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Preface

This book is entitled Engineering textiles: Integrating the design and manu-
facture of textile products. The idea for the book stemmed from the enor-
mous utilization of fibrous materials in different applications and the
significant transition from exclusively traditional fibrous products to
advanced function-focus products that touch every aspect of human life.
Unlike many books published in this area, this book is directed at all
engineers including material, mechanical, electrical, civil, chemical,
polymer and fiber engineers. It covers many aspects of product develop-
ment, design conceptualization and design analysis that will be useful for
engineers in various fields. Indeed, the main objective of this book is to
stimulate and create an integrated effort by engineers in different areas to
conduct engineering design projects based on multi-disciplinary engineer-
ing knowledge. Although the book is primarily written for engineers, it is
made so simple that technologists, and business and marketing personnel
can easily follow and learn a great deal about product development and
cost aspects. Furthermore, this book is also directed towards students
learning about development and design of various products, particularly
those involving fibrous materials. It is my sincere hope that this book will
be useful for both industrial and educational readers in different fields.

Yehia El Mogahzy
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Introduction: textile fiber-to-fabric engineering

Abstract: What began as a craft and art industry is now a major
industrial empire which has an impact on all aspects of life and provides
a wide range of products from fashionable clothing to high tech fibrous
systems. This chapter provides a brief overview of the evolution of the
textile and fiber industry. In particular, the chapter discusses the turning
point in the 1990s, which led to a historical transition from a
manufacturing focused, to a development focused industry. This
significant transition made a ‘fiber-to-fabric engineering’ approach,
which is the theme of this book, inevitable to meet the new challenges
facing the industry. Fiber-to-fabric engineering is the science and art of
optimizing the utilization of fibers (natural or synthetic, conventional or
high-performance) in various applications (traditional or function-focus
and existing or potential) using solid engineering concepts so that their
ultimate benefits can be realized by all mankind. Its basic elements are
discussed throughout the 15 chapters of this book.

Key words: commodity products, traditional fibrous products,
function-focus fibrous products, fiber-to-fabric engineering.

1.1 The textile and fiber industry, past and present

The history of the textile industry reflects the evolution of the industrial
world from the time of the ancient Egyptians until today. What began as
a craft and art industry has continued to contribute to the welfare of human
being over the years. Indeed, at just about every turning point that the
industrial world encountered, the textile industry was there to spark it,
create it or contribute heavily to it. This great industry sparked the indus-
trial revolution in the late 18th and into the 19th centuries.' In the early
1700s, one manual loom required four spinners and ten persons to prepare
yarn to keep up with its slow production rate; weavers had to remain idle
for lack of yarn. In 1733, this dilemma reached its peak when John Kay, a
Lancashire mechanic, invented the first flying shuttle, speeding up the
weaving process and imposing more pressure on the spinners to keep up
with the speed. It took about 40 years to solve this problem when James
Hargreaves invented his spinning jenny and Richard Arkwright introduced
his ‘water spinning frame’ in the 1770s. These machines were capable of
producing multiple threads simultaneously and in quantities. The increase
in spinning production imposed pressure on the speed of fiber production.

3



4 Engineering textiles

This pressure was soon lifted by the invention of the cotton gin by the
American Eli Whitney in 1793; it was an invention that not only sparked
the industrial revolution but also forever changed consumer appetite from
the traditional woolen clothing to cotton textiles. By the early 19th century,
the cost of making cotton yarn had dropped dramatically and the labor
cost of making fabric had fallen by at least 50%. Today, spinning speeds
have reached over 400 m min™, fibers are rotating in air before consolida-
tion at a rate reaching millions of revolutions per minute and yarns are
inserted into the fabric via air and water since the shuttle loom was put
to rest.

In the face of limited resources and constrained properties, the textile
and fiber industry had a momentous vision for new fibers that has contin-
ued over the years, from mainly flax and wool in the 17th century, to cotton
in the late 18th century and into the 19th century, to the first man-made
fiber, rayon, before the end of 19th century. In the first half of the 20th
century, a research team headed by Wallace Carothers of EI du Pont de
Nemours & Company proved that a purely synthetic fiber can be made by
chemical synthesis from readily available resources such as air, water, and
coal or petroleum. By the 1930s, this team introduced nylon to the world,
a fiber that has contributed to numerous products and never ceased to
make a difference to human life. This marked the beginning of the syn-
thetic fiber revolution with many synthetic fibers such as polyester, acrylic,
polypropylene, and a host of regenerated man-made fibers being developed
in the same century. Today, these fibers are used in many traditional fibrous
products such as apparel, furnishing and household products. They are also
integrated in many function-focus product categories such as speciality
sports wear, agro-fiber products, geotextiles and medical products.

Realizing that the unique characteristics of fibers drive the developments
of a wide range of fibrous products, the industry has developed high-
performance fibers that can be used for high strength and high temperature
applications.” These include: aramid fibers, gel-spun polyethylene fibers,
carbon fibers, glass fibers, metallic fibers and ceramic fibers. These fibers
can be consolidated into different types of fibrous assemblies so that not
only are their original properties efficiently translated into the desired
performance characteristics of the end product, but also they can be
enhanced and perhaps modified to accommodate special needs and high-
tech applications. The industry developed different forms of yarn from
continuous to spun yarns, flat to texturized, twisted to twistless, and plain
to compound or fancy yarns. Numerous fabric types were developed within
the three major categories of fabric, namely woven, knit and nonwoven.
Many speciality fabrics were also developed including crepe woven, dobby,
piqué, Jacquard, pile-woven, double-woven, braided and multiaxial-woven
structures. Finally, when fibrous assemblies needed additional performance
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enhancement or modification of some form, the industry has always been
ready to offer numerous types of chemical and mechanical finishing treat-
ments or special coating and lamination.

1.2 The 1990s: a turning point in the textile and
fiber industry

Despite the great contributions that the textile and fiber industry has made
over the years, it has generally been perceived as a commodity industry
that relies on massive manpower and conventional technology to manu-
facture products that are essential for human needs. This perception
has been a direct result of the fact that the industry has primarily been
manufacturing-focused. The term ‘manufacturing’ is commonly used to
describe operations that utilize well-known, often systematic, approaches
to make product components in a highly consistent manner. Accordingly,
basic tasks performed in a manufacturing environment include:*

e performing systematic analysis of technological and cost factors
required to produce product items

e selecting of appropriate raw materials required to meet the specifica-
tions of intended products at the lowest cost possible

e setting and adjusting machines so that product units can be produced
according to the desired specifications and at the highest efficiency
possible

e monitoring and testing intermediate and final products

e implementing quality control and statistical process control (SPC) tech-
niques to detect quality problems and diagnose their causes and effects

These tasks have represented the primary activities of the textile indus-
try for many years and thousands of companies around the world are still
performing these tasks in their daily operations. Indeed, the internal struc-
ture of a conventional spinning or a weaving mill is basically the same
worldwide; a general manager, an assistant manager, operations super-
visors, maintenance personnel, testing and quality control personnel,
machine operators, business and human resources, and shipping and ware-
house personnel.

From a business viewpoint, the manufacturing-focused approach of the
traditional textile industry can indeed yield a significant profit provided
that demands for products are continuous, massive units of products are
manufactured, and maximum production efficiency is fulfilled. In other
words, the profit made in the traditional textile industry has been primarily
driven by the quantities it produces and the rate of production; a spinner
must sell more yarns and a weaver must sell more fabrics to make profit.
The significant importance of quantity stems from two main variable
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factors facing the traditional textile industry: (1) the cost of raw material
and (2) the labor cost. The cost of raw material contributes significantly to
the overall manufacturing cost of fibrous products. For example, the cost
of cotton can be as high as 65% of the overall cost of yarn manufacturing
and as high as 45% of the overall cost of finished fabric manufacturing.*
This makes the profit margin highly vulnerable to changes in raw material
price. Labor cost also represents a significant cost factor, particularly in
industrial countries. Indeed, a general manager of a mid-size spinning mill
in the USA in the 1980s was making a 15 to 30 times higher average salary
than a person holding the same job in China or India, and the gap between
machine operators in the USA and in these two countries was substantially
much higher than that.

Traditionally, the high cost of raw material was handled through creative
approaches to fiber blending and appropriate methods of waste reduction.’
In addition, fiber price, particularly natural fibers, is quite competitive
worldwide. It was the labor cost gap that truly represented a challenge to
the USA and European countries in order to continue to compete in the
traditional textile market. This cost differential sparked a major turning
point in the textile and fiber industry in the early 1990s in which a rapid
migration of the industry from the USA and Europe to Asia, South America
and Africa was witnessed after a short period of attempting to outsource
some of the textile operations which turned out to be too little too late to
save the traditional industry.

The turning point that took place in the 1990s has resulted in a signifi-
cant concentration of production of traditional fibrous products (apparel,
furnishing and household items) in countries such as China, India,
Pakistan, and in a number of South American and African countries, with
China having the lion share of traditional textiles exports. In the USA, few
spinning and weaving companies are still in business, attempting to compete
in certain traditional niches such as high-end products and fashionable
items. Other companies have switched to speciality products and new
developments.

The turning point during the 1990s has left us with many lessons to learn
and many challenges to face in the years ahead. These are summarized as
follows:*’

e The driving force of profit making in the traditional textile business is
high quantity and high production rate at the lowest cost possible.

e In today’s global market, products that can be duplicated easily will be
duplicated rapidly, leading to a price-differential market controlled and
dominated by a few retailers.

e A raw material that does not reflect a true added value in the market-
place will remain a commodity and will yield a commodity product.
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Indeed, the share of profit for fiber, yarn and fabric producers collec-
tively in the total profit of a traditional textile product has historically
been below 15%, and over 80% of the profit has been the retailer’s
share.’

e Ultimately, labor cost will reach a universal plateau as a result of glo-
balization. Energy being a commodity will remain an important con-
tributor to the overall cost of manufacturing. The efficiency with which
the energy is utilized and the ways in which its use can be minimized
will make a difference in any competitive advantages. The world popu-
lation will continue to grow and the traditional textile industry will
make a comeback in industrial countries. In what shape or form? It
remains to be seen.

1.3  Function-focus fibrous products

The term function-focus fibrous products (FFFP) will be used throughout
this book to describe non-traditional fibrous products such as those used
in protective systems, transportation, construction, agricultural applica-
tions and health-related applications®” (see examples in Table 1.1). Other
terms used in the literature to describe non-traditional fibrous products
include ‘industrial textiles’, popularly used in the USA, and ‘technical
textiles’, popularly used in Europe. The use of the term industrial textiles
seems inappropriate on the grounds that non-traditional fibrous products
are utilized in many applications of a non-industrial nature,” which makes
industrial textiles only a subcategory of non-traditional fibrous products.
The use of the term technical textiles may seem more appropriate, except
it implies technological applications, which makes it similar to the term
industrial textiles. Indeed, one of the synonyms of technical is industrial.
In the author’s opinion, the common problem associated with both terms
is that neither reflects the development and design efforts put into these
products that stems from focusing on their specific functions.

