process parameters and the commercial name of the enzyme used were
disclosed by Bazin et al.�� In 1993, a biopolishing process was patented by
VidebaekandAndersen��With a surface applicationof the enzymes insteadof
batch processing, the strength loss of the fibres was minimized in the softening
treatment of towelling.�� The treatment of cotton/wool blends with cellulases
and proteases resulted in fabric softening.�� Cellulase-treated cotton fabrics
were compared to alkali-treated polyester fabrics with 5%weight loss each; in
both cases bending rigidity was decreased.�� Clarke introduced an enzymatic
process to reduce pilling, especially from garment dyed goods made of cotton
or wool.�
 In the case of wool, a reduction reagent was added. Themechanism
of cellulose degradation was described by Almeida and Cavaco-Paulo�� The
enzymatic hydrolysis of the cellulosemainly occurs in the amorphous regions.
Consequently, a pretreatment decreasing the degree of crystallinity of the
cellulosewill enhance the enzymatic hydrolysis rate, e.g.mercerized cottonwill
be more prone to enzymatical modification than non-pretreated cotton. The
authors define the softness of a fabric: themechanical properties of a soft fabric
are characterized by low bending and shearing stiffness and a high degree of
elongation.A long-termenzymatic treatment exhibits a negative effect causing
fibre damage and a decline of handle properties. Koo et al.�� reported the use
of cellulases on cotton dyedwith different dye classes. A fabric dyedwith direct
or reactive dyes seemed to inhibit the cellulase action, documented by the fact
that the higher the dye concentration on the fibres, the lower the weight loss of
the fibres after enzyme treatment. In contrast, the catalytic action of cellulases
applied to fabrics dyed with vat dyes was not inhibited (this is an important
fact concerning the biostoning of cotton referred to later in this article). The
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authors also confirm that the fuzziness of the garments was reduced by
degradationof the fragments of cotton fibrils, and as a consequence the treated
fabrics showed less colour fading after laundering. Because of its lower degree
of polymerization as comparedwith cotton, rayon ismore sensitive to losses of
strength when treated with cellulases.��
Generally it is accepted that short treatment time and surface-sensitive

mechanical impact lead to a targeted surface modification of cotton, whereas
continuous installations without liquor turbulence are unsuitable for this
purpose.�	 Mechanical agitation during enzyme treatment affects not only
tactile and aesthetic qualities but also thermal comfort performance.��
Considering the variety of dyeing machines and methods that involve very
differentmodes and levels of agitation, the effect ofmechanical agitationon the
quality of the cellulase-treated textile goods is of high practical interest. It was
elucidated that endoglucanase activity increased at high agitation levels, thus
leading to a higher risk of fabric strength loss.�� Besides mechanical agitation,
fabric processing history and fabric construction are as important parameters
as the choice of enzyme composition and concentration.��
The components of the cellulase enzyme system were purified and analysed

for their impact on cotton modification. Regarding cotton samples with same
weight loss levels, either due to the catalytic action of cellobiohydrolase (CBH
I) or endoglucanase, more strength loss was observed in the case of the
endoglucanase-treated sample, but at the same time, positive effects on
bending behaviour andpillingwere achieved.��Compared toan endoglucanase-
enriched preparation, the use of whole cellulase is more effective regarding
surface fuzz removal, whereas the endo-enriched enzyme is less aggressive and
causes less fibre damage, thus being more suitable for delicate knits.��
Enzymatic hydrolysis of cotton fabrics dyed with direct dyes leads to weight
losses equal to that of undyed fabrics, whereas on cotton dyed with reactive
dyes, enzymatic degradation seems to be inhibited.�


15.3.4 Biostoning

Many casual garments are treated by a washing process to give them a ‘worn
appearance’. A well-known example is the stone-washing of denim jeans; the
blue denim is faded by the abrasive action of pumice stones. In the ‘biostoning’
process, cellulases (neutral or acidic) are used to accelerate the abrasion by
loosening the indigo dye on the denim.��Theprocess is highly environmentally
acceptable because of replacing or reducing the amount of stones, thus
protecting the machines and avoiding the occurrence of pumice dust in the
laundry environment. The process has already found broad acceptance in the
denim-washing industry. Tyndall reported the use of cellulases in combination
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with a mechanical action for improving softness and surface appearance.��
Enzymatic treatment led to a worn appearance of textile goods dyed with
‘indigo, sulfur, pigments, vats or other surface dyes’. In this treatment, a certain
degree of weight and strength loss has to be accepted. A broad survey of the
denim finishing programme was given by Ehret,�� describing the indigo
dyeing process, the stone-washing process and its substitution by the cellulase
treatment. To gain the desired ‘old look’ of denim material, it is important to
minimize back staining, being highest at pH 5. Ehret stated that cellulases
hydrolysing cellulosic material in the neutral pH range therefore, are
preferably used for jeans finishing. Zeyer et al.�	 drew up an empirical model
based on the observations made during the enzymatic decolourization of
cellulose fabrics. The authors conclude that fibre surface friction plays an
important role in the enzymatic decolourization of cotton. They state that
mechanical action opens the outermost layers of the cellulosic crystal, thus
increasing the enzyme-accessible part of the cellulose and allowing the
enzymatic removal of the dye.
Indigo backstaining during biostoning was studied. It was concluded that

backstaining increases with treatment time and enzyme concentration. Using
different enzymes, the backstaining is low in case of a neutral cellulase (pH
6—8) and high in case of an acid cellulase (pH 4.5—5.5).��

15.3.5 Bleach cleanup

After bleaching cotton withH
�
O

�
, the bleaching liquor cannot be used for the

next treatment step, e.g. dyeing, because of the oxidative effect of the residual
H

�
O

�
. The degradation of this residual H

�
O

�
in the bleaching bath by the

enzyme catalase makes replacement of the treatment liquor or the washing of
the goods unnecessary. Thus the same liquor can be used for the next
processing step, leading to a saving of time, of waste water, and of energy.��
Theprocess of removing residual peroxide from cottonmaterial was evaluated
not only from an ecological but also from an economical point of view, with
the result that, by the applicationof catalase the amount of freshwater used for
rinsing, cooling and heating is reduced and waste water is saved, leading to
total cost savings of 6 to 8% per year.��

15.3.6 Bioscouring

Effective dyeing and printing of textiles require uniform adsorbency.
Furthermore, no disturbing amounts of dirt, sizes or adhering naturalmaterial
should remain on the fibres. Sixty percent of all the problems occurring in the
dyeing andfinishing of cottonoriginate fromawrongor uneven pretreatment.��
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Therefore, the pretreatment is the most important step in cotton finishing.
Consequently, the adhering naturalmaterial and the sizes have to be removed.
Surface waxes produce a water-repellent fibre surface. Seed husks, pectins,
hemicelluloses and sizes fix part of the dyestuff and therefore cause uneven
dyeing. Furthermore, when using sodium hypochlorite as a bleaching agent,
this material, if not removed,�� leads to the formation of AOX in the effluent.
Therefore, prior to the bleachingprocess an alkaline boiling off is performed to
reduce the amount of cotton-adhering material.
Regarding the enzymatic removal of natural material-adhering cotton,

Bach and Schollmeyer examined the degradation of the cotton pectin by
pectinolytic enzymes.�

 The pectin was either extracted from the cotton and
used as a substrate in homogeneous solution, or degraded directly on the
cotton surface in heterogeneous reaction. The degree of degradation was
determined by measuring the amount of reducing groups being released into
the solution. The consequences of this degradation were published by Bach
and Schollmeyer in 1993.�
� The degree of whiteness after enzymatic
degradation of the pectin was lower compared to alkaline boiling-off.
However, combining the enzyme treatment (a simultaneous treatment of
pectinase and cellulase) or the alkaline boiling-off with an alkaline H

