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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

5Smart technology for textiles andclothing– introductionandoverview



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
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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.

Acknowledgements

The work described in this article is partly supported by Grants-in-Aid for
COE Research (10CE2003) and Scientific Research B(12450382), and by the
Regional Science Promoter Program of Nagano Prefecture. The author (TH)
expresses his sincere thanks for the support.

References

1 Polymer Gels. Fundamentals and Biomedical Applications, ed. DeRossi, Danilo,
Kajiwara, Kanji, Osada, Yoshihito and Yamauchi, Aizo, Prenum (1991).

2 Osada, Y and Kajiwara K (eds), Gel Handbook, NTS Publishing Co. Ltd. (1997).
3 HandbookofNewActuators forAccurateControlling, SupervisedbyKUchino,Fuji

30 Smart fibres, fabrics and clothing



Technosystem Publishing Co. Ltd. (1994).
4 OrganicPolymerGels, KikanKagaku Sosetsu,No. 8, ed. by theChemical Society of
Japan, Gakkai Shuppan Center (1990).

5 RecentTrends and Development of Polymer Gels — For Professionals in the Advanced
Technology Field, Supervised by Y Osada and Lin Wang, CMC Co. Ltd. (1995).

6 Uchino K, Piezo/Electrostrictive Materials, Morikita Publishing Co. Ltd. (1986).
7 Jikken Kagaku Koza (Experimental Chemistry Series), ed. by the Chemical Society
of Japan, 9 (1991).

8 Miyata S and Furukawa T, Ferroelectric Polymers, ed. by Polymer Society of
Japan, New PolymerMaterials, One Point Series 14, Kyoritsu Publishing Co. Ltd.
(1989).

9 MicromachineResearchLaboratory,TheUniversity of Tokyo, SuperTechnology —
Micromachine, NTT Publishing Co. (1993).

10 Fujita H, The World of Micromachine, K Books Series 85, Kogyochosakai
Publishing Co. Ltd. (1992).

11 Actuator Research Group, New Actuators Targeting Microworld, K Books Series
103, Kogyochosakai Publishing Co. Ltd. (1994).

12 KinoshitaG,SoftMachine,NewCoronaSeries 16,CoronaPublishingCo.Ltd. (1992).
13 Bar-CohenY, ‘ElectroactivePolymerActuators andDevices’,Proceedings of SPIE,

3669 (1999).
14 Bohannan G W, Schmidt V H, Conant R J, Hallenberg J H, Nelson C, Childs A,

Lukes C, Ballensky J,Wehri J, Tikalsky B andMcKenzie E, ‘Piezoelectric polymer
actuators in a vibration isolation application’,Proceedings of SPIE, 3987, 331 (2000).

15 Wang H, Zhang Q M, Cross L E and Sykes A O, ‘Piezoelectric, dielectric, and
elastic properties of poly(vinylidene fluoride/trifluoroethylene), J. Appl. Phys., 74,
3394 (1993).

16 Mazzoldi A and DeRossi D, ‘Conductive polymer based structures for a steerable
catheter’, Proceedings of SPIE, 3987, 271 (1999).

17 MacDiarmid A G and Epstein A J, ‘Polyanilines: A novel class of conducting
polymers’, Faraday Discussions, 1989, n. 88, 317.

18 Baughman R H, ‘Conducting polymer artificial muscles’, Synthetic Metals, 78, 339
(1996).

19 Gandhi M R, Murray P, Spinks G M and Wallace G G, ‘Mechanism of
electromechanical actuation in polypyrrole’, Synthetic Metals, 73, 247 (1995).

20 Hirai T, Hanaoka K, Suzuki T and Hayashi S, ‘Preparation of oriented hydrogel
membrane’, Kobunshi Ronbunshu, 49, 613 (1989).

21 Hirai T, ‘Artificial muscle’, Shin-Sozai (New Materials), No. 4 (1992).
22 SuzukiM, ‘Nonlinearmechanochemical systems’,Nippon GomuKyokaishi, 60, 702

(1987).
23 Osada Y, ‘Chemical valves and gel actuators’, Adv. Mater., 3, 107 (1991).
24 Hirai T, Asada Y, Suzuki T, Hayashi S and NambuM, ‘Studies on elastic hydrogel

membrane. I. Effect of preparation conditions on the membrane performance’, J.
Appl. Polym. Sci., 38, 491 (1989).