The term ‘fibrous products’ is also deliberately used instead of the term
‘textile products’. One of the reasons for this choice is that it reflects a more
generic meaning of products that are fibrous-based including, of course,
what are traditionally known as textile products. In this regard, traditional
textile products will be recognized as traditional fibrous products (TFP).
It should be noted that the term textile is derived from the Latin verb
texere, meaning ‘to weave’. Indeed, terms such as knit, lace, netting, felt,
braid and cord were originally excluded from being given to textiles until
it was necessary to use textiles as a generic term only for convenience.' In
Chapter 2, the importance of selecting the appropriate terms in reflecting
the nature and the tasks involved in product development will be elabo-
rated further.
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Table 1.1 Examples of function-focus fibrous products®®

Application category

Function-focus fibrous products

Construction fibrous
products

Protective fibrous
products

Human hygiene and
medical practice

Fibrous products for
transportation

Industrial fibrous
products

Agro-fiber and geo-
fiber products

Smart fibrous
products

Fiber-reinforced concrete

Lightweight roofing materials
Insulation materials

Retaining walls reinforcements
Fibrous cables for bridges
Fibrous-based piping and canalization
Body armors

Fire fighters uniforms

Diving suit uniforms

Particulate protection clothing (clean room)
Chemical protection clothing

Wound care products

Diapers

Braces

Protheses and orthoses

Wipes

Breathing masks

Bedding and covers

Fibrous-based implants

Artificial tissues

Joints and ligaments

Safety air bags

Safety seatbelts

Tires

Automobiles and airplane seats
Parachutes and balloons

Sails

Automobiles and airplane interiors
Aircraft wing and body structures
Boat rumps (fiber composite structures)

Inflatable components of satellites or other spacecraft

Railroad foundations

Filters

Ropes

Conveyor belts

Abrasive substrates

Knitted nets and brushes

Flexible seals and diaphragms

Artificial turfs

Animal and insect-resistant fibrous products
Solar radiation-resistant fibrous products
Weather protection products

Bridges, dams, roads, railways
Embankment reinforcements

Smart uniforms or shirts for wound detection and

diagnosis

Smart bras for breast tumor detection
Thermoregulatory uniforms

E-textiles
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1.4 The move to function-focus fibrous products

A brief review of the major historical contributions of the traditional textile
and fiber industry to human welfare over the years has been presented
earlier in this chapter. The industry has also contributed significantly to the
development of function-focus fibrous products and still represents the
main test-bed for many of the current developments in this exciting market.
A glimpse into history can provide much evidence that function-focus
fibrous products have touched people’s life in the air, in the sea and on the
roads." As early as the 1790s, the first soft parachute was developed from
silk fibers. During World War II, nylon replaced silk in parachutes as a
durable woven structure enhanced by silicone coating to prolong its dura-
bility. The introduction of nylon also resulted in further development of
other speciality products such as tires, tents, ropes and many military sup-
plies. Early boat sails were made from animal skins until the Ancient Egyp-
tians wove cloth sails as early as 3300 BC. Cloth sails were made from flax
fibers until 1851 when cotton sails were crowned as supreme after a victory
of the racing yacht America, which defeated 14 British vessels in a sailing
race around the Isle of Wight off the south coast of England. Later, polyes-
ter fibers were used instead of cotton as it became evident that they can offer
lightweight, minimum surface friction, and they can be melted in the fabric
to provide a closer porous fabric structure to prevent wind escape. Fibrous
materials have also been used for many years in fiber-reinforced structures.
As early as 1926, fiber-reinforced constructions were built by the South
Carolina highway departments using a series of woven cotton fabrics to help
reduce cracking and failures in road construction. This marked an increase
in use of fibrous structures in pavement and embankment reinforcement
and in other civil applications such as drainage, filtration and separation.

In recent years, particularly since the early 1980s, function-focus fibrous
products have drawn a great deal of attention particularly in industrial
countries such as the USA, Europe and Japan. Now, fibrous structures
represent integral components in numerous areas and applications. The
sparking reason for this revival of interest in these products was the growing
need to create new market strategies in which innovations and value-added
products can provide robustness against volatile market changes.

The move toward function-focus fibrous products does not imply
a complete departure from traditional fibrous products, as the two
markets must coexist, support one another and grow together in a
profitable environment. Indeed, their coexistence is essential for the
following reasons:*

e The traditional textile and fiber industry offers products that are essen-
tial for the existence of the human being and the market for products
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of this industry will always grow with the increase in population growth
around the world.

Traditional industry will always serve as a major supplier of fibrous
structures to the function-focus industry.

The function-focus industry can provide the traditional industry with
many innovative concepts that can change the shape of traditional
fibrous products and improve their marketing images through value-
added features, such as antibacterial, odorless, UV resistance, flame
retardant, soil resistant, and so on. Figure 1.1 shows examples of func-
tional characteristics (the outer circle) that have been added to the basic
performance characteristics (inner circle) of many traditional fibrous
products in recent years.

High-tech products often lack attractiveness, fashion and esthetic fea-
tures; this is an area where the traditional industry has historical experi-
ence and can provide a great assistance.

. _| Durability [_/

Traditional
fiborous |
products

Maintenance

Dimensional
stability

1.1 Performance characteristics of traditional fibrous products from
basic to functionality.
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1.5 Key differences between traditional and
function-focus fibrous products

In the marketplace, the classification of traditional and function-focus
fibrous products is often blurred by the inevitable overlap between these
two categories of products and by the common components that can be
used in both categories. However, three key factors can clearly distinguish
between them: volume, value per unit and design complexity. The levels of
these factors will vary depending on the extent of speciality of the intended
product, which is a direct function of the levels of the desired performance
characteristics. Figure 1.2 demonstrates this point conceptually using
a percentage scale to express the three factors. The percentage values
assigned for these factors are only used for demonstration of general trends
as they will obviously vary from one product to another. The percentage
of design complexity implies the extent of innovation. In this case, a 100%
degree of complexity would conceptually mean very high innovation that
cannot be duplicated. Indeed, a mirror image of this factor can be the
degree of potential duplication, an issue that has faced the traditional
industry for many years. A 100% degree of potential duplication would
mean a common product that can be produced massively using basic
technology.

Asillustrated in Fig. 1.2, the performance characteristics associated with
traditional fibrous products may range from conventional or basic perfor-
mance characteristics to specified characteristics that require further
development to improve their functionality with respect to some specific
aspects, and to add value to the product that can be realized by the con-
sumer. Examples of products reaching the upper limit of this range are
numerous, including antibacterial clothing, flame-retardant clothing for
children, functional athletic socks (e.g. Thro-Lo® foot equipment) and
thermal clothing (e.g. Hydroweave®). The more specificity required from
a traditional fibrous product, the more it approaches the status of a
function-focus product with the ultimate limit of specificity being
speciality. This point will be clearly demonstrated in the discussion of
sportswear products in Chapter 12.

With regard to volume or quantity, traditional fibrous products will
always be in demand and will be produced in huge quantities by virtue of
their necessity to human life. Factors such as change in lifestyle, fashion
and generation differences will always create dynamic changes in the
demand for some traditional fibrous products. The design complexity of
these products has normally been low and largely dependent on experi-
ence, design-by-duplication, or imitation of existing products. However, the
recent trends of adding specific functionality to some of these products
have been a result of creative design approaches. The value per unit of
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Traditional fibrous ,
products (TFP) Degree of speciality
— Function-focused
Degree of specificity fibrous products (FFFP)

1.2 Conceptual comparison of fibrous products with respect to
performance characteristics.

these products will also be relatively low, particularly at the lower end of
their range of performance characteristics. However, the addition of func-
tionality has resulted in a significant increase in market value. The problem,
however, is that the retailers of these products seem to always have the lion
share of their profit margins while the producers get a small percentage of
this profit.*

As the degree of specificity of the performance of fibrous products
increases, design complexity will increase and the value per unit will also
increase. In general, the volume will be likely to decrease as a result of the
narrower market niches associated with function-focus products. However,
some markets have witnessed a steady growth in product demand including
transportation, medical and health care, and military. In addition, exciting
new markets such as E-textiles can indeed have substantial growth,
particularly when fibrous products can be fully equipped with audio and
video electronics.

Figure 1.2 also illustrates the overlap between traditional fibrous
products and function-focus fibrous products by the line with a double
arrow. Many sports products fall into this intermediate category as
will be discussed in Chapter 12. As more specificity is added to the
product or more functional performance characteristics are specified,
the product approaches the speciality category, or become a truly
function-focus product. In the marketplace, the most important
measure of this status is the value per unit of the product. This value is
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largely influenced by the extent of design complexity (the degree of
innovation and the possibility of duplication). Conceptually, a true
speciality or function-focus fibrous product is the one that has a high
level of design complexity, minimum potential for duplication or
imitation, high value per unit and a high demand by potential users. The
high value per unit of speciality products stems from the choice of
high-performance fibrous materials and the optimum trade-off between
different attributes including those that exhibit conflict in their effects.
A good example of this trade-off is that between protection and
comfort, as discussed in Chapter 15. The developers of function-focus
products are likely to have a bigger share of profit than the developers
of traditional fibrous products. However, this particular advantage will
largely depend on the product type, the extent of innovation, market
competitiveness and product lifecycle.

1.6  Fiber-to-fabric engineering

Historically, fibers have been made into various products through the
use of well-established technological approaches in which a wealth of
practical knowledge and a great deal of know-how have resulted in the
production of billions of fibrous product items. The desired performance
specifications of these items have been met through a great deal of
work by the artist and designer, trial and error and design-by-reference to
existing products. The involvement of science and engineering in making
these products was manifested in specific areas such as new fiber develop-
ment and machine design. Outside these areas, most approaches were
largely technologically based. The role of science and engineering in this
regard was mainly to explore the huge practical knowledge generated by
the industry using fundamental scientific methods and to make some sci-
entific sense of practices that were based on art and the experience of
hundreds of years; in other words, the wagon was driving the horse not the
other way around.

As will be discussed in Chapter 2, the term engineering has hardly been
utilized in the traditional textile industry as it has been almost entirely
driven by manufacturing technology. The fiber-to-fabric system was largely
described as a linear system with the input being fibers and the output
being fabric or fibrous assemblies, as shown in Fig. 1.3. Most tasks were
manufacturing-oriented tasks, as mentioned earlier. These factors have
made the industry largely predictable and competitively vulnerable.
As industry in highly developed countries began to realize that
innovations and creative ideas are the key to robust competitiveness and
successful market strategies, it was almost ‘too little too late’ to make that
transition, as other countries were also prepared to compete in these areas,
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and scientific and engineering institutes were once again exploring
the transition instead of contributing to it. Indeed, many textile institutes
in the USA have decided to change their names to polymer and fiber
engineering institutes years after the industry has made that transition.
Today, the common realization is that product development via creative
engineering design is the way to make new products, open new market
channels and remain competitive. This realization largely inspired
the concepts presented in this book.