�
O

�
bleaching, the total degree of whiteness was higher in combination with the
enzyme treatment. Roessner�
� confirmed that the degree of whiteness of a
cotton sample only treatedwith enzymeswas lower by 8—10% than the degree
of whiteness of an alkaline boiled-off material. The effect of the enzymatic
treatment was also determined by measuring the wettability of differently
pretreated fabrics. The differences were documented by the TEGEWA drop
test. Desized fabrics were either enzyme or alkali treated. Differences in
wettability occurring in this treatment step were removed by an additional
peroxide bleaching process. The combined process, including an enzyme
treatment, delivered results comparable to the alkali treatment.
Factors influencing scouring are the nature of the substrate, the kind of

enzyme used, the enzyme activity, the use of surfactants and mechanical
impact.�
� It was observed that, during pectinase scouring, much less waxwas
removed compared with the alkaline scouring. If the treatment was combined
with surfactant treatment, results equivalent to alkaline scouring could be
achieved.�
	 A water treatment at 100 °C is reported to increase the
effectiveness of the subsequent scouring of cotton fabric with a combination of
pectinase, protease and lipase, whereas the use of these enzymes alone showed
very little effect.�
� A new pectinase (BioPrep��, NOVO Nordisk A/S) was
screened that is stable under alkaline conditions, i.e. the optimum conditions
for removal of cotton-adhering substances. Pectinase action does not create
full wettability alone. Surfactants, Ca-binding salts, emulsifiers and high
treatment temperatures complete the removal of theCa-pectate/wax complex.�
�
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The relative colour depths of caustic soda-scoured and environmentally
friendly bioprepared fabrics do not show significant differences.�
�
The effect of scouring with enzymes was compared to conventional caustic

soda treatment and solvent extraction. Whereas caustic soda treatment
resulted in the highest deteriorationon amolecular level, but led to a high level
of whiteness, the solvent-extracted samples showed superior tensile strength
and the bioscoured samples the best softening effect.�
�

15.3.7 Linen

Linen is the most sensitive fibre concerning treatment with cellulases. It has
been worked out that mono-component cellulases are necessary to limit the
enzyme treatment to the desired effects like enhanced handle or used look on
pigment-dyed or printed textiles. To improve dyeing and wrinkle recovery, a
major proportion of the pectic substances has to be eliminated without
damaging the cellulosic part of the fibres. It is described that the control of this
reaction is difficult in practice.�
�Thequality of flax fibres can be enhancedvia
controlled enzyme retting, thus minimizing over-retting and reduced fibre
strength.��
����

15.3.8 Hemp

Hemp fabrics were modified by using cellulase, hemicellulase and cellulase in
combination and cellulase plus -glucosidase. The hydrolysis rate and
product properties like tensile strength, crystallinity and pore structure were
investigated. It was shown that mechanical agitation has the greatest impact
on the fabrics when applied during the enzyme treatment. The largest total
porosity and the highest number of small pores was achieved after a treatment
using cellulase alone.���

15.3.9 Lyocell

Lyocell is a synthetic cellulosic and a high-fibrillating fibre. The high
fibrillation rate leads to interesting handle and look, although dyeing and
finishing are more difficult due to the higher risk of local damage.�	 During
processing, a primary fibrillation occurs due to hydro-mechanical action.
After that stage the cellulase treatment is performed. By the catalytic action of
these enzymes, fibrillated fibres are removed. In a subsequent secondary
fibrillation step, short fibrils that cannot connect to form pills are produced,
thus leading to a change in handle and appearance (peach skin). Endoglucanase-
enriched enzyme preparations produce superior fabric handle and minimize
seam damage.���
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15.3.10 Summary

Most of thework done in the field of enzymatic cotton processing concerns the
reduction of pilling and fuzzing of cotton fabrics by the catalytic action of
cellulases. Furthermore, casual wear is produced by the catalytic action of
cellulases in the biostoning process, replacing stone-washing.����	 In some of
the processes, the enzyme treatment is combined with mechanical action to
enhance the accessibility of the cotton substrate.�� Another approach is the
combination of a plasma treatment with the enzyme treatment.�
 A lot of
research work has been done in the field of enzymatic scouring of cotton, with
the aim of replacing the alkaline boiling-off.�
���
� The kinetics of enzymatic
pectin degradation was investigated to study and optimize the process.�


Bast fibres like flax and hemp, and synthetic cellulosic fibres like lyocell are
also targets for enzyme-catalysedprocesses and have already been successfully
modified.

15.4 Enzymatic modification of synthetic fibres

Polycaprolactone fibres were modified by the catalytic action of a lipase. The
fibres were not stretched because the enzyme-catalysed degradation declines
with rising degrees of stretch. After enzyme hydrolysis, fibres in unstretched
form show irregular structures, whereas stretched fibres show longitudinally
oriented structures.��	 Lipases improve wetting and absorbency of polyester
fabrics. Compared to the reduced strength and mass from alkaline hydrolysis,
the enzyme-treated fabrics showed full strength retention. The wettability
effect proved to be due to hydrolytic action rather than protein adsorption.���

15.5 Spider silk

Spider dragline silk is stronger than steel and has a tensile strength
approaching that of Kevlar. It is remarkable in its extremely high elasticity.���
This unusual combination of high strength and stretch renders this material
extremely attractive for researchers. Spider’s dragline silk ismainly constituted
of glycine (42%) and alanine (25%), and the remainder is predominantly built
up of glutamine, serine and tyrosine.���Poly-alanine of 5 to 10 residues builds
up a -sheet and accounts for most of the crystalline fraction (30%). The
crystalline domains are bonded via glycine-rich regions (-turns) and are
embedded in amorphous regions.��� In humid surroundings the fibres
supercontract, achieving 60% of their former length. It is the aim of research
work to produce spider silk proteins biotechnologically in requested quantities
and process them to fibres in industrial scale.��� There are two main tasks
within this field. First, the cloning and recombinant expression of spider silk
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proteins and second, to elucidate fundamentals and requirements for the
processing of spider silk proteins to fibres. Spider silk analogues have been
expressed in bacterial cells��
 but the overexpression of larger protein
segments has not been achieved up to now.��� Model substances like
degummed natural silk from the mulberry silkworm Bombyx mori were used
for solubility studies and for testing a laboratory scale spinning device to
produce filaments from polymer solutions of small volume.���The future will
show if appropriate technological parameters, possibly including biotechnical
processing, will be feasible.

15.6 ‘Intelligent’ fibres

Textiles contributing to thermal regulation via the incorporation of ‘phase
change’ materials are related to wear comfort, especially in sports and leisure
wear. Perspectives are opening up for these materials also in the field of
medical textiles��� and protective clothing with shape memory for fire
brigades and racing andpetrol pumpattendants is under development.���The
latter contains shape memory materials in a layer that at certain high
temperatures contribute to the formationof an insulating layer by returning to
their original shape. In this way, it protects the human from being overheated.
The perspectives for biotechnical processing in the field of specialty fibres
ranges from the enzyme-catalysed functionalization of fibres to the inclusion
and thus immobilization of enzymes in or on those fibres.