25 Hirasa O, Morishita Y, Onomura R, Ichijo H and Yamauchi I, ‘Preparation and
mechanical properties of thermo-responsive fibroushydrogelsmade frompoly(vinyl
methyl ethers)’, Kobunshi Ronbunshu, 46, 661 (1989).

26 Okano T, Bae Y H and Kim S W, ‘Temperature dependence of swelling of

31Electrically active polymer materials



crosslinked poly(N,N�-alkyl substituted acrylamides in water’, J. Controlled
Release, 11, 255 (1990).

27 Tanaka T, Sato E, Hirokawa Y, Hirotsu S and Peeternians J, ‘Critical kinetics of
volume phase transition of gels’, Phys. Rev. Lett., 55, 2455 (1985).

28 Tokita M and Tanaka T, ‘Reversible decrease of gel-solvent friction’, Science, 253,
1121 (1991).

29 Kokufuta E, Zhang Y-Q and Tanaka T, ‘Saccharide-sensitive phase transition of a
lectin-loaded gel’, Nature, 351, 302 (1991).

30 Kokufuta E, ‘New development of immobilized enzymes’,Hyoumen (Surfaces), 29,
180 (1991).

31 Tanaka T, ‘Phase transitions in ionic gels’, Phys. Rev. Lett., 45, 1636—1639 (1980).
32 Irie M, ‘Photoresponsive polymers’, Adv. Polymer Sci., 28 (1989).
33 Takamizawa T, Hirai T, Hayashi S and Hirai M, ‘Magnetostriction of a gel

immobilizing superparamagnetic fluid’, Proceedings of International Symposium on
Fiber Science and Technology (ISF’94), in Yokohama, 293 (1994).

34 Hirai T, ‘Electrically and magnetically active gel’, ZairyoKagaku (Materials
Science), 32, 59 (1995).

35 Hirai T, Takamizawa T and Hayashi S, ‘Structural change induced in the gel
immobilizing superparamagnetic fluid’, Polym. Preprints, Jpn., 43, 3126 (1993).

36 Zryhni M, Barsi L and Buki A, ‘Deformation of ferrogels induced by nonuniform
magnetic fields’, J. Chem. Phys., 104, 20 (1996).

37 Zryhni M, Barsi L, Szabo D and Kilian H-G, ‘Direct observation of abrupt shape
transition in ferrogels induced by nonuniform magnetic field’, J. Chem. Phys., 106,
5685 (1997).

38 Zryhni M and Horkai F, ‘On the thermodynamics of chemomechanical energy
conversion realised by neutral gels’, J. Intell.Mater. Syst. and Struct., 4, 190 (1993).

39 ShigaT,HiroseY,OkadaA andKurauchiT, ‘Bending of high-strengthpolymer gel
in an electric field’, Kobunshi Ronbunshu, 46, 709 (1989).

40 Shiga T, Hirose Y, Okada A and Kurauchi T, ‘Bending of ionic polymer gel
causedby swelling under sinusoidally varying electric fields’,J.Appl.Polym. Sci.,47,
113 (1993).

41 Shiga T, Fukumori K, Hirose Y, Okada A and Kurauchi T, ‘PlusedNMR study of
the structure of poly(vinyl alcohol)—poly(sodium acrylate) composite hydrogel’, J.
Polym. Sci.: Part B: Polym. Phys., 32, 85 (1994).

42 Osada Y, Okuzaki H and Hori H, ‘A polymer gel with electrically driven motility’,
Nature, 355, 242 (1992).

43 Gong J P, Kawakami I, SergeyevVG andOsada Y, ‘Electroconductive organogel.
3. Preparation and properties of a charge-transfer complex gel in an organic
solvent’, Macromolecules, 24, 5246 (1991).

44 Gong JP,Kawakami I andOsadaY, ‘Electroconductive organogel. 4. Electrodriven
chemomechanical behaviors of charge-transfer complex gel in organic solvent’,
Macromolecules, 24, 6582 (1991).

45 OguroK, KawamiY andTakanakaH, ‘An actuator element of polymer electrolyte
gel membrane-electrode composite’, Bull.Government Industrial Research Institute
Osaka, 43, 21 (1992).

46 Oguro K, Fujiwara N, Asaka K, Onishi K and Sewa S, ‘Polymer electrolyte
actuator with gold electrodes’, Proceedings of SPIE, 3669, 64 (1999).