Fiber-to-fabric engineering is the science and art of optimizing the uti-
lization of fibers (natural or synthetic, conventional or high-performance)
in various applications (existing or potential) using solid engineering con-
cepts so that their ultimate benefits can be realized by all humanity. In
contrast to the traditional technological approach, fiber-to-fabric engineer-
ing aims to optimize the entire fiber-to-fabric process and not just the
fiber-to-fabric system. In the engineering world, while a system is defined
by an entity with inputs and outputs, a process is defined by one or more
of seven basic elements:'*"'* machine, material, people, money, energy,
method and environment. A fiber-to-fabric engineering program is
essentially a product development program based on reliable scientific
methods in which all elements of the fiber-to-fabric process are taken
into consideration.

In order to achieve a successful fiber-to-fabric engineering program, a
number of key requirements must be fulfilled (see Fig. 1.4). These require-
ments will be discussed in detail in different chapters of this book. They
are as follows:

1. understanding engineering basics — Chapter 2

2. understanding basic concepts and critical factors of product develop-
ment — Chapter 3

3. understanding the basic aspects of product design — Chapter 4

4. understanding basic elements and tools of design conceptualization —
Chapter 5

5. understanding the analytical tools required to perform design analysis
— Chapter 6

6. understanding the concepts and the methods associated with material
selection — Chapter 7

7. establishing good knowledge of the design-oriented aspects of fibers
and fibrous assemblies such as yarns, fabrics and finished products —
Chapters 8 to 11

8. understanding basic development and design concepts of traditional
fibrous products — Chapter 12

9. understanding basic development and design concepts of function-
focus fibrous products — Chapters 13 to 15.
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It is important to point out that this book is not intended just for engi-

neers who work in the textile and fiber industry but rather for engineers of
all disciplines. Indeed, Chapters 2 to 7 are entirely focused on engineering
concepts that can be useful for all engineers. It is with this approach that
the author wishes to stimulate joint, cooperative and supportive thinking
among engineers of different disciplines and to inspire engineers in the
polymer and fiber field to expand their knowledge to other engineering
areas.

1.7

10.
11.

12.
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Textile engineering principles and concepts

Abstract: A fiber or a fabric engineer in today’s competitive market
does not work in a vacuum or perform in isolation. He/she must be
fully aware of the surrounding engineering world and must be able to
communicate and cooperate efficiently and effectively with engineers
from various fields. This chapter discusses the evolution of engineering
and the basic engineering concepts that can assist engineers of all fields
in understanding what it takes to be good engineers. These concepts
are often overlooked in the midst of detailed and highly technical
engineering analysis associated with specific products or systems. Key
engineering concepts discussed are: (a) knowledge gain and problem
solving, (b) design, the foundation of engineering, (c) invention,
innovation, dissemination and patenting and (d) natural resources.
Many examples of fibrous and textile products are used to demonstrate
engineering concepts. These include invention and innovation of
synthetic fibers, and invention and innovation of spinning machines.
The chapter also discusses the importance of natural resources in
engineering applications.

Key words: fiber engineering, fabric engineering, textile engineering,
problem solving, design, invention, innovation, dissemination,
patenting, natural resources.

21 The evolution of engineering

According to Encyclopedia Britannica, the word ‘engineering’ originates
from words such as ‘engine’ and ‘ingenious’. These two words were derived
from the same Latin root ‘ingenerare’, which means to create. Thus, engi-
neering implies creation and creativity and for this reason it was a work of
art before it became a scientific discipline. Indeed, the evolution of the
engineering field began with a man who is recognized today among histo-
rians as the first engineer, the Egyptian, Imhotep, who built the step
pyramid at Saqqarah, Egypt, probably in about 2550 BC. This may suggest
that civil engineering was also the first engineering field recognized by
humans. However, the reasoning used for the name civil engineering may
reveal otherwise. The term ‘engine’ was originally used to describe the
engines of war, or devices such as catapults, floating bridges and assault
towers.! The designer of these engines was called a ‘military engineer’. The
counterpart of the military engineer was the civil engineer, named later,

18
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who applied essentially the same knowledge and skills to designing build-
ings, streets, water supplies, sewage systems and other projects.

In the 18th century, civil engineering emerged as the first engineering dis-
cipline to define the profession of designing and executing structural works
that serve the general public. The same century also witnessed the emer-
gence of mechanical engineering. This is defined as the branch of engineer-
ing concerned with the design, manufacture, installation, and operation of
engines and machines.? Historically, much evidence indicated that the initia-
tion of mechanical engineering as a discipline in the 18th century was largely
driven by the evolution of the textile industry and its role in sparking the
industrial revolution. According to the Encyclopedia Britannica:'

The first unmistakable examples of manufacturing operations carefully
designed to reduce production costs by specialized labor and the use of
machines appeared in the 18th century in England. They were signaled by
five important inventions in the textile industry: (1) John Kay’s flying shuttle
in 1733, which permitted the weaving of larger widths of cloth and significantly
increased weaving speed; (2) Edmund Cartwright’s power loom in 1785, which
increased weaving speed still further; (3) James Hargreaves’ spinning jenny
in 1764; (4) Richard Arkwright’s water frame in 1769; and (5) Samuel Cromp-
ton’s spinning mule in 1779. The last three inventions improved the speed and
quality of thread-spinning operations . . . A sixth invention, the steam engine,
perfected by James Watt, 1785, was the key to further rapid development.

In the 19th century, other engineering fields emerged as a result of new
discoveries and the need for more specialized and more focused disci-
plines.” The realization and growing knowledge of electricity and its impact
on mankind from 1800 to 1870 led to the initiation of the discipline
of electrical and electronic engineering, which grew rapidly as a result of
discoveries by well-known scientists including James Clerk Maxwell
of Britain and Heinrich Hertz of Germany in the late 19th century. The
chemical engineering discipline grew out of the 19th century proliferation
of industrial processes involving chemical reactions in metallurgy, food,
textiles and many other areas. By 1880 the use of chemicals in manufactur-
ing had created an industry whose function was the mass production of
chemicals and the design and operation of chemical plants.

Today, engineering disciplines such as civil, mechanical, electrical and
chemical are considered as basic engineering disciplines. In addition, the
20th century witnessed the emergence of new engineering disciplines, many
of which were derivatives of basic engineering disciplines.”” These can be
described collectively as service and support branches of engineering in
specialized areas and they represent a logical evolution of the engineering
field as engineers began to touch upon every aspect of life and reach out to
different areas and various applications. Examples of these derivative engi-
neering disciplines and their functions are listed in Table 2.1.
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Table 2.1 Examples of derivative engineering disciplines and their functions'?®

Engineering
discipline

Definition or function

Architectural
engineering

Highway
engineering

Environmental
engineering

Marine
engineering

Industrial
engineering

Material
engineering

Petroleum
engineering

Biochemical
engineering

Agricultural
engineering

Biomedical
engineering

A discipline associated largely with civil engineering. It
deals with the technological aspects of buildings,
including foundation design, structural analysis,
construction management and building operations

A derivative of civil engineering that includes planning,
design, construction, operation and maintenance of
roads, bridges, and related infrastructure to ensure
effective movement of people and goods

A derivative of civil engineering concerned with the
development of processes and infrastructure for the
supply of water, the disposal of waste and the control of
pollution of all kinds. It is a field of broad scope that
draws on such disciplines as chemistry, ecology, geology,
hydraulics, hydrology, microbiology, economics and
mathematics.

A derivative of mechanical engineering concerned with the
machinery and systems of ships and other marine
vehicles and structures

An interdisciplinary branch of engineering dealing with the
design, development and implementation of integrated
systems of humans, machines and information resources
to provide products and services

A derivative of mechanical engineering that focuses entirely
on material characterization, selection and improvement

A derivative of chemical engineering comprising the
technologies used for the exploitation of crude oil and
natural gas reservoirs

A derivative of chemical engineering focusing on the
application of engineering principles to conceive, design,
develop, operate or utilize processes and products based
on biological and biochemical phenomena. It has an
impact on a broad range of industries, including health
care, agriculture, food, enzymes, chemicals, waste
treatment and energy

An interdisciplinary field initiated to accommodate the
expansion of the use of mechanized power and machinery
on the farm. It utilizes appropriate areas of mechanical,
electrical, environmental and civil engineering,
construction technology, hydraulics and soil mechanics

An interdisciplinary field in which the principles, laws and
techniques of engineering, physics, chemistry and other
physical sciences are applied to facilitate progress in
medicine, biology and other life sciences. It encompasses
both engineering science and applied engineering in
order to define and solve problems in medical research
and clinical medicine for the improvement of health care
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Table 2.1 Continued

Engineering Definition or function

discipline

Computer- Computer-aided engineering: a discipline of engineering
aided and focusing on using computer software to solve
software engineering problems

engineering  Software engineering: a discipline of engineering focusing
on the process of manufacturing software systems (i.e.
executable computer code and the supporting documents
needed to manufacture, use and maintain the code)

Nuclear A branch of engineering dealing with the production and
engineering use of nuclear energy and nuclear radiation

Forensic A relatively more recent discipline of engineering that has
engineering gained more popularity after recent terrorist attacks. It is

applied toward the purposes of law through using various
engineering techniques to solve problems associated with
criminal or terrorism situations

Genetic A specialized engineering branch that uses the techniques

engineering of molecular cloning and transformation in many areas

including improving crop technology and manufacture of
synthetic and human insulin through the use of modified
bacteria

As the author, as a reader, was anxious to see disciplines such as ‘fiber
engineering’, ‘fabric engineering’ and ‘textile engineering’ being men-
tioned, at least as derivative engineering disciplines, it was disappointing
to find no mention of these critical disciplines in encyclopedias or in the
records of professional engineering associations. Indeed, these terms were
found to be largely unrecognized outside the textile field. Among workers
in the field, the term ‘fiber engineering’ was occasionally used by synthetic
fiber producers to describe the process of polymer manipulation to produce
fibers of different and diversified performance characteristics. The term
‘fiber engineering’ was also used by cotton producers to refer to improve-
ment in cotton fiber quality via molecular breeding or transgenic ap-
proaches, which may be more suitably called ‘genetic engineering’. The
term ‘fabric engineering’ was occasionally used in recent years to refer to
the use of fabrics as membranes in technical applications such as architects
and composite structures.

The term ‘textile engineering’, which has been used since World War 11,
as the name of textile programs in many engineering schools around the
world has not been recognized by many engineering education accredita-
tion programs in the USA or Europe as an independent engineering dis-
cipline. Only in the last 20 years, has it begun to be recognized by the US
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Accreditation Board for Engineering and Technology (ABET), as perhaps
a derivative of mechanical engineering.

Typically, the recognition of an engineering discipline is undertaken and
communicated to societies by professional associations belonging to this
discipline. Commonly, experts belonging to these associations are gathered
to establish a definition of the discipline, document it and report it to engi-
neering societies. To the author’s knowledge, such effort was never under-
taken by textile professional associations in the USA. despite the extensive
efforts made by these associations to define other numerous textile-related
terms.°

In general, textile engineering may be defined as an interdisciplinary
field in which scientific principles, mathematical tools and techniques of
engineering, physics, chemistry, and other physical sciences are utilized in
a variety of creative textile applications including the development of pure
fibrous structures, the innovation of fibrous elements that can be combined
with other non-fibrous materials and the design of fiber-to-fabric systems
that aim to optimize machine—fiber interaction and produce value-added
fibrous products.