15.7 Conclusions

The use of enzymes in cotton finishing has found much broader acceptance
than the use of enzymes in wool finishing. Enzymatic processes are already
well established in the cotton industry. The terms biofinishing andbiopolishing
are not only advertising slogans but also stand for ecologically acceptable
processes. Compared to cotton fibres, wool is a more complex fibre material.
The composite structure and the accessibility even of the bulk part of the fibres
complicate the restriction of the enzyme treatment to the fibre surface. The
complete degradation of fibres or fibre ends from textiles by enzymatic
treatment leads to the desired effects of lustre and softness in cotton finishing.
In wool finishing, single fibres have to be modified to achieve, for example, the
antifelting effect, soft handle and lustre. Therefore, reaction control plays a
more important role in wool finishing due to the possibility of enzymes
diffusing into and damaging the wool fibres. Wool fibres are often pretreated
by chemical or physical means prior to the enzyme treatment, to enhance the
accessibility of the cuticle, to shorten the treatment time and to restrict the
enzyme to the fibre surface.
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Hence, the design of specialized enzymes reacting with only one specific
component of the fibre and/or the production of diffusion-controlled enzymes
might be a solution to develop future biotechnical processes for textile
finishing. Thus, not only optimization of process parameters like pH value,
temperature, ionic strength and knowledge on technological items like
mechanical impact due to different machine devices, but rather completely
engineered enzymeswill lead us to ‘tailor-made’ smart products andprocesses.
There is therefore a need for close cooperation between textile andbio-chemists
that will lead to new enzymes and new fibres. As one example, there are vast
perspectives in the field of ‘intelligent’ textilematerials. In view of this, it should
never be forgotten that enzymes should not be used for the sake of enzymes.
However, it has been shown in many fields that ecology and economy profit
from intelligent enzymatic processes.
The major advantage of enzymatic processes is the possibility of using

conventional technology already existing in textile plants. Enzyme formulations
should be applied in solution, to avoid dust formation and to reduce the
known allergizing potential of protein material when inhaled. A heat
treatment is sufficient to stop the enzymatic action irreversibly. Thus the
transfer of an enzymatic process developed on laboratory scale into the textile
industry should be possible without great delay.
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16
Tailor-made intelligent polymers

for biomedical applications

ANDREAS LENDLEIN

16.1 Introduction

The introduction of resorbable, synthetic suture materials represented
important progress in surgery in the early 1970s. Those sutures consisted of
poly(�-hydroxyacid)s like polyglycolide and the copolyesters of ,-dilactide
anddiglycolide.���Originally commercialized byAmericanCyanamid, Ethion
Inc. and Davis & Geck, these aliphatic polyesters have been successfully
applied until today and have become a well-accepted standard. Due to the
time-consuming and cost-intensive process for the approval of novel biomedical
devices by federal administration, only a few further biodegradable polymers
have reached themarket since then. Polyanhydrides are an example of a group
ofmaterials whichhas been introduced to clinics during the 1980s.�Basedon a
polyanhydride matrix, implantable drug delivery systems like Gliadel��
(GuilfordPharmaceuticalCo., Baltimore) andSepticin�� (AbbottLaboratories,
Illinois) have been developed. Gliadel�� is applied for the treatment of brain
cancer (glioblastoma multiforme). Gliadel�� pellets are used to fill cavities
caused by surgical treatment of brain tumours and in addition to combat
remaining tumour cells.With Septicin�� implants, it is possible to cure chronic
bone infections.
To be degradable, a biomaterial needs bonds which are cleavable under

physiological conditions. In the case of the aliphatic polyesters mentioned
above, as well as the polyanhydrides, these are hydrolysable bonds. There are
two mechanisms for hydrolytic degradation — bulk degradation and surface
erosion.� Both mechanisms differ in the ratio between the rate of diffusion of
water in the polymermatrix and the rate of hydrolysis of the cleavable bond. If
the rate of diffusion is higher than the rate of hydrolysis, a water uptake of a
few per cent, typically 1—3wt.%, can be observed. The hydrolysable bonds
within the bulk will be degraded almost homogeneously. This mechanism is
called bulk degradation. For hydrophobic polymers, the rate of diffusion of
water into the polymer matrix can be significantly lower than the rate of
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16.1 General schematic representation of the degradation behaviour of
degradable polymers: (a) bulk degradation, (b) surface erosion.

cleavage of the hydrolysable bonds. Here the degradation is taking place only
within a thin surface layer of the implant. In the case of surface erosion the
degradation rate therefore depends on the surface area of a device. While
polyanhydrides show surface erosion, polyhydroxyacids undergo bulk
degradation. A general scheme of the degradation behaviour for both
mechanisms is given in Fig. 16.1.
Thenumber of potential applications for biodegradable implantmaterials is

increasing constantly. One reason can be seen in the growing confidence of
clinicians in the concept of degradable biomaterials based on the successful
application of the established polymers. Another motivation can be found in
completely new therapeutic methods, which have been developed taking
advantage of the concept ofbiodegradablepolymers suchas tissue engineering.	��
Tissue engineering is an interdisciplinaryapproach aiming at the generation of
new functional living tissue, which can be transplanted into a patient in terms
of reconstructive surgery. This new tissue should be fabricated using living
cells associated to a degradable porous scaffold. The scaffold should determine
the three-dimensional shape of the resulting tissue, and should be degraded
while the cells are growing and replacing the artificial structures.
The requirements for an implant material are determined by the respective

application. The key properties of degradable biomaterials are theirmechanical
properties, degradation rate and behaviour, their functionality and their
biocompatibility. For each application, a specific set of the properties
mentioned is needed. With the growing number of potential applications,
the number of required materials with specific combinations of properties
is also increasing. As the variability of properties is limited for those
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biomaterials established, a newgeneration of biodegradable implantmaterials
is demanded.
In the following section, promising candidates for the next generation of

degradable biomaterials will be introduced. This class of biomaterials allows
variationof macroscopic properties within awide range by only small changes
in the chemical structure. As an additional functionality, these new materials
show shape memory properties.

16.2 Fundamental aspects of shape memory materials

Shape memory materials are able to memorize a second, permanent shape
besides their actual, temporary shape. After application of an external
stimulus, e.g. an increase in temperature, such a material can be transferred
into its memorized, permanent shape. The process of programming and
restoring a shape can be repeated several times. This behaviour is called the
thermally induced ‘one-way’ shape memory effect.
The shape memory effect has been reported for different materials, such as

metallic alloys,�—�
 ceramics,����� and glasses��, polymers��—�
 and gels��—��.
Shape memory alloys (e.g. CuZnAl-, FeNiAl-, TiNi-alloys) are already

being used in biomedicine as cardiovascular stents, guidewires andorthodontic
wires. The shape memory effect of these materials is based on a martensitic
phase transformation.
Several types of shapememory gels are described in the literature.��—��Two

different concepts are explained below. In the first system the shape memory
effect is ‘one-way’ and originates from the chemical structure of the polymer
network. The other system is an example of a reversible ‘two-way’ shape
memory effect. However, this effect is being achieved by the design of the gel
specimen as a bilayer system.
The first system can be prepared by a radical copolymerization of stearyl

acrylate and acrylic acid withN,N-methylenebisacrylamideas a crosslinker.��
Due to the intermolecular aggregation of the stearyl acrylate side chains, a
crystalline lamellar structure can be observed in the dry as well as the swollen
state in DMSO at room temperature. The swelling ratio of a gel film grows
with increasing temperature up to 47 °C corresponding to the melting point of
the stearyl side chains. This crystallizable side chain is the physical cross-link
which can be used to fix a temporary shape. The permanent shape is being
determined by the covalent cross-links of the polymer network. In this way, a
thermally induced one-way shape memory effect can be programmed.
A reversible shape memory effect can be achieved using modulated gel