32 Smart fibres, fabrics and clothing



47 Mojarrad M and Shahinpoor M, ‘Noiseless propulsion for swimming robotic
structures using polyelectrolyte ion-exchange membrane’,Proc. SPIE, 1996 North
American Conference on Smart Structures and Materials, 2716, Paper no. 27, 183
(1996).

48 ShahinpoorM, ‘Electro-mechanics of ion-elastic beams as electrically-controllable
artificial muscles’, Proc. SPIE, Electroactive polymer actuators and devices, 3669,
109 (1999).

49 Hirai T, Maruyama H, Suzuki T and Hayashi S, ‘Shape memorizing properties of
poly(vinyl alcohol) hydrogel’, J. Appl. Polym. Sci., 45, 1849 (1992).

50 Hirai T, NemotoH, HiraiM andHayashi S, ‘Electrostriction of poly(vinyl alcohol)
gel — a possible application for artificial muscle’, J. Appl. Polym. Sci., 53, 79 (1994).

51 ErredeLA,OsadaYandTiersVD, ‘Molecular interpretationof chemo-mechanical
reponses in polymer liquid systems’,J. Intell.Mater.SystemsStruct., 4, 2, 161 (1993).

52 HiraiM,Hirai T, SukumodaA,NemotoH, AmemiyaY,KobayashiK andUeki T,
‘Electrically induced reversible structural change of a highly swollen polymer gel
network’, J. Chem. Soc., Faraday Trans., 91, 473 (1995).

53 Hirai T andHiraiM,PolymerSensors andActuators, ed. YOsada andDEDeRossi,
Chapter 8, p. 245, Springer-Verlag, Berlin, Heidelberg (2000).

54 Hirai T, Jianming Zheng and Watanabe M, Proc. of SPIE, SPIE’s 6th Annual
International Symposium on Smart Structures and Materials, Electro-active
Polymer Actuators and Devices, 3669, 209 (1999).

55 Zheng J, Watanabe M, Shirai H and Hirai T, ‘Electrically induced rapid
deformation of nonionic gel’, Chem. Lett., 500—501 (2000).

56 Hirai T, Zheng J,WatanabeM and Shirai H, ‘Autonomic gel and its application as
artificial muscle’, Zairyo Kagaku (Materials Science), 36, 186 (2000).

57 Yamaguchi M, Watanabe M and Hirai T, ‘Electrical actuation of poly(vinyl
chloride) gel’, Polym. Preprints, Jpn., 48, 2124 (1999).

58 Hirai T, Zheng J, Watanabe M and Shirai H, ‘Electro-active non-ionic gel and its
application’, Proceedings of SPIE, 3987, 281 (2000).

59 Hirai T, Zheng J, Watanabe M, Shirai H and Yamaguchi M, ‘Electroactive
nonionic polymer gel swift bending and crawling motion’, Materials Research
Society Symposium Proceedings, 600, 267—272 (2000).

60 Hirai T, Sadatoh H, Ueda T, Kasazaki T, Kurita Y, Hirai M and Hayashi S,
‘Polyurethane elastomer actuator’, Angew. Makromol. Chem., 240, 221 (1996).

61 WatanabeM, YokoyamaM, Ueda T, Kasazaki T, Hirai M and Hirai T, ‘Bending
deformation of monolayer polyurethane film induced by an electric field’, Chem.
Lett., 773 (1997).

62 Watanabe M, Suzuki M, Amaike Y and Hirai T, ‘Electric conduction in bending
electrostriction of polyurethanes’, Appl. Phys. Lett., 74, 2717 (1999).

63 WatanabeM, Kato T, Suzuki M, Amaike Y and Hirai T, ‘Bending electrostriction
in polyurethanes containing ions as contaminants or additives’, Jpn. J.Appl.Phys.,
38, Part 2, No. 8A, L872 (1999).

33Electrically active polymer materials



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.
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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
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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.
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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.

64 Smart fibres, fabrics and clothing



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

66 Smart fibres, fabrics and clothing



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.
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Zhang and Peppas�� have also studied the interpenetrating polymeric
network (IPN) composed of the temperature-sensitive poly(N-isopropyl
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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
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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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double-knit assembly, P/P =polyester/polyester assembly.

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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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.
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