It is the author’s hope that the term ‘fiber-to-fabric engineering’ intro-
duced in this book and the concepts associated with it will represent a
modest step toward a complete recognition of this critical field by engineers
of other disciplines. It is also the author’s belief that the recent develop-
ments in this great industry, particularly in the area of function-focus
fibrous products, will inevitably earn this well-deserving recognition.

2.2 Engineering attributes and concepts

All definitions of engineering disciplines that are established by profes-
sional associations include a critical aspect of engineering, that is the
knowledge of mathematical and scientific principles. To a great extent, this
aspect reflects the pride of engineers. It takes a great deal of effort, knowl-
edge gain, and practice through the educational process to become an
engineer. In addition, an engineer must develop his/her own creative ability
to become a good engineer.

In the practical world, most engineers have many common attributes.
They are typically people of few words but lots of thinking and careful
action. Unlike scientists, engineers cannot be very aggressive, as it is often
less costly and less risky to research than to re-engineer. A scientist is
always searching for knowledge, while an engineer is searching for a spe-
cific outcome through knowledge. Some scientists see things that relate to
things that do not exist; these are called visionaries. As a result, many sci-
entific breakthroughs are the result of picking and choosing pieces that
were created for an unintended puzzle. Most scientists focus on identifica-
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tion and verification of physical phenomena; engineers benefit a great deal
from these efforts to bear on practical problems. All engineers typically
work and perform under some sort of pressure; they are not free to select
the problem that interests them; scientists are. An engineer must learn to
react efficiently to a predictable or an unpredictable problem, as problem-
solving represents an essential engineering task. Scientists, on the other
hand, spend more effort exploring the problem than solving it. Yet, an
engineer should be appreciative of the earlier work by outstanding scien-
tists and should always be aware of current research progress. As John
Hearle’ put it so appropriately, ‘it is important to remember that yesterday’s
academic research is today’s common knowledge and not to neglect today’s
academic research because we cannot see how it will be used tomorrow’.

In summary, to be an engineer, a person has to develop a number of
skills to the point that they become second nature. The most important
skills are to conceive, to create and to solve. These three skills summarize
the basic functions of engineering. To conceive is to imagine, envision and
visualize different inputs and outcomes of a system or a process. To create
is to make things or generate concepts that stem from the nature of the
problem in hand. To solve is to disentangle a problem and produce an
optimum solution.

In the engineering world, a number of key concepts should be under-
stood. These concepts are:*’

e knowledge gain and problem solving

e design, the foundation of engineering

e invention, innovation, dissemination and patenting
* natural resources.

2.2.1 Knowledge gain and problem solving

As indicated above, engineering is based principally on physics, chemistry
and mathematics and their extensions into materials science, solid and
fluid mechanics, thermodynamics, transfer and rate processes, and systems
analysis. Accordingly, all engineers should have good knowledge of the
principles of mathematical and natural sciences. The need for this knowl-
edge stems from their merits in solving specific design problems. The
extent of depth of this knowledge will ultimately depend on the nature of
the problem in hand and the specific tools required for solving it. In other
words, understanding the basic principles often assists in identifying the
appropriate mathematical or scientific tools to be used; gaining an in-depth
knowledge, on the other hand, is typically a task that is proportional to the
magnitude of the problem. Engineers may also rely on expert scientists for
further support, particularly in the exploratory aspects of the problem.
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Some problems are unique in nature and require special handling, but
most engineering problems deal with common issues such as material
appropriateness, bulk and weight, durability, reliability, energy saving, effi-
ciency, ease-to-use, safety and environmental issues.**** In addition, a host
of other unique problems may also be encountered in finalizing the design
and in the manufacturing process. These problems essentially stem from
the need to satisfy unique criteria such as consumer appeal, human aspects
(how they relate to humans during use), and multiple functionality. The
establishment of a problem definition and the underlying concepts of
problem solving will be discussed in Chapters 4 and 5 using examples of
fibrous products.

It is important to emphasize that problem solving in the engineering
world is essentially a design issue. This means that the solution to the
problem should provide optimum outcomes with respect to all the factors
associated with the problem.’ Without an optimum solution to a problem,
the outcome may be seemingly satisfactory, but the problem will ultimately
reoccur. As a result, the engineering effort does not cease with a partial
solution; instead a multiplicity of options is entertained, bounded by func-
tional and economical constraints. It is also important to point out that
engineering problems are different from quality problems often witnessed
during manufacturing or in end use, but they may represent partial causes
of these problems. For example, many textile quality problems including
weight variation, yarn imperfections, fabric defects, machine stops and end
breakage have existed for many years. The reoccurrences of these prob-
lems are partially due to inherent design problems that have not been
resolved, either because of cost or due to their high complexity as a result
of their dynamic nature."

Dealing with engineering problems may vary in scope and complexity
depending on the nature and the magnitude of the problem in hand.
However, most engineers follow a general scheme in problem solving. This
scheme typically consists of the following steps:*’

e analysis of the situation and the factors contributing to the problem

e preliminary decision on a plan of attack in which the problem is reduced
to a more categorical question that can be clearly stated

e deductive reasoning from known principles or by creative synthesis to
address the stated categorical question

e answering the stated question (or designing the alternative)

e verifying the accuracy and adequacy of the answer

e interpreting the results for the simplified problem in terms of the origi-
nal problem.

These points will be discussed in detail in Chapters 3 and 4.



Textile engineering principles and concepts 25

2.2.2 Design: the foundation of engineering

The term ‘design’ is one of the most commonly used terms in human expe-
rience. It has been used to imply creation of things that have never been
or to indicate rearrangement of things that have always existed. Engineers
believe that they are the only people that design things and that design is
the essence of engineering. As a result they generally prefer the first
meaning of design, the creation of things that have never been. Accord-
ingly, they are likely to protest about the Webster’s dictionary definition
of design as ‘to fashion after a plan’, since it excludes the creation aspect.
As indicated earlier, creation is one of the basic engineering attributes.
People in the fashion clothing business would, of course, prefer this defini-
tion and they would not see it as a creativity-free definition. The Encyclo-
pedia Britannica has an interesting view of design, as it makes a simple
analogy between design and flower arrangement:'

the term flower arrangement presupposes the word design, . . . when flowers
are placed in containers without thought of design, they remain a bunch of
flowers, beautiful in themselves but not making up an arrangement. Line,
form, color, and texture are the basic design elements that are selected, then
composed into a harmonious unit based on the principles of design — balance,
contrast, rthythm, scale, proportion, harmony, and dominance.

Over the years, the process of engineering design has evolved signifi-
cantly to meet the changing needs of humanity. This evolution can easily
be realized by comparing movies produced in the 1950s or 1960s with the
movies made today. In the former period, all units of each product category
(i.e. cars, phones, shoes, etc.) looked very similar in shape and geometry
with few color options and minimal style differences. This period marked
the end of a 200-year era of mass production that was based on unified
static design, more popularly known as ‘one-size-fits-all’. In that era, engi-
neers viewed design as an internal proactive analysis in which customer
needs were assumed to be invariable. They primarily focused on solving
problems associated with the basic functional attributes of a product or a
system and the durability of products as consumers purchased products to
keep for life and not to dispose of after a short period of time.

In today’s markets, virtually all consumer products become obsolete
before they depreciate. This is a direct result of the rapidly changing tech-
nology in all fields driven by the power of computers and artificial intelli-
gence. From a marketing viewpoint, this represents unlimited renewal of
business opportunities that can lead to an exponential economical prosper-
ity. From an engineering viewpoint, this trend represents a continuous
pressure to develop new product ideas and innovative concepts to meet the
highly unpredictable behavior of today’s consumer. Although engineers
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are the people who started this market revolution, they are now the victims
of their own success.

The textile and fiber industry was largely a part of that massive produc-
tion era, but fashion design, as a historical cultural aspect, was ahead of
the game in reacting to consumer needs and desires and in producing gar-
ments and household products that have always varied in style and color
from year to year, season to season and from culture to culture. Although
some historians like to mark the beginning of the fashion industry by
the activities of George Brummell, who dominated the fashion scene in
England in the early 1800s, the concept of fashion began many years before
Brummell’s time. Some historical records" clearly indicate that fashion
was initially driven by environmental differences between different regions
in the world. Arabs, who typically lived in a hot and dry climate, wore
clothing that covered them from head to toe. Their loose white wool robes
reflected the sun’s rays and shielded them from the hot winds. They also
provided insulation against the night-time cold. Eskimos wore two layers
of clothing, usually sealskin or caribou furs. The inner layer consisted of
undergarments and socks. The hairy side of Eskimo undergarments was
worn against the skin. The outer garments (trousers, a hooded parka,
mittens and boots) were worn with the hairy side out. Eventually, these
varieties became integral aspects of cultures and desires and this created
what we have come to know as fashion and clothing styling.”

In light of the above historical view, it follows that the fashion industry,
supported by the textile and fiber industry, realized the concept of dynamic
design many years before other industries. Indeed, and as described above,
fashion design was not only about styling and look, it was about meeting
highly technical consumer specifications and needs as dictated by environ-
mental and cultural differences. One of the reasons that the fashion indus-
try was not given enough credit in the evolution of engineering design is
the historical perception of this industry as being an art and craftsmanship
based. Now, concepts such as body scan and mass customization are among
considerable evidence that the fashion industry is continuing to have a
leading role in the consumer-driven market.

In today’s market, it is inevitable that the design process emphasizes the
user—product interaction. This may be called ‘consumer engineering’, or
the establishment of design concepts that truly reflect both the objective
and the subjective aspects of product uses. In this regard, the design process
should account for most possible outcomes and leads to a cost-efficient
product, which can perform according to its pre-intended function(s) and,
in addition, accommodate most possible varying conditions including some
which may fall outside its traditional functional boundaries."

The key to achieving consumer-appealing design is to understand human-
related factors associated with normal use as well as the potential abuse of



Textile engineering principles and concepts 27

a product. Traditionally, human-related factors, particularly those that
are directly related to the intended functions of the product, have been
accounted for in the initial design analysis. A classic case demonstrating
this point is the automobile airbag, one of the fastest growing function-
focus fibrous products. It is essentially an automatic safety restraint system
that is built into the steering wheel or the side door of a car with instru-
mental panel. The initial idea was that upon crash, sensors set off an igniter
in the center of the airbag inflator. A material such as sodium azide located
in the inflator ignites and releases nitrogen gases, which passes through a
filter into the airbag, causing it to inflate. In this regard, key design criteria
included deployment mechanism, deployment time, material type, coating,
fabric structure and fabric weight. Some of these design criteria indirectly
account for human-related factors. For example, an optimum combination
of nylon 66 (the fiber material used), tight continuous filament woven
structure and silicon coating was selected primarily on the basis of prevent-
ing chemicals from penetrating through the fabric and burning the skin of
the car occupant.