technology.�	 These gels consist of two components, typically in the form of
layers. The first component is not sensitive to an external stimulus (substrate
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element), while the second part is responsive to a selected stimulus (control
element). The design of the gel specimen is optimized in such a way that a small
change of the control element causes a large movement of the substrate
element. An example of such a system is a partially interpenetrating system.
The non-responsive part consists of a polyacrylamide gel. The control element
is an interpenetrating network of the same polyacrylamide gel with a
crosslinked poly(N-isopropylacrylamide) (NIPA). It is a specific property of
the ionic NIPA gel (containing a small amount of sodium acrylate) to
drastically shrink at temperatures higher than 37 °C. Since this change in
volume of the control component is reversible, the shapememory effect is also
reversible.
The shape memory effect of polymers, e.g. heat-shrinkable films or tubes,��

is not a specific bulk property, but results from the polymers’ structure and
morphology. The effect is persistent in many polymers, which might differ
significantly in their chemical composition. However, only a few shape
memorypolymer systems havebeen described in the literature.One example is
segmented polyurethanes.��—�
 The thermal transition, which triggers the
shape memory effect, can be a glass transition��—�� as well as a melting
point.�
—�� Segmented polyurethanes have found some applications, e.g. as
chokes in cars. However, they are not suitable as degradable biomaterials for
two reasons. On the one hand, the urethane bonds of their hard segments are
hardly hydrolysable. On the other hand, the degradation products would be
highly toxic low molecular weight aromatic compounds.

16.3 Concept of biodegradable shape memory polymers

Biodegradable, stimuli-sensitive polymers have great potential in minimal
invasive surgery.Degradable implants can be brought into the body through a
small incision in a compressed or stretched temporary shape.Uponheating up
to body temperature, they switch back to their memorized shape. Repeat
surgery for the removal of the implant is not required, since the materials will
degrade after a predetermined implantation time period.
Structural concepts for tissue-compatible and biodegradable polymers,

thermoplastic elastomers,�� and thermosets��with shapememory capabilities
will be introduced. Their thermal and mechanical properties and degradation
behaviourwill be explained. An important precondition for the shapememory
effect of polymers is elasticity. An elastic polymericmaterial consists of flexible
segments, so-called network chains, which are connected via netpoints or
junctions. The permanent shape of such a polymer is determined by the
netpoints. The network chains take a coil-like conformation in unloaded
condition. If the polymer is stretched, the network chains become extended
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16.2 General schematic representation of the shape memory effect.

and oriented. In the case of an ideal entropy elasticmaterial, the original shape
is recovered after the stress is released.
An elastic polymer gains a shapememory functionality if the deformationof

the material can be stabilized in the temperature range which is assigned for
the specific application. This can be realized by using the network chains as a
kind of molecular switch. For this purpose it should be possible to vary the
segment flexibility as a function of temperature. Ideally, this process should be
reversible. One way to obtain a switch functionality is given by the
introduction of a thermal transition of the network chains at a temperature
T
�����

. Above T
�����

, the segments are flexible, while below the transition
temperature, the flexibility of the network chains can be limited to a certain
extent. Belowa glass transition temperatureT

�
, the flexibility of the network is

frozen. If the thermal transition is a melting point, the network may become
partially crystalline at temperatures below the melting temperature T

�
. The

so-formed crystalline domains prevent the segment chains fromspontaneously
recovering a coil-like conformation.The process of programming a temporary
shape and the recovery of a permanent shape is shown in Fig. 16.2. Above
T
�����

, the segments are flexible and the polymer can be deformed elastically.
The programmed shape is fixed by cooling the material to a temperature
belowT

�����
. Uponheating aboveT

�����
, the permanent shape can be recovered.

For biomedical applications, a thermal transition of the segment chains in
the range between room and body temperature is of great interest. Suitable
segments for degradable shape memory polymers can be found by regarding
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16.3 Dependence of thermal transition on molecular weight:
(a) oligo[glycolide-co-(L-Kwsir-lactide)]diol having a glycolate content
of 15mol %, (b) oligo(�-caprolactone)diol.

the thermal properties of well-established degradable biomaterials. From this
assortment, two promising candidates can be extracted: poly(�-caprolactone),
which has a T

�
of 61 °C, and the amorphous copolyesters of diglycolide

and dilactides, showing glass transition temperatures T
�
in the range from

35 °C to 55 °C. A fine-tuning of the respective thermal transition can be
managed by variation of the molecular weight and the comonomer ratio (see
Fig. 16.3).
Appropriate macrodiols are produced via ring opening polymerization of

cyclic diesters or lactones initialized by low molecular weight diols (see Fig.
16.4).��The sequence structure of cooligomers can be influenced by application
of a transesterification catalyst. The molecular weight of the oligomers can be
controlled by the monomer/initiator ratio. Typically, the molecular masses
Mn being obtained are between 500 gmol�� and 10 000 gmol��. The net
points can either be of physical or chemical nature. In the case of physical
crosslinks, e.g. crystallizable segments with T

�

 T

�����
, the resulting polymer

represents a thermoplastic elastomer. These materials can be melt processed,
e.g. by extrusion or mould injection. Here, the permanent shape can be
changed several times. In contrast, the permanent shape of a covalently
crosslinkedpolymer network cannot be changed after the crosslinkingprocess.
Important characteristics to be adjusted are the mechanical properties of

the polymers in their permanent and temporary shape, the thermal transition
temperatureT

�����
, the rate and themechanismof the degradationprocess, and

the shape memory properties.
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16.4 Synthesis of macrodiols via ring-opening polymerization of lactones
or cyclic diesters.�� Courtesy of Wiley-VCH.

16.4 Degradable thermoplastic elastomers having shape
memory properties

16.4.1 Synthesis

In order to synthesize biodegradablemultiblock copolymers, the oligoesterdiols
and cooligoester diols are linked by bifunctional junction units, e.g. diisocyanates,
diacidchlorids or phosgene (see Fig. 16.5). High molecular weight polymers in
the range of M

�
� 100 000 gmol�� need to be obtained in order to get the

desiredmechanical properties. The resulting thermoplastic copolyesterurethanes
are tough and show high elongations at break �

�
. These linear multiblock

copolymers are phase segregated and consist of crystallizable hard segments
(T

�
) and amorphous switching segments (T

�����
� T

�
), e.g. poly[(-lactide)-co-

glycolide]with a glycolate content of 15mol%. The permanent shape of these
materials is obtained by melting the polymer followed by cooling to a
temperatureT

�
� T � T

�����
. The shapememory polymer can now be brought
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16.5 Synthesis of multiblock copolymers via polyaddition reaction.
Courtesy of Wiley-VCH.

into its temporary shape, which is being fixed by cooling below T
�����

. The
permanent shape can be recovered by heating the material above T

�����
.

16.4.2 Thermomechanical properties of thermoplastic
elastomers

The shape memory effect can be determined quantitatively by cyclic
thermo-mechanical tests. Thesemeasurements are performed in a tensile tester
equippedwith a thermo-chamber.At a temperature aboveT

�����
, a bone-shaped

sample is fixed between two clamps and stretched. If the maximum elongation
has been reached, the sample is cooled down to a temperature belowT

�����
. The

clamps then return to their initial distance. The sample reacts with bending.
After reheating to a temperature above T

�����
but below T

�
of the hard

segment, the next cycle can be started. Figure 16.6 shows an example for the
result of such a cyclic thermomechanical test.