The merits of using automobile airbags to save lives were evident in the
statistics reported during the 1990s:""

e Among belted occupants in frontal crashes, deaths in frontal airbag-
equipped cars were 26% lower among drivers and 14% lower among
passengers compared to vehicles without frontal airbags.

e Unbelted occupant deaths in frontal crashes were reduced by 32% for
drivers and 23% for passengers.

e The US National Highway Traffic Safety Administration, NHTSA,
estimated that the combination of an airbag plus lap/shoulder belt
reduced the risk of serious head injury by 85% compared with a 60%
reduction for belts alone.

e Side airbags have reduced deaths among passenger car drivers involved
in driver-side collisions by about 45% when the side airbag included
head protection and by 11% when the side airbag was designed to
protect only the torso.

The above merits were the results of engineering design that totally
focused on the functional aspects of safety. Unfortunately, just as airbags
were the primary reasons for saving many lives, they also caused injuries
and resulted in death. The energy required to inflate frontal airbags quickly
and protect people in a crash was also found to cause injuries at high
impacts. By January 2004, NHTSA reported that since 1990, deaths attrib-
utable to airbag inflation in low speed crashes amounted to about 230
cases.

Using purely deterministic design approaches, a deficiency such as that
described above can easily go unnoticed. It is important, therefore, to



28 Engineering textiles

account for the consumer use of the product. In this regard, deterministic
design should be accompanied by probabilistic design'® in which most
random factors that can possibly be associated with the use of a product
are incorporated in design conceptualization and design analysis. In case
of airbags, these may include: occupant size or weight (children are more
vulnerable) and occupant seating behavior.

The fiber and textile industry has had a long history of dealing with
products and systems that require probabilistic design and accommodation
of variable factors. In the fashion sector of the industry, dynamic changes
in consumer desires and needs have always been a factor in fashion design.
On the technical side, transferring the inevitable variability in incoming
materials (e.g. natural fibers) into consistent average characteristics of
yarns and fabrics has been achieved through implementation of probabi-
listic design concepts such as optimum fiber selection, optimum fiber
blending and dynamic autoleveling."

2.2.3 Invention, innovation, dissemination and patenting

Invention, innovation and dissemination are common terms that are often
used by companies, organizations and nations as determinants of growth,
progress, or state of development. Over the years, the words invention and
innovation have been used alternatively to imply creative and original dis-
covery. In the engineering world, invention and innovation are distinctly
different; invention is to conceive a new concept or idea and innovation
is to convert the concept or the idea into a real product. Dissemination,
on the other hand, is an integrated phase of the innovation process but
at a much larger scale or level of development; it implies a massive,
efficient and cost-effective use of an innovation that originated from an
invention."”

Patenting is a concept that can be traced back to the 18th century. It is
the traditional legal way to assure the novelty or the authenticity of an
invention. A patent is a certificate of grant by a government of an exclusive
right with respect to an invention for a limited period of time."” In the USA,
for example, a US patent confers the right to exclude others from making,
using or selling the patented subject matter in the United States and its
territories. An essential substantive condition which must be satisfied
before a patent is granted is the presence of patentable invention or dis-
covery. To be patentable, an invention or discovery must relate to a pre-
scribed category of contribution, such as process, machine, manufacture,
composition of matter, plant or design.

The meaning of invention has evolved over the years. The early human
invented the wheel, one of the greatest inventions of all time. Typically, an
invention is driven by a problem that must be realized first to motivate a
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solution. This realization may come from experience of a problem, per-
sonal impact, or a piece of knowledge that was not initially available. In
this regard, an invention is primarily initiated by the creative thinking of
a talented individual. Today, it is common to hear the sentence ‘do not
reinvent the wheel’, meaning, do not come up with something that has been
thought of before, or avoid duplicative thinking. In the corporate or busi-
ness environment, we often hear the sentence ‘think outside the box’, which
again means be creative, not duplicative; it also means bringing in outside
viewpoints and starting from scratch to avoid reusing ideas. These common
statements mainly refer to the concept of innovation. Invention is an ide-
alization of a discovery; to invent is to conceive an idea that is totally
original or new. Innovation, on the other hand, does not prohibit the use
of an invention or an original idea for the benefit of mankind. The wheel
is an invention, but the wheeled vehicle (viewed only on the basis of
motion) is an innovation that stemmed from an invention called the wheel.
In the textile industry, one can find numerous examples that illustrate the
difference between invention and innovation. Two of these examples are
reviewed below.

Invention and innovation of man-made fibers

The first idea leading to the development of a man-made fiber was pro-
posed in the 17th century by Robert Hooke, an English physicist who is
more popular for his discovery of the law of elasticity, known as Hooke’s
law. He suggested that it might be possible to imitate the process by which
a silkworm produces silk."” Today, this approach is known among engi-
neers and scientists as ‘mimicking nature’. He proposed forcing a liquid
through a small opening and letting it harden into a fiber. This was creative
thinking that amounts to an invention. It took two centuries to revisit
Hooke’s idea. In the 19th century, the idea was tested with melted glass,
but the resulting fibers could not be spun or woven into a useful fabric; it
was the material not the concept that led to this disappointment. Today,
glass fiber has become a reality, manufactured into fireproof curtains and
reinforcing material. In addition, extremely pure glass can be made into
fibers that transmit light, which carries information over long distances.
The glass trial stimulated other approaches to implement Hooke’s first
idea. Two scientists: Chardonnet, a French chemist, and Joseph Swan, an
English physicist and chemist, attempted separately but during the same
period to invent a man-made fiber but with a new material; this time it was
cellulose."” The difference made at that point in history was more knowl-
edge gain in the area of polymerization and molecular structures.”® As
Chardonnet and Swan came to realize, cellulose was not the easiest com-
ponent to deal with; it did not easily liquidify and it was not meltable or
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easily dissolvable in any solvent. These challenges drove the idea of com-
bining cellulose with nitric acid to form cellulose nitrate, or nitrocellulose,
which does dissolve in a mixture of alcohol and ether. When the resulting
solution was forced through small holes and the alcohol and ether evapo-
rated, a fiber was formed.

In 1884, Swan exhibited fibers made of nitrocellulose that had been
treated with chemicals in order to change the material to non-flammable
cellulose. Unfortunately, Swan did not follow up the demonstration of his
invention. Chardonnet, who began his work in 1878, found that nitrocellu-
lose fibers could be chemically changed back to fibers of cellulose, which
were much smoother and shinier than the original cotton or wood pulp
from which they were made. He developed the rayon fiber by extruding a
solution of cellulose nitrate through a spinneret, hardening the emerging
jets in warm air and then reconverting them to cellulose by chemical treat-
ment. The product, first called Chardonnet silk, was later renamed rayon
and Chardonnet was named the father of the rayon industry.

The aspect of innovation came after the invention of rayon fibers. In this
case, and with the help of the industry, the inventor also became the inno-
vator. Chardonnet realized a problem associated with the highly flammable
nitrocellulose, produced by treating cotton cellulose with nitric acid. This
was one of the challenges that perhaps discouraged Swan from continuing
his work. Chardonnet worked for several years on the problem of reducing
the flammability of the new substance and at the Paris Exposition of 1889
he showed rayon products to the public for the first time. Soon after (1891),
the first commercially man-made fiber was produced at a factory in
Besancon.

Today, high tenacity and high wet modulus viscose fibers are common
innovations, competing with cotton fibers in many products. In addition,
hollow viscose fibers were innovated to give a more cotton-like feel through
enhanced bulk and good moisture absorbency. The latest developments of
viscose rayon involved the introduction of the environmentally friendly
Lyocell or Tencel.”

Invention and innovation of the spinning machine

The evolution of the spinning machine can provide many design lessons
for today’s engineers. The early human realized ways to hand spin fibers
into yarns and weave yarns into fabrics. The basic ideas underlying these
techniques still represent the principles of today’s spinning and weaving
machinery, but with modern features such as high speed, automation and
process control. The early machine used to turn fiber into a thread or a
yarn was the so-called spinning wheel; it has an obscure origin (some
believe it originated in India). At the beginning of the 16th century, the
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first semi-machined spinning system called the Saxon, or Saxony, wheel
was introduced in Europe.' It incorporated a bobbin on which the yarn was
wound continuously and the wheel was actuated by a foot treadle. Ironi-
cally, at that time the loom, which weaves the yarn into a fabric, was some-
what ahead in the process of development. This is a classic case of how
invention and innovation can be independent of time sequence by virtue
of consumer and market demands.

The shortage of yarn supply resulting from the improvement in the loom
in the 18th century stimulated a series of inventions that converted the
spinning wheel into a powered, mechanized component. This development
began in about 1764 with the invention of the spinning jenny by James
Hargreaves, an uneducated English spinner and weaver, who witnessed his
daughter Jenny accidentally overturning his hand-powered multiple spin-
ning machine. As the spindle continued to revolve in an upright rather than
a horizontal position, he began to think in a different design direction that
led to the invention of the spinning jenny with which one individual could
spin several threads at one time.

Ten years after the introduction of the spinning jenny, an English spinner
by the name Samuel Crompton developed the so-called spinning mule.
This machine permitted large-scale manufacture of high quality thread
and yarn. By our earlier definitions of invention and innovation, the spin-
ning mule was an innovation, not an invention. It was motivated by the
problem of excessive defects produced on the spinning jenny and by weaver
demand for a defect-free yarn, but it did not add to the basic idea of the
spinning jenny.

The ring spinning machine as we know it today (excluding automation
and process control) was invented by the American John Thorp in 1828.
It was an invention because the idea of using a ring and traveler was intro-
duced for the first time. By the 1860s, ring spinning had largely replaced
Samuel Crompton’s spinning mule in the world’s textile mills because of
its greater productivity and simplicity.

The two examples presented above, in addition to their illustration of
the difference between an invention and an innovation, also demonstrate
an era where inventions and innovations were achieved by talented indi-
viduals who spent their own money, protected their inventions through
costly patenting and followed their ideas until they became a practical
reality. Today, the situation is quite different as individual efforts are now
integrated into organized and well-structured institutes. Revolutionary
inventions and innovations such as nylon and polyester fibers, rotor and
air-jet spinning, rapier and air-jet looms are a few examples of many inno-
vations that have resulted from organizational support. In the United
States, the principal sponsor of invention is the federal government and the
principal sponsor of innovation is the industry. Obviously, this trend shifts
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the focus from individuals to organizations and nations, with the results
being more from team work and coordinated efforts. In today’s world, the
difference between highly developed countries and developing countries
is primarily measured by the extent of invention and innovation in a country
and the ability to protect these achievements through patenting and intel-
ligent dissemination.

2.2.4 Natural resources

Natural resources are critical for all engineering applications. They are the
basic goods and services that sustain human societies. Most engineering
applications employ two categories of natural resources: materials and
energy sources. Materials represent the basic component of most engineer-
ing designs. Common engineering tasks related to materials include:">'%%°

e selecting the type of material suitable for the product, system, or process
in hand

e determining material properties

e manipulating material properties to meet the optimum requirements of
the intended design.