16.4.3 Degradability

As shown in Fig. 16.7, accelerated hydrolytic degradation experiments with
different copolyester-urethanes in buffer solution of pH 7 at 70 °C showed that
these materials are hydrolytically degradable. The degradation rate varies
within a wide range. In contrast to the degradation behaviour of several
polyhydroxyacids,mass loss of the investigated shapememory polymers starts
early and shows linear behaviour during the whole degradation period.

16.4.4 Toxicity testing

In a first set of experiments, the multiblock-copolymers proved to be
non-toxic. The CAM (chorioallantoicmembrane) test is a sensitive test for cell
toxicity. It is performed by placing a sterilized sample of the polymer on the
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16.7 Hydrolytic degradation of shape memory polymers at 70 °C in
buffered solution of pH 7: loss in relative sample mass (� PDC27;
� PDC31; � PDC40; s PDL30).

chorioallantoic membrane of a fertilized chicken egg for two days. After
incubation, the growth of blood vessels around the polymer sample is
observed. In case of a non-toxic polymer, the blood vessels remain unchanged
and their development is not restricted. In case of incompatibility, the sample
causes changes in the number and shape of blood vessels, and the formation of
a thrombus might occur (see Fig. 16.8).
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16.8 CAM test after 48h incubation time: (a) multiblock copolymer, edge
length of the sample 1–2mm, (b) control experiment: incompatible sample
causes thrombus (dark spot).1 Courtesy of Wiley-VCH.

16.9 Synthesis of polymer networks with shape memory properties:
(a) synthesis of the dimethyacrylate macromonomers, (b) cross-linking of
the macromonomers.

16.5 Degradable polymer networks having shape
memory properties

Based on the same switching segments as mentioned for the thermoplastic
elastomers, a group of shape memory polymer networks can be prepared.
Instead of crystallizable hard segments, covalent cross-links are introduced.
For this purpose, the macrodiols can be turned into macrodimethacrylates,
which can be cross-linked by photocuring. An example for the synthesis of
biodegradable shape memory polymer networks is shown in Fig. 16.9. A
potential educt is poly(�-caprolactone) dimethacrylatewithmolecular weights
between 1000 and 10 000. By copolymerization with n-butylacrylate, Ab-
networks can be obtained.��The permanent shape of these polyester networks
is fixed via photocuring. The thermo-mechanical properties of the network
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can be tuned by the choice of the molecular weight of the respective
macrodimethacrylates.The temporary shape can be formedby deformationof
the sample under temporary heating above T

�
.

16.6 Conclusion and outlook

Biodegradable shape memory polymers are candidates for the next promising
generation of implant materials. The fact that these materials belong to a
polymer system allows the adjustment of certain properties in a wide range,
e.g. mechanical properties and degradation behaviour. Today, such materials
can be synthesized in a kilogram scale.
In contrast to metallic shape memory alloys like NiTi-alloys, the polymers

presented here combine the features of degradability and high elasticities, with
elongations at break up to 1500%. Furthermore, shapememory polymers can
be programmedmuch faster, allowing the individual adaptation of an implant
to the patient’s needs during surgery. Compared to hydrogels, these materials
exhibit much higher mechanical strength.
From the point of view of economy and costs in healthcare systems,

biodegradable shapememory polymers have twomajor advantages. Implants
based on these materials can be brought into the body by minimally invasive
methods, e.g. belly button surgery, allowingmore careful treatment of patients;
in addition, repeat surgery for the removal of the implant can be circumvented.
The high potential of shapememory polymers for biomedical applicationswill
therefore have a decisive influence on the way in which medical devices are
designed in the future.
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17
Textile scaffolds in tissue engineering

SEERAM RAMAKRISHNA

17.1 Introduction

Use of textile structures in the medical field is not recent because sutures,
which for centuries have been used for the closure of wounds or incisions, are
fundamentally textile structures. The emergence of textiles apart from sutures,
for various biomedical applications, became of real significance in the early
1950s.Nowadays they are commonly used in various biomedical applications,�
and are generally referred to as ‘medical textiles’. Based on the application,
they may be grouped into three broad categories (Table 17.1), namely
healthcare and hygiene textiles, extracorporeal devices and surgical textiles.�
In terms of volume of usage, surgical textiles are much smaller than healthcare
and hygiene textiles. However, scientifically, surgical applications are far more
challenging. In these applications, the textiles are expected to fulfil a number of
requirements, including surfacebiocompatibility (chemical structure, topography,
etc.), mechanical compatibility (elastic modulus, strength, stiffness, etc.),
non-toxicity, durability in in vivo (human body environment) conditions and
sterilizability.Due to recent advancements in textile engineering andbiomedical
research, the use of textiles in surgery is growing. They are routinely used to
direct, supplement or replace the functions of living tissues of the human body.
Soft tissue replacements or implants such as vascular grafts, skin grafts, hernia
patches and artificial ligaments are made of textile structures.�—� Moreover,
polymers reinforcedwith textiles, called polymer compositematerials, are also
considered in hard tissue replacements or implants such as dental posts, bone
grafts, bone plates, joint replacements, spine rods, intervertebral discs and
spine cages.���
Table 17.2 is a partial list of some of themost common implant
applications of textiles. Some implant applications are shown schematically in
Fig. 17.1. As can be seen from Table 17.2, the implantable textiles are made
from a variety of synthetic biomaterials, which are essentially non-living
(avital) type. Although the synthetic biomaterials are fairly successful, the
profound differences between them and the living tissues of the human body
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Table 17.1 Classification of medical textiles

Category Sub-category Applications

Healthcare and
hygiene textiles

Bedding, protective clothing,
surgical gowns, clothes, wipes,
etc.

Extracorporeal devices Artificial kidney, artificial liver,
artificial lung, bioreactors, etc.

Surgical textiles Non-implantable
textiles

Wound dressings, plaster casts,
bandages, external fracture
fixation systems, etc.

Implantable textiles Sutures, vascular grafts, ligament
and tendon prostheses, bone
plates, heart valves, hernia
patches, joint replacements,
artificial skin, etc.

1. Peridontal splints
2. Frame work for crowns or fixed partial dentures
3. Chairside tooth replacements
4. Dental post
5. Orthodontic arch wire
6. Fixed prosthesis
7. Dental implant

Intromedullary nail

Synthetic skin

Abdominal wall patch

Vascular graft

Cartilage replacement

 Ligament prosthesis

Screws
Bone plates

Dural substitute
Bone graft
Trachea prosthesis

Shoulder joint prosthesis

Heart valve prosthesis
Elbow joint prosthesis

Intervertebral disk
Finger joint prosthesis

Total hip joint prosthesis

Total knee joint replacement

External fixation system

17.1 Schematic illustration of various implants.

lead to problems such as infection, loosening, failure and finally rejection of
implants. On the other hand, transplantation (transfer of a tissue from one
body to another, or from one location in a body to another) is not always
practical due to a shortage of donor tissue, and the risk of rejection and disease
transfer. Hence, there is a need to develop biological substitutes (living or vital
materials) to avoid these problems. The newly developed field of ‘tissue
engineering’ combines mammalian cells and certain synthetic biodegradable
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Table 17.2 Implant applications of textile structures

Textile structures
�monofilament (m),
yarn (y), weave (w),
briad (b), knit (k),

Application Materials non-woven (n)�

Abdominal wall Polyester w
Blood vessel
(vascular graft)

Polyester,
polytetrafluoroethylene
(PTFE), polyurethane

w, k

Bone plant Carbon, PGA y, w, b, k
Cartilage Low density polyethylene,

polyester, PTFE, carbon
w, b

Dental bridge Ultrahighmolecular weight
polyethylene (UHMWPE),
carbon, glass, aramid

w, n

Dental post Carbon, glass y, b
Dural substitute Polyester, PTFE, polyurethane,

collagen
n, w, k

Heart valve (sewing
ring)