Engineers often follow the classic scheme of categorizing different ma-
terials. In this regard, they consider four major categories:' metals, poly-
mers, semiconductors and ceramics. Metals are generally defined as a class
of highly crystalline substance with a relatively simple crystal structure dis-
tinguished by close packing of atoms and a high degree of symmetry. They
are characterized by high electrical and thermal conductivity as well as by
malleability, ductility and high reflectivity of light. They also represent
almost 75% of all known chemical elements on earth. Examples of metal
include aluminum, iron, calcium, sodium, potassium and magnesium. The
vast majority of metals are found in ores (mineral-bearing substances), but
a few such as copper, gold, platinum and silver frequently occur in the free
state because they do not readily react with other elements.

Polymers are the class of natural or synthetic substances composed of
very large molecules, called macromolecules that are multiples of simpler
chemical units called monomers.'® Polymers make up many of the materi-
als in living organisms, including, for example, proteins, cellulose and
nucleic acids. Moreover, they constitute the basis of such minerals as
diamond, quartz, and feldspar and such man-made materials as fibers,
concrete, glass, paper, plastics and rubbers. Polymeric materials may vary
in their degree of crystallinity from highly crystalline to highly amorphous
structures.

Semiconductors are a class of crystalline solids intermediate in electrical
conductivity between a conductor and an insulator.?’ The popularity of
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semiconductors stems from the fact that they represent key elements in the
majority of electronic systems, serving communications, signal processing,
computing and control applications in both consumer and industrial
markets. The study of semiconductor materials began in the early 19th
century. Elemental semiconductors are those composed of a single species
of atoms, such as silicon (Si), germanium (Ge) and tin (Sn) in group IV
and selenium (Se) and tellurium (Te) in group VI of the Periodic Table.
There are, however, numerous compound semiconductors, which are com-
posed of two or more elements.

Ceramics are as old as the human race. It is a unique class of inorganic,
non-metallic materials that exhibit many useful properties such as high
strength and hardness, high melting temperatures, chemical inertness,
and low thermal and electrical conductivity. Ceramics are also brittle and
sensitive to flaws and crack propagation. They are typically categorized
with respect to the type of product made from them. In this regard,
there are two product categories:* traditional and advanced ceramics.
Traditional ceramic products are made from common, naturally
occurring minerals such as clay and sand. Advanced ceramics are often
produced under specific conditions to serve intended functions or
yield performance products ranging from common floor tiles to nuclear
fuel pellets.

The revolutionary expansion of material applications and the continuous
development of new materials have altered the world. Today, material type
and material characteristics represent the major aspect of any engineering
application. Many engineers categorize materials not by the classic catego-
ries discussed above but rather by their functional performance. Table 2.2
provides a list of categories of some of the functional materials available
today.

Energy is the second major natural resource used by engineers. In
simple words, energy is the capacity for doing work. Energy may exist
in many different forms.?* The most common form of energy is
mechanical energy or the sum of kinetic (energy of motion) and potential
(positional stored energy). Thermal energy is another form in which
internal energy is manifested in a system in a state of thermodynamic
equilibrium by virtue of its temperature. Nuclear energy is another form
that manifests itself when the nuclei of atoms are either split (fission) or
united (fusion). Solar energy results from thermonuclear fusion reactions
deep within the sun. It provides the warmth necessary for plants
and animals to survive. The heat from the sun causes water on the Earth’s
surface to evaporate and form clouds that eventually provide fresh
rainwater.

The engineering interest in natural resources stems from three critical
aspects:
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Table 2.2 Examples of material categories and their definitions

Engineering textiles

2,9,16,20

Material system

Definition

Fibrous material

Composite

Isotropic material

High-temperature
material

Thermoelectric
material

Thermoplastic
materials

Acousto-optical
material

Active material

Hazardous
material

Infrared-
transparent
material

Acoustical
material
Contact material

Electrorheological
material

Electro-optic
material

Dielectric material

Depleted material

A fiber-based material; mostly anisotropic (but can be
isotropic), light weight and flexible

A mixture or combination of two or more macro-
constituents that differ in form or material composition
and are essentially insoluble in each other. A
composite derivative is fiber composite, which is a
material in which a fibrous phase that retains its
physical identity is dispersed in a continuous matrix
phase

A material whose properties are not dependent on the
direction along which they are measured

A material with high-temperature capability, including
some fibrous materials, superalloys, refractory alloys
and ceramics; used in structures that are subjected to
extreme thermal environments (e.g. spacecraft)

A material that can be used to convert thermal energy
into electric energy or provide refrigeration directly
from electric energy; good thermoelectric materials
include lead telluride, germanium telluride, bismuth
telluride and cesium sulfide

A material that when heated (to the vicinity of the glass
transition temperature), softens and flows controllably,
enabling it to be processed at high speeds and on a
large scale in the manufacture of molded products

A material in which the refractive index or some other
optical property can be changed by an acoustic wave

An energy-storing and energy-conversing material

A poison, corrosive agent, flammable substance,
explosive, radioactive chemical, or any other material
which can endanger human health or well-being if
handled improperly

An optical material that transmits infrared radiation;
examples include sodium chloride (0.25 to 16 um),
cesium iodide (1 to 50 um) and high-density
polyethylene (16 to 300 um)

Any natural or synthetic material that absorbs sound

A material having high electrical and thermal
conductivity

A material possessing rheological properties that are
controlled by an imposed electric field

A material in which the indices of refraction are changed
by an applied electric field

A material which is an electrical insulator or in which an
electric field can be sustained with a minimum
dissipation of power

Material in which the amount of one or more isotopes of
a constituent has been reduced by an isotope
separation process or by a nuclear reaction
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Material system

Definition

Bridging material

Magneto-optic
material

Nano-structured
material

Nano-phase
material

Lossy material
Lossless material

Non-linear
material

Barrier material

Optical material

Paramagnetic
material

Phase-change
material

Piezoresistive
material

Electrochromic
material

Infrared optical
material

Radioactive
material

Radar-absorbing
material

Phase-change
material

A fibrous, flaky, or granular substance added to a cement
slurry or drilling fluid to seal a formation in which lost
circulation has occurred. Also known as lost-circulation
material

A material whose optical properties are changed by an
applied magnetic field

A material whose composition is modulated over
nanometer length scales in zero, one, two, or three
dimensions. Also known as nano-composite material

A material made up of phases that have dimensions of
the order of nanometers. An ultrafine single solid
phase where at least one dimension is in the
nanometer range, and typically dimensions are in the
1-20 nm range

A material that dissipates energy of electromagnetic or
acoustic energy passing through it

An ideal material that dissipates none of the energy of
electromagnetic or acoustic waves passing through it

A material in which some specified influence (such as
stress, electric field, or magnetic field) produces a
response (such as strain, electric polarization, or
magnetization) which is not proportional to the
influence

Packing material impervious to moisture, vapor, or other
liquids and gases. It can also be an inert material
placed in an explosive charge to shape the detonation
wave

A material which is transparent to light or to infrared,
ultraviolet, or X-ray radiation, such as glass and certain
single crystals, polycrystalline materials (chiefly for the
infrared) and plastics

A material within which an applied magnetic field is
increased by the alignment of electron orbits

A material which is used to store the latent heat
absorbed in the material during a phase transition

A metal or semiconductor in which a change in electrical
resistance occurs in response to changes in the applied
stress

An organic or inorganic substance that can interconvert
between two or more colored states upon oxidation or
reduction, that is, upon electrolytic loss or gain of
electrons

A material which is transparent to infrared radiation

A material having one or more constituents that exhibit
significant radioactivity

A material that is designed to reduce the reflection of
electromagnetic radiation by a conducting surface in
the frequency range from approximately 100 MHz to
100 GHz

A material which is used to store the latent heat
absorbed in the material during a phase transition.
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e Natural resources represent an absolute necessity for making products
and operating systems.

e Natural resources do not represent a static target or readily available
resources that can be used whenever they are needed; many natural
resources are likely to be depleted.

e Natural resources represent an essential aspect of optimum design,
particularly when material and energy are design factors of multiple
levels or sources.

In recent years, the issue of natural resources has become of a worldwide
concern. This has resulted in dividing earth’s natural resources into two
main categories:*

e non-renewable — minerals, oil, gas, and coal
e renewable — water, timber, fisheries and agricultural crops.

Without renewable resources, accessibility to air, water and food will not
be possible. Non-renewable resources, on the other hand, provide the
energy essential for industrial economies and are the source of important
products ranging from iron tools to silicon chips. Since most resources
are limited, engineers must be concerned with the development of new
resources as well as efficient utilization of existing ones. These two require-
ments often represent the essence of optimal design. As indicated earlier,
engineering is a practice that serves mankind in an optimal fashion.
Accordingly, any engineering task must eventually be integrated into the
overall national and global interest. The world population is not static and
natural resources are not static either. This means that the outcomes of all
engineering tasks must be judged and evaluated on the basis of meeting
an optimum combination meeting the challenge of growing populations
and increasing levels of resource consumption.

One common misconception regarding natural resources is that the
biggest challenge of resource conservation will involve non-renewable
resources. This may seem logical on the basis that renewable resources
can reproduce themselves under the appropriate conditions. However,
history indicates that in fact the opposite is the case as a result of
significant engineering and scientific developments. When non-renewable
resources have been depleted, new technologies have been developed that
effectively substitute for the depleted resources. In many situations, new
technologies have often reduced pressure on these resources even before
they were fully depleted. Historians use examples such as fiber optics
that has substituted for copper in many electrical applications and
renewable sources of energy, such as photovoltaic cells, wind power, and
hydropower that may ultimately take the place of fossil fuels when stocks
are depleted.
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Nations and large organizations should be concerned about the manage-
ment of the human use of natural resources to provide the optimum benefit
for current generations while maintaining capacity to meet the needs of
future generations. This issue is particularly essential for non-renewable
natural resources. In this regard, many engineering tasks can be imple-
mented as summarized below:

1. Beneficiation — the use of technological improvements in upgrading of
a resource that was once too uneconomical to develop (e.g. utilization
of fiber wastes and fiber by-products particularly in the natural fiber
and fiber blend processes)

2. Optimization — the use of engineering design to prevent initial waste,
to minimize material weight and to maximize integrated benefits

3. Substitution — any opportunity in which a readily available natural
resource is used in place of rare or depleting resource (e.g. the use of
aluminum in place of less abundant copper for a variety of products
and the use of fibrous materials instead of metals for light weight and
reduction of energy consumption)

4. Recycling — this is the most commonly used approach for optimizing
natural resources. It involves the concentration of used or waste
materials, their reprocessing and their subsequent reutilization in
place of new materials. Examples of recycling are numerous in
the textile industry, from chemical recycling to solid material
reutilization.

2.3 Conclusions

The main purpose of this chapter was to review some of the commonly
known engineering concepts. These concepts are often overlooked in the
midst of detailed and highly technical engineering analysis associated with
specific products or systems. A fiber or a fabric engineer in today’s com-
petitive market does not work in a vacuum or perform in isolation. He/she
must be fully aware of the surrounding engineering world and must be able
to communicate and cooperate efficiently and effectively with engineers
from various fields.
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Textile product development: basic concepts
and critical factors

Abstract: Product development is the primary recipe for success in
today’s competitive market. In order to remain competitive, an
organization must sell more products, create new products and find new
market opportunities for existing intellectual properties. This traditional
view of product development implies that it is largely an engineering
exercise. However, in today’s competitive market, the concept of product
development has largely been expanded to accommodate and integrate
critical product-related aspects such as consumer perception, product
attractiveness, value appreciation, market niche and anticipated
performance over a product’s lifecycle. Textile and fiber engineers must
expand their knowledge base beyond the traditional concepts and
should work with other groups within their organization such as
manufacturers and marketing personnel to meet the overall objectives
of a product development project. In this chapter, basic concepts and
various elements of product development are discussed.