Polyester k, w

Intervertebral disc Polyester, PTFE w, k
Intramedullary rod Carbon, glass y, b
Joint Polyester, carbon, UHMWPE w, k
Ligament Polyester, carbon, glass,

aramid
b, w, k

Orthodontic arch Glass y, b
wire
Skin Chitin n, w, k
Spine rod Carbon y, b
Suture Polyester, PTFE, polyamide,

polypropylene, polyethylene,
collagen, polylactic acid (PLA),
polyglycolic acid (PGA)

m, y, b

Tendon Polyester, PTFE, polyamide,
polyethylene, silk

b, w, y

materials (materials that eventually disappear after being introduced into a
living tissue or organism) to produce living (vital) synthetic tissue substitutes
or replacement tissues.��—�� It is envisaged that such tissue substitutes will
merge seamlessly with the surrounding host tissues, eliminating problems
associated with contemporary biomaterials and transplantation. Recognizing
the potential of tissue engineering, researchers worldwide are harnessing
techniques to produce tissue engineered skin,�	 cartilage,�� nerve,�� heart
valve�� and blood vessels.����� It is also envisaged that, using tissue
engineering techniques, it will eventually be possible to construct entire
replacement organs such as the liver�
 and bladder.��
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17.2 Knitted fabric scaffold seeded with osteoblastic cells.

Table 17.3 Various scaffolds used in tissue engineering

Scaffold structures
�yarn (y), weave (w),

Tissue engineered braid (b), knit (k),
biological substitute Scaffold materials non-woven (n)�

Bladder21 PGA Textile (n)
Blood vessel18,19 Polyester (Dacron);

polyurethane; ePTFE; PGA;
PLA; PGLA (Vicryl)*

Textile (n, w, b, k)

Collagen Textile (k)
Bone61,62,64 PGA; PLGA*+ hydroxyapatite

fibres
Textile (n); Foam

PLLA Foam
Cartilage15,65–68 PGA; PLLA; PGLA* Textile (n)
Dental69 DL-PLA; PGLA (Vicryl)* Foam (porous

membrane); textile (n)
Heart valve17 PGA Textile (n, w)
Tendon70 PGA Textile (n, y)
Ligament67,71 Collagen Textile (y)

PGA, PLAGA* Textile (b, n)
Liver20,72 PGA; PLA; PGLA;

polyorthoesters;
polyanhydride

Foam; textile (n)

PLGA* 3D Printed
Nerve16,73,74 Collagen–glycosaminoglycan Foam

PGA Textile (n)
Skin14,73 PGA; PGLA (Vicryl)*; Nylon Textile (w)

Collagen–glycosaminoglycan Foam

*PLAGA, PGLA, PLGA are co-polymers of polyglycolic acid (PGA) and polylactic
acid (PLA).

The basic concept of tissue engineering is to regenerate or grow new tissues
and organs by culturing isolated cells from the tissue or organ of interest on
porous biodegradable scaffolds or templates (Fig. 17.2). The scaffold acts as an
extracellular matrix for cell adhesion and growth and/or regeneration. An
important challenge is to pursuade the cells transplanted onto scaffolds to
multiply and produce correct tissue matrices, which can take up and secrete
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protein, generate force and resistance, constrain permeability and exhibit
other life processes. It has been recognized that the engineering of the scaffold
is an important aspect, as it provides the optimal requirements for the survival,
proliferation and differentiation of cells, and for the formation of tissue in in
vitro or in vivo conditions depending on the intended application. Hence,
there has been a multitude of research work carried out in the last decade to
design and develop various types of optimum scaffolds for tissue engineering
(Table 17.3). They may be broadly categorized into three groups based on the
processing methods: (1) foams/sponges,��—�� (2) three-dimensional (3D)
printed substrates/templates�� and (3) textile structures.��—��Textile structures
form an important class of porous scaffolds used in tissue engineering.	
—	�
This chapter reviews various textile scaffolds from the viewpoint of tissue
engineering requirements and possible future developments.

17.2 Ideal scaffold system

Making biological substitutes using the tissue engineering approach funda-
mentally encompasses several phases, namely: selection of scaffold material;
fabrication of scaffold; preparation of scaffold; cell harvest from animal or
humanpatient; cell seedingonto the scaffold; cell proliferationanddifferentiation;
growth ofmature tissue; surgical transplantation; and implant adaptation and
assimilation. The following describes features of an ideal scaffold system.	��		
Specific requirements vary from one tissue to another.

∑ The material used for the scaffold should be biocompatible, not inducing
an unfavourable tissue response in the host. The material should be
ultra-pure, and easily and reliably reproducible into a variety of sizes and
structures.

∑ In most applications, the support of a scaffold is needed only for a limited
time. These temporary scaffolds cannot be removed easily because of
tissue grown into the porous structure. Therefore, scaffolds have to be
manufactured out of a biodegradable material in which the degradation
rate has to be adjusted to match the rate of tissue formation. The scaffold
should maintain its volume, structure and mechanical stability long
enough to allow adequate formation of tissue inside the scaffold. However,
none of the degradation products released should provoke inflammation
or toxicity.

∑ Scaffolds must provide a reproducible microscopic and macroscopic
structure with a high surface-area to volume ratio in order to allow a
significant amount of cell—surface interaction. The scaffold processing
method should not affect the biocompatibility or the desired degradation
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behaviour of thematerial. It should also allow themanufacture of scaffolds
with controlled interconnected pore structure, pore size distribution and
pore geometry, since these are important factors in tissue growth or
regeneration.

∑ The average pore size and the macroscopic dimensions of a scaffold are
important factors which are associated with cell proliferation and
nutrition supply, from tissue culture media in vitro and through newly
formed blood vessels in vivo, to cells and tissue. The pore size of such
scaffolds should be sufficient to allow cells to grow in multiple layers in
order to form a three-dimensional tissue. The optimal pore size may be
highly variable, depending also on the intended application of the scaffold.
For instance, it has been hypothesized that in orthotopic sites, pore sizes
below 400�m lead to bone formation and pore sizes above 400�m lead to
fibrous tissue ingrowth.	�—	� In addition to pore size, porosity, whichmore
reflects the interconnectivity of the scaffold, is also important. High
porosity maximizes the volume of tissue ingrowth and minimizes the
amount of scaffold material used. It also facilitates transport of nutrients
and cellular waste products. Another parameter is the pore morphology,
whichmay bemeaningful in favouring the ingrowth of certain cell types.	�

∑ Scaffold surface chemistry should be suitable for cell attachment and cell
proliferation.

∑ In certain tissue engineering applications, external electro-mechanical
stimulations are often used to promote cell proliferation and tissue
development. The scaffold should be able to retain its shape and structure
under these electro-mechanical conditions.

∑ Further, the flexibility of such a scaffold should be close to that of its
surrounding tissue so, once the vascularization starts, no extreme change
in themechanical properties between the host tissue and the scaffold canbe
experiencedby the ingrowing tissue. Such forces could be harmful, not only
for the vascularization process, but also because they could induce the
formation of a different tissue from the desired one.