Key words: product development cycle, product lifecycle, competitor-
focus organization, competition models, time-to-market pressure,
oligopoly, monopoly, market segmentation, market shift, product-focus
development, user-focus development.

31 Introduction

In Chapter 1, fiber-to-fabric engineering was defined as the science and art
of optimizing the utilization of fibers (natural or synthetic, conventional or
high-performance) in various applications (traditional or function-focus,
and existing or potential) using sound engineering concepts so that their
ultimate benefits can be realized by all humanity. A fiber-to-fabric engi-
neering program is essentially a product development program based on
reliable scientific methods in which all elements of the fiber-to-fabric
process are taken into consideration. It is important therefore to begin our
discussion by introducing the basic concepts and critical factors associated
with product development.

Asindicated in Chapter 1, fibrous products can be generally divided into
two major classes: traditional fibrous products (TFP) such as apparel,
furnishing and household products, and function-focus fibrous products
(FFFP) such as protective and safety fabric systems, automotives,
aerospace, medical and hygiene and geosynthetics. From a product

39



40 Engineering textiles

development viewpoint, it is important to distinguish between these two
categories of products as each will typically involve a uniquely different
development strategy by virtue of the differences in the associated tech-
nologies, the types of application and the customer’s perception. It is also
important to keep in mind the common performance criteria that bridge
these two categories of product. These include light weight, high flexibility
and ease of manipulation of dimensional characteristics (e.g. length, fine-
ness, cross-sectional shape and density).

Product development is the primary recipe for success in today’s competi-
tive market. In order to remain competitive, an organization must sell more
products, create new products and find new market opportunities for exist-
ing intellectual properties. In the traditional sense, product development is
the process of improving existing products, or converting new ideas into
innovative products that are acceptable to potential users. This traditional
view implies that product development is largely an engineering problem.
However, in today’s competitive market, the concept of product develop-
ment has largely been expanded to accommodate and integrate critical
product-related aspects such as consumer perception, product attractive-
ness, value appreciation, market niches and anticipated performance over
a product’s lifecycle. This means that engineers must expand their knowl-
edge base beyond the traditional concepts and should work with other
groups in the organization such as manufacturers and marketing personnel
to meet the overall objectives of a product development project.

In this chapter, basic concepts and various elements of product develop-
ment will be discussed. First, a simplified view of product development will
be presented to familiarize the reader with the basic tasks constituting
most product development programs. Second, a brief review of the evolu-
tion of product development cycle will be presented. Attention will then
be turned to a critical aspect of product development, namely product
lifecycle. Finally, critical business and marketing aspects related to product
development will be discussed.

3.2 Simplified view of product development

As indicated above, the concept of product development has undergone a
major transition in recent years; from merely a conversion of an idea to a
physical product, to a process in which all product-related aspects, from
the inception of an idea to the final phase of a product lifecycle, are care-
fully integrated. In addition, the use of powerful computer-aided tools has
provided a significant dimension to the process of product development,
not only in the design phase of this process but also in other important
areas including information gathering and marketing strategies.

The basic steps of any product development project are as follows (see
Fig. 3.1):
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3.1 Basic steps of product development.

e Generate or identify an idea that is worthy of further consideration;

e Define and determine product performance characteristics and associ-
ated product attributes and requirements;

¢ Gather relevant information about the product idea (basic information,

patents, and market information);

Justify the merits of the idea before you proceed further;

For justified ideas, perform design analysis;

Develop a product model or prototype;

Manufacture the product;

Establish a strategy for marketing the product.

The sparking point of a product development project is idea discovery
or the identification of an idea that is worthy of further consideration. This
may be brought about by a need to improve the performance of an exist-
ing product such as the need for a bulletproof vest that is both highly
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protective, yet reasonably comfortable, or the desire to develop a suture
product that is both flexible and tissue-compatible. The idea may also come
from a totally different product concept via creative thinking such as a fiber
composite structure that can assist in resisting or breaking winds at speeds
exceeding 100 miles per hour (160 km per hour), or a reusable diaper that
is environmentally friendly. In this case, significant efforts must be made
to evaluate the idea and verify its feasibility.

Once a product idea is conceived and tentatively accepted, the next step
in product development is to determine and define the anticipated perfor-
mance characteristics of the intended product. These are the characteris-
tics that describe the target function(s) of a product and reflect product
expectations in the marketplace. A performance characteristic is typically
a function of a set of attributes and requirements that must be satisfied in
the product to meet its intended performance. For example, the main per-
formance characteristic of a fibrous product may be determined as ‘du-
rability’. This may be defined as the ability of the product to withstand
external stresses resulting from possible harsh actions and environmental
exposure (e.g. military uniforms or mine working outfits), or from great
physical activities (e.g. sportswear). In this regard, it is important to point
out that durability per se is not a measurable attribute with well-defined or
specified levels. Instead, it is a function of many attributes that can collec-
tively lead to a durable product. In the case of fibrous products, these
attributes are those of the components constituting the product (i.e.
polymer, fiber, yarn, fabric and final assembly). They may include fiber
strength, yarn strength, yarn structure, fabric tear, bursting strength, UV
resistance, or heat resistance. These are well-defined and measurable
parameters with values that can be considered in the design analysis of
the fibrous product.

In general, product performance characteristics and corresponding attri-
butes will depend on the complexity of the intended product and whether
it is a modified version of a pre-existing product or a totally new product.
For example, a fibrous surgical implant may be described in terms of two
basic characteristics: durability and biocompatibility. The former is typically
related to a set of attributes such as filament tensile strength, load-bearing
capacity, corrosion resistance and fiber weight. The latter is commonly
related to another set of attributes such as polymer type, chemical compatibil-
ity and fiber surface morphology. Other performance characteristics such as
allergic risk and X-ray transparency may also be considered. These are more
medically oriented, yet they must be accounted for in the choice of fibrous
material. On the other hand, a traditional product such as table cloth may be
described in terms of simple attributes that directly reflect its anticipated
performance characteristics. These include weight, dimensions, water absorp-
tion or hydrophilicity and stain resistance.
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Performance characteristics are also influenced by product require-
ments, particularly those that can affect the consumer’s view of the product.
These include natural resources, quantity of material required to produce a
product unit, expected cost per unit, anticipated customer perception of the
product, anticipated appreciation of product value, time allocated to com-
plete the product development cycle, product safety, anticipated product
lifecycle and recycling or reclamation potential.

The next step in product development is information gathering. In this
regard, two types of information should be available: basic information
pertaining to the intended product and specific information associated
with the desired performance characteristics. In the case of fibrous prod-
ucts, basic information includes fiber type, fiber attributes, yarn structure,
yarn attributes, fabric construction and fabric attributes. Specific informa-
tion is typically driven by the target functions of the product as discussed
above. Primary sources of this type of information will typically include
existing patents, specific technical information of similar products, some
research literature and expert opinions.

In connection with product requirements, information typically repre-
sents market research results such as outcomes of competitive analysis,
information about market availability, information about potential cus-
tomer sectors or segments, and costs of product delivery and distribution.
As expected, this type of information will be less expensive and easier to
obtain to modify a pre-existing product than to develop a totally new
product.

After gathering all relevant information, it will be important to pause
and ask key questions such as Should the product development project
proceed further? Should it be taken different directions? or Should it be
terminated? These questions are often difficult to answer prior to collect-
ing all the relevant information about the intended product. The reason
for this critical step is that many product development projects go forward
under time-to-market pressure only to face unexpected failure at the final
phase and after a huge amount has been spent. In this regard, the common
wisdom should be ‘fail fast and bleed less’. Obviously, proceeding with the
product development project will not always be a guarantee of a successful
product; other criteria must be met such as reliable design, good product
model and initial market appeal.

The core of any product development project is product design. This is
the process of transforming a product idea into a product model with
optimum performance. An engineering design begins by defining a design
problem, the solution of which results in a product model. Based on the
outcomes of the previous steps in product development, a combination of
creative thinking and analytical approaches is implemented to seek an
optimum solution of the design problem. In Chapter 4, the focus will be
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entirely on product design and common design cycles. In general, a design
process should consist of two main tasks: design conceptualization and
in-depth design analysis. These two tasks are discussed in detail in Chap-
ters 5 and 6, respectively. Design conceptualization is essentially the task
of dealing with the design problem at a macro level through exploring all
solution ideas and evaluating the effectiveness of the selected few. In-depth
design analysis deals with the problem at a micro level through focusing
on the selected approaches for solving the design problem and seeking
optimum analytical solutions that yield an acceptable product model.

The outcome of a design process is a product model that can be vali-
dated, finalized and presented to the manufacturer to consider for mass
production. Obviously, a great deal of communication and coordination
should be carried out between design engineers and manufacturing engi-
neers to finalize the design process and reach compromising solutions. In
this regard, specific issues such as detailed configuration of the product,
product specifications, assembly planning, cost and manufacturing speci-
fications should be addressed.

The result of the steps above is a product that can be tested in the mar-
ketplace. Again, the task of marketing a product will largely depend on
whether the product is a modified version of a pre-existing product or a
totally new one. The success of marketing the former will be determined
largely by the status of the current competing product in the marketplace
and its stage in product lifecycle (i.e. growth, maturity, or decline stage).
This point will be discussed later in this chapter. Marketing a modified
product will also be determined by whether it was a result of a deficiency
in the current product discovered by the consumer, or an internal desire
by the company, inspired by consumer interest, to enhance the current
product and add new features. For totally new products, the marketing
phase should overlap with all the previous steps of product development.
In this regard, the product idea should be market tested, information
should be partially market-oriented and the final product model should
undergo a great deal of market evaluation via consultation with product
distributors and consumer surveys.

The issue of marketing is critical for all fibrous products. The fact that
consumers are fully aware of traditional fibrous products makes it truly
challenging to develop new features that continue to attract buyers to these
products. In this regard, the most active sector producing this type of
product is the fashion industry. In recent years, other sectors of the indus-
try have made significant strives to develop traditional products with new
attractive features, such as sportswear that are uniquely suitable for specific
types of athletic applications and medical socks. With function-focus
fibrous products, the challenge is even greater, particularly in situations
where fibrous materials are either being combined with non-fibrous
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structures or substituting traditional non-fibrous materials (e.g. metals or
gravels). This challenge obviously stems from the long stand of traditional
materials in the marketplace. For example, the use of fibrous materials to
develop fabric-reinforced concrete has been associated with a struggling
market in which gravel or metal reinforcements have been compared with
fiber reinforcement, particularly with respect to reliability issues. Although
this product idea has been around since the Ancient Egyptians built homes
with straw in bricks, conceptualizing this idea to suit modern applications
has been difficult. As a result, features such as greater resistance to crack-
ing and thermal changes, thinner design sections, less maintenance and
longer life had to be emphasized in marketing this type of product.