17.3 Scaffold materials

As most cells are substrate dependent, the scaffold structure as well as the
material has control over the cell adhesion and function. The various scaffold
materials used in tissue engineering can be grouped into natural and synthetic
materials. Collagen, chitin, starch, etc. are a few examples of natural materials
(see Table 17.4). Natural materials are isolated from human, animal or plant
tissues, which typically result in high costs and large batch-to-batch variations.
In addition, these materials exhibit a very limited range of properties and are
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Table 17.4 Biodegradable polymers used in tissue engineering

Category Sub-groups and typical polymers

Natural polymers Cellulose, starch, chitin, collagen and fibrin12,43,73,75–74

Synthetic polymers Polyesters24,26,30–32,53,66,75,82,85–98

Poly(glycolic acid) (PGA) and copolymers
Poly(lactic acid) (PLA) and copolymers
Poly(alkylene succinates)
Poly(hydroxybutyrate) (PHB)
Poly(butylene diglycolate)

Polyanhydrides99

Polyorthoesters100–102

Polyiminocarbonates103,104

Polyphosphoesters105

Polyphosphazenes106–112

often difficult to process. Synthetic materials are further classified into
degradable����
 and non-degradable�� types. The non-degradable materials,
suchaspolyethylene, polyethyleneterephthalate (PET) andpolytetrafluoroethy-
lene (PTFE) may carry a risk of permanent tissue reaction.�� On the other
hand, synthetic biodegradable polymers, such as polyesters, polyanhydrides
and polyorthoesters (see Table 17.4) offer control over structure and
properties. They can be processed into various shapes and microstructures,
such as desired surface area, porosity, pore size and pore size distribution.
They can be tailored with degradation times ranging from several days up to
years. Their surface properties can be altered to adapt to the biological
requirements for cell adhesion, growth and function. Therefore, synthetic
biodegradable polymers have been widely investigated in tissue engineering
research.��—�	 From the literature (Tables 17.3 and 17.4) it is evident that
biodegradable polyester-based materials dominate the tissue engineering
applications compared to other biodegradable polymers. This is mainly due to
the fact that polyesters of poly(�-hydroxy acids) are used successfully in
various implant applications and have already been approved by theUSFood
and Drug Administration (FDA). Another factor could be the familiar
processing and characteristics of these materials to many tissue engineering
researchers. However, it is to be noted that the mechanical properties and
degradation profiles of these polyesters are insufficient for certain applications.
Moreover, certain copolymersmay release toxic products during degradation.
As tissue engineering applications continue to grow, it is important to find and
develop alternative biodegradable polymers thatmeet the specific requirements
of various tissues.
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17.4 Textile scaffolds

The need for scaffolds in tissue engineering is undisputed as cells cannot
survive on their own and are substrate dependent. However, there is no
universal scaffold that meets all the requirements of various tissues, as the
optimum tissue engineering conditions vary from tissue to tissue. In other
words, the targeted tissue dictates the optimum scaffold design. For example,
for hard tissues, such as bone, scaffolds need to have high stiffness in order to
maintain the space they are designated to provide the tissuewith enough space
for growth. If scaffolds are used as a temporary load-bearing device, they
should be strong enough to maintain that load for the required time without
showing any symptoms of failure. Used in combination with soft tissues, the
flexibility and the stiffness of the scaffold have to be within the same order of
magnitude as the surrounding tissues in order to prevent the scaffold from
either breaking or collapsing and from stress shielding the adjacent tissues.
The choice of scaffold for a tissue therefore depends on its characteristics. In
addition to the mechanical properties, the optimum design of a scaffold for a
specific tissue application requires consideration of microstructural, chemical
and biological aspects. It is often difficult to isolate these aspects as they are
interdependent and sometimes their effects are unknown. The following
sections critically look into some of these aspects of different textile scaffolds.

17.4.1Microstructural aspects

The microstructural aspects of scaffolds includes pore size, porosity, pore size
distribution, pore connectivity and reproducibility of pores. These aspects are
vital, as they provide the optimal spatial and nutritional conditions for the
cells, and determine the successful integration of the natural tissue and the
scaffold. For example,Hubbell and Langer�� showed in their experiments that
in animals, the size and alignment of pores in the scaffold greatly influence the
amount and rate of vascular and connective tissue growth. Fibrovascular
tissues require a pore size greater than 500�m for rapid vascularization,
whereas the optimal porosity for bone bonding materials is considered to be
between 70 and 200�m.�� In another study,�� osteoblasts cultured in calcium
phosphate ceramic prefer a pore size of 200�m, and it has been proposed that
this pore size possesses a curvature that optimizes the compression and
tension of the cell’s mechanoreceptors.However, there is concern that optimal
pore size in ceramics may not generalize for all scaffold materials.�� For
example, when poly(lactic acid) was implanted in calvarial rat defects, pore
sizes of 300—350�m supported bone ingrowth while smaller sizes did not. Yet,
in another study, osteoblasts showed no significant difference in proliferation
or function when seeded on poly(lactic glycolic acid) foams with pore sizes of
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either 150—300�m, 300—500�mor 500—710�m.The importance of determining
optimum values for the specific cells or tissue cannot be underestimated. In
another study related to skin tissue engineering, Nerem et al.�� showed that
the endothelial morphology depends on the pattern of the scaffold. The
interconnectivity of pores determines the transport of nutrients and waste and
thus influences the success of tissue engineering. The reproducibility of
scaffolds is also very important as it determines the dimensional stability of the
scaffold as well as the consistency of the tissue formation. Table 17.5 compares
the various microstructural aspects of foams and textile structures. Owing to
the processing techniques employed, in general, each batch of foam will have
one particular of porosity. It is possible to tailor the porosity to a certain
extent.However, within the same foam, organizing or grading the porosity in a
particular fashion may be difficult to achieve with the current processing
techniques. On the other hand, textile structures can be tailored to give the
required porosity in terms of size, quantity and distribution pattern. For
example, in a typical textile scaffold, three levels of porosity can be achieved.
The arrangement of fibres in the yarn determines the accessible space for cells.
The inter-fibre space (or groove between two adjacent fibres) may be
considered as the first level of porosity. In our study�� it was found that the
fibroblasts preferentially organize themselves along the length of the fibres,
grouping along the groove created by two adjacent fibres. Figure 17.3 shows
SEM pictures of polyethylene terephthalate (PET) fibre yarn before and after
seeding with fibroblasts. What is more interesting is that fibroblasts are
capable of bridging fibres which are as far as 40�m apart (Fig. 17.4). The
inter-fibre gap or first level of porosity in a textile scaffold can be controlled by
changing the number of fibres in the yarn and also the yarn packing density.
Further variations in porosity can be achieved by using twisted, untwisted,
textured, untextured, continuous or spun yarns.
The gap or open space between the yarns (it is open space inside the loop in

the case of knits) forms the second level of porosity. In the case of knitted
scaffolds, the porosity can be varied selectively by changing the stitch density
and the stitch pattern. In the case of braided scaffolds, porosity can be varied
by controlling the bias angle of the interlacing yarns. In the case of woven
scaffolds, it is possible to change the porosity by controlling the inter-yarn
gaps through a beating action. In our preliminary study�� involving the
seeding of woven, braided and knitted scaffolds with hepatocytes, it was
observed that cells attach preferentially at the inter-yarn gaps or pores in the
case of woven and braided scaffolds, whereas they clump together on the
ridges of curved yarns in the case of knitted scaffolds (Fig. 17.5). It may be
noted that woven and braided scaffolds share similar surface topographies
formed by the interlacing yarns. Knitted scaffolds, however, comprise curved
yarns, whichhad a significant effect on the behaviour of hepatocytes. The same
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Table 17.5 Microstructural aspects of scaffolds

Textile structures

Fabrication Foam/sponge Non-woven Weave Braid Knit

Pore size (�m) 0.5–500 10–1000 0.5–1000 0.5–1000 50–1000
Porosity (%) 0–90 40–95 30–90 30–90 40–95
Pore distribution Random to uniform Random Uniform Uniform Uniform
Reproducibility of
porosity

Poor to good Poor Excellent Excellent Good to excellent

Pore connectivity Good Good Excellent Excellent Excellent
Processability Good Good Excellent Excellent Good
Other comments Current techniques

are associated with
processing
undesirable
residues such as
solvents, salt
particles

Equipment cost is
high.
Control over
porosity is always
questionable

Shapes are limited Limited to tubular
or uniform
cross-sectional
shapes

Limited by the low
bending properties
of current
biodegradable
fibres



17.3 PET fibre yarn (a) before and (b) after seeding with fibroblasts (Cos7
kidney cells from SV40-transformed African green monkey).

experiment was repeated with fibroblasts to investigate the effect of cell type.
Unlike the hepatocytes, the fibroblasts were found to attach to the ridges of
yarns irrespective of the scaffold type. The different behaviour of fibroblasts
and hepatocytes may be due to their different cell sizes and shapes. It may be
noted that the diameter of fibroblasts ranges from 10 �m to 20�m, and they
flatten out after attachment. The hepatocytes are larger with diameters in the
range 15 �m to 30�m, and they retain their spherical structure even after
attachment to the scaffold.
Furthermore, a third kind of porosity can be introduced by subjecting the

textile structures to secondary operations such as crimping, folding, rolling,
stacking, etc. In other words, the flexibility of microstructural parameters is
tremendous in the case of textile scaffolds.
Bowers et al.�� investigated the effect of surface roughness. It has been

reported that a higher percentage of osteoblast-like cells cultured on
commercially pure Ti attached to rougher surfaces than to smooth surfaces.
Another study using the samematerial showed higher osteocalcin content and
ALPase activity on smooth, polished surfaces than on rough surfaces.�
 In our
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17.4 Fibroblasts bridging adjacent PET fibres.

study�� involving woven, braid and knitted scaffolds, it was observed that the
fibroblasts prefer to attach to the ridges of scaffolds rather than the valleys.
Thismay be due to the cell’s attempt tominimize distortion to its cytoskeleton
in response to the topography of the scaffold. Further systematic study is
needed to fully understand the influence of scaffold topology on tissue
engineering.

17.4.2Mechanical aspects

Similar to the microstructural aspects, the mechanical aspects of scaffolds,
such as structural stability, stiffness and strength, have considerable influence
on the cellular activity. For example, in tissues like bone, cell shape is
influenced by mechanical forces.�� Cell shape modification takes place as a
result of external forces including gravity, and also of internal physical forces.
Cell shape modification also depends on the nature (constant or cyclic), type
(uniaxial, biaxial,multiaxial, etc.) andmagnitude of themechanical stimulation.
Themechanical stimulation also affects the release of soluble signalling factors
and the deposition of extracellular matrix constituents. Researchers are
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17.5 Hepatocytes (cells from Wistar rats) attached preferentially at (a)
interyarn gaps in a woven scaffold and (b) ridges of curved yarn in a
knitted scaffold.

making use of these observations in the case of bone tissue engineering. They
are applying external mechanical stimulation to promote tissue formation.
Therefore, in bone tissue engineering, the scaffolds are designed to withstand
severe physiological loads.�� In blood vessel applications, the scaffold needs to
be strong enough towithstandphysiologically relevant pulsatile pressures and
at the same time match the compliance or elasticity values of a native blood
vessel. Themechanical aspects of various scaffolds are compared in Table 17.6.
Among the scaffolds, the woven fabrics are normally rigid and inflexible due to
the tight interlacing of yarns. The next stiff and strong scaffold is the braid.
Knits, non-woven and foams display the lower end of the mechanical
properties. Of all the scaffolds, knits display considerable deformability and
good compliance owing to their looped yarn arrangement. Hence, they are
suitable for bladder andbloodvessel tissue engineering applications.Researchers
are usingwoven scaffolds for tissue engineeringof bone and acetabular cups. It
is to be noted that the mechanical behaviours of scaffolds can be varied
significantly by controlling the various microstructural aspects stated earlier.
In other words, both the microstructural and mechanical aspects are
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Table 17.6 Mechanical aspects of scaffolds

Textile structures

Fabrication Foam/sponge Non-woven Weave Braid Knit

Stiffness Low Low High High Medium
Strength Low Low High High Low
Structural stability Good Poor to good Excellent Excellent Poor to good
Drapeability Poor Good Poor Poor Excellent
Other comments Isotropic behaviour Isotropic behaviour Anisotropic, with

good properties
parallel to fibres
and poor properties
normal to fibres

Anisotropic, with
good properties in
axial direction and
poor properties in
transverse direction

The behaviour can
be tailored from
isotropic to
anisotropic



interrelated and it is less meaningful to understand them individually. Further
work is necessary to understand how the scaffolds behave in in vitro or in vivo
environments, and how they contribute to the growth of tissue.

17.4.3 Other aspects

There is increasing evidence that scaffold surface chemistry influences cellular
activity.�� Boyan et al.��� showed that osteoblast response varies with the
material on which cells are cultured, and attributed this to differences in the
surface chemistry, charge density and net polarity of the charge. Some
variations have been attributed to the proteins present in the medium that
adsorb onto the surface to different degrees or with different structural
arrangements.�� In one study, osteoblasts were cultured on glass modified
with the RGD peptide or non-adhesive, scrambled sequence and in the
presence or absence of BMP-7.�� The culture with a combination of RGD
substrate and BMP-7 showed a substantial increase in mineralization in 21
days over all other combinations of treatments. Because of its role in both
attachment and differentiation, RGD incorporationmay contribute greatly to
scaffold osteoinductivity and bone regeneration. Technologies for the
incorporation of peptides on to the scaffold surfaces are being further per-
fected.
In our laboratory, a systematic study�� was made involving unmodified

polyethylene terephthalate (PET) textile scaffolds and YIGSR
(Tyr—Ile—Gly—Ser—Arg) peptide conjugated PET textile scaffolds. Three types
of scaffolds, namely woven, braided and knitted fabrics, were seeded with
fibroblasts (Cos7 kidney cells from SV40-transformed African green monkey)
and hepatocytes (cells fromWistar rats) separately. All three types of scaffolds
indicated a 35% to 46% increase in the number of fibroblasts attached when
conjugated with peptide bonds compared to the unmodified scaffolds.
However, no appreciable change in the hepatocyte attachments was found
with the peptide surface modification of scaffolds. This study clearly indicates
that the cellular activity also depends on the source of cells (bone, liver, blood
vessels, etc.), number of cell types (pure, co-cultured or mixed cell type
cultures), species (e.g. rat, rabbit, chicken, human), sex and age (i.e. embryonic,
neonatal or adult). Furthermore, it is generally believed that, depending on the
characteristics of the cell culture and culture period used, different reactions
may be expected. The current literature clearly indicates that a combination of
various factors, such as scaffold material, structure, physical, chemical,
mechanical, and biological properties, cell types, in vitro or in vivo conditions,
etc., determines the success of tissue engineering.
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17.5 Conclusions

Scaffolds play a central role in tissue engineering. Textile structures are
particularly attractive to tissue engineering because of their ability to tailor a
broad spectrum of scaffolds with a wide range of properties. Preliminary
studies clearly demonstrate the suitability of textile scaffolds for tissue
engineering purposes. There is nouniversal scaffold thatmeets the requirements
of the various tissues of the humanbody. Further systematic study is necessary
to design an optimal scaffold for each tissue application.
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