The above discussion, intended to simplify the basic steps in product
development, may give the impression that product development is a sys-
tematic step-by-step approach the end of which is a guaranteed developed
product. This could not be further from the truth, as a great deal of judg-
ment and critical decision making must be involved in each project, depend-
ing on its complexity. Indeed, a standard product development scheme does
not exist because of the following factors:'

¢ The extent of success of a product development approach will not only
depend on following the common basic steps of product development
but also on the effectiveness and the efficiency of coordinating and
integrating these steps.

e Product development involves a great deal of creative and imaginative
effort that is likely to vary from one company to another and from one
product to another.

e Reaching an optimum solution to a design problem is not only a ques-
tion of putting together the most talented design team, or utilizing the
most reliable tools; it is often a question of resources available, time-
to-market pressure and knowledge capacity. As a result, an optimum
solution will typically represent the most compromising solution within
these constraints.

e Developing a good product does not necessarily guarantee that it will
be a market success. Some products that enjoyed great initial market
success did not make it beyond the growth phase of the product
lifecycle.

3.3 The product development cycle

The basic steps in product development discussed above, with exception of
the marketing aspects, follow closely the so-called multiple serial design—
build—test cycle' (see Fig. 3.2a). In this approach, a product idea is con-
ceived, a design procedure is implemented to provide a product model, and
the model is validated, built and tested. The outcome of this cycle is a
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3.2 Examples of product development cycles.”* (a) Multiple serial
design-build-test cycle. (b) Product development with computer aid.

physical prototype that is ready for manufacturing planning and mass
manufacturing.

In this information era, product development has emerged to a new
paradigm for utilizing effective and efficient computer analyses in perform-
ing critical tasks such as design analysis, product modeling, performance
simulation and validation, and development of a final model for building
and testing.”* This paradigm, shown in Fig. 3.2b, allows an iterative process
leading to multiple solutions from which the most compromising one is
selected and tested.

The product development cycles illustrated in Fig. 3.2 represent classic
approaches to product development that typically begin with a product idea
and end with a product model based on optimum solutions to the design
problem. When fibrous products, traditional or function-focus, are the
target of product development, it will be important to establish a product
development program that accounts for the coordination between different
personnel involved in product development, as manufacturing and market-
ing represent key aspects in the development of these types of product. In
addition, analysis of product lifecycle should be a part of product develop-
ment so that companies can be prepared to make timely decisions about
modifying existing products or introducing new products to the market.



Textile product development: basic concepts and critical factors 47

Accordingly, a more appropriate product development program should be
based on a dynamic product development cycle in which both coordination
and lifecycle analysis are integral parts. Figure 3.3 shows a generalized
outline of a dynamic product development cycle.

Some of the merits of implementing a dynamic product development
cycle include:

e insuring that the initial reception of a new product is successful;

e monitoring and testing a new product at the growth stage of the product
lifecycle and as it reaches the maturity stage to avoid costly rejects or
liability issues that were not anticipated in the design process;

e modifying current products to enhance their performance (responding
to user’s concern and feedbacks);

e seeking alternative product options that may be less costly, energy effi-
cient, performance efficient and more attractive.

3.3.1 Coordination in product development

Figure 3.3 illustrates the basic components of a dynamic product develop-
ment cycle. As can be seen in this figure, the core functions of a dynamic
product development cycle are similar to those discussed above. In addi-
tion, the cycle involves continuous evaluation of market needs, continuous
entertainment of new ideas, design conceptualization, in-depth design
analysis, continuous coordination between different teams involved in
product development, and monitoring of product performance in the mar-
ketplace or by product lifecycle analysis. In this section, the focus will be
on the coordination aspect.

In order to meet the ultimate objectives of a product development
program, a great deal of coordination should be achieved between the
design team and the manufacturing team. Through this coordination,
many practical aspects associated with making a product can be explored
and some design limitations can be overcome during the manufacturing
phase. This coordination is particularly important in developing fibrous
products as it is well known that a fabric construction designed on paper
may face a number of obstacles during manufacturing that can either make
it very costly to produce (in the absence of readily available technology),
or result in high cost that cannot be justified in determining the value of
the final product. Similarly, a yarn structure designed on paper may have
nominal structural features that may not be easily achievable during manu-
facturing. It is important, therefore, that design engineers and manufactur-
ing personnel come to agreement on how the final model of the product
will be handled during manufacturing.

In the context of coordination between design and manufacturing
teams, it is important to distinguish between two groups of manufacturing
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personnel:’ traditional technologists and manufacturing engineers. A tra-
ditional technologist is a person with long manufacturing experience who
simply follows and implements instructions regarding the manufacturing
of massive product units. A traditional technologist often operates on the
basis of a ‘product-in’ approach.’” This means that his/her task ends with
the manufacturing of a part required for a product assembly. For example,
a spinning room supervisor has traditionally assumed the role of a tech-
nologist with his/her task being to produce a yarn that can be used for
weaving or knitting. Typically, the main concern of this technologist has
been to meet the required production efficiency of the spinning units under
his/her supervision and satisfy the specifications required in the yarn. Once
the yarn is packaged and delivered, this technologist shifts his/her atten-
tion to the next lot of yarns to be manufactured and would have little
concern about the impact that the yarn may have on the efficiency of the
subsequent stages of processing or the quality of the end product.

A manufacturing engineer, on the other hand, operates on the basis of
‘market-out’ approach, in which every component in a product assembly is
manufactured with a clear vision of its impact on the cost and performance
of subsequent processes or on the end product. Accordingly, he/she will
be involved in many engineering activities such as the creation and oper-
ation of the technical and economic processes that convert raw materials,
energy and purchased items into product. In comparison with the spinning
technologist discussed above, a spinning manufacturing engineer will be
involved in critical tasks such as determining the type and the amount of
fibers required to make the yarn, estimating the operational cost per pound
(or kilogram) of yarn, optimizing the various parameters of the spinning
process, evaluating the extent of meeting design specifications and quality
requirements, and forecasting the impact of the yarn produced on the
performance of end product (woven or knit fabrics). It is through these
activities that a manufacturing engineer can effectively assist a design
engineer solving problems associated with product development.

In a dynamic product development cycle, coordination between the
manufacturing team and marketing personnel (sales representatives, dis-
tributors and retailer representatives) should be a continuous process. The
purpose of this coordination is to make certain that the product will meet
with the customer’s approval and that quality or performance problems are
being solved in a timely fashion. This type of coordination has become
critical in today’s competitive market as a result of the increasing consumer
awareness and user demand for more consistent and high quality products.
Three-way coordination between manufacturers, design engineers and
marketing personnel is also important. From a product development
viewpoint, the key factor in this coordination is the performance status of
the product in the marketplace or the stage in the product lifecycle, as
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discussed in the following section. Based on this coordination, critical
decisions regarding the product may be made in a timely fashion. As shown
in Fig. 3.3, these may include termination of an existing product, develop-
ment of a new product, or prolonging the product lifecycle through revisit-
ing the product development cycle and seeking modifications that can
revive product usefulness and attraction.

3.3.2 Product lifecycle

In the above section, the term ‘lifecycle’ was used repeatedly to describe
the progressive performance of a product in the marketplace. Product
lifecycle analysis has become an essential task of product development in
today’s global market. In general, a product lifecycle consists of four
common phases of product performance:’™® initiation, growth, maturity
and decline. A generalized product performance profile over a complete
lifecycle is shown in Fig. 3.4. Common market changes associated with
product lifecycle are demonstrated in Fig. 3.5. Although some features of
each stage of a product lifecycle may vary depending on the product type,
most products will exhibit common features such as those described in
Table 3.1.

The initiation stage in a product lifecycle encompasses the generation of
product idea and the different tasks of product development discussed
earlier. Toward the end of this stage, a product undergoes rapid changes

Product Product
initiation growth

T

Maturity (saturation) plateau Decline

Product status

Time ——

3.4 Basic stages of product lifecycle.



Textile product development: basic concepts and critical factors 51

Market

77777 » [ Ny = = MA ’W\/\/\’ N/ [ IV
irregularity M/Ww A M’WMWVU“
/\
Market volume \

e

o

Units )
. Time
Rate of change ¢

market volume/:

~—h

Percent

oO—> + O —+

Profit/loss curve

Dollars Loss

L e— o — +

Breakeven points

Initiation ~ Growth ~ Maturity ~ Saturation Decline

3.5 Market evolution pattern: market lifecycle.®

and adjustment to optimize its performance in the marketplace. In some
situations, the product undergoes extensive testing by selected customers
or potential users of the product. User testing of a product not only reveals
the extent of success of the design process but also evaluates the outcome
of the assembly process of the product during manufacturing. More impot-
tantly, product testing by potential users may also reveal other concerns or
interests that have been overlooked during the design or the manufacturing
process. When intense ‘time-to-market’ pressure increases, some organiza-
tions rush into introducing their new products without extensive user
testing. As a result, many new products may be recalled shortly after their
introduction to the market for safety and liability reasons or due to some
functional flaws.

From a market viewpoint, the initiation stage of a product lifecycle is
typically associated with erratic patterns of growth and instability in the
market. This a direct result of slow customer awareness of the product at
the initiation stage, particularly when promotion of the new product is
limited owing to cost reasons. Market volume typically expands slowly
during this period as a result of high market resistance. The rate of growth
increases faster than the market volume itself, because each additional
dollar represents a higher growth percentage than at any later stage of the
cycle. Assuming that the company initiating the market is a pioneer, and
recognizing that the initial outlay for product and market development is
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Table 3.1 Product and market attributes associated with the product

lifecycle®®
Lifecycle Product evolutionary Market evolutionary attributes
phase attributes
Initiation Invention to innovation Customer or consumer
Rapid changes and awareness and acceptance
adjustment to optimize of the product is slow
product performance Erratic pattern of growth in
Possible instability in market structure, and
technology competitive status
Market volume typically
expands slowly as a result of
potential market resistance
Possible initial net loss as a
result of costs exceeding
revenues
Growth Better knowledge of product Customer awareness increases
capabilities and flaws rapidly during this period
Further attempts to reduce until it reaches a maximum
manufacturing cost as at the end of the growth
mass production continues period
More customization of Steady or rapid increase in
product performance to market volume
meet customer Revenues exceed cost (net
requirements gain)
Maturity to  Product development largely Wide acceptance of the product
saturation ceases Customer expectation of lower
New ideas may be price as sales volume
introduced to re-design, increases
rejuvenate the product or Slow rate of market volume
introduce better products
Decline Production rate and volume Market volume shrinks

declines rapidly
Product support declines
rapidly

Customers shift to other
alternatives

often quite substantial, the product initiation stage is generally character-
ized by costs exceeding revenues (or net loss). As a company approaches
the end of this phase, it should reach a breakeven point for the innovation.
This means that its total revenue should at least be equal to its total cost.
From a competitive viewpoint, if two companies share the pioneering stage
of a certain product, the company that reaches the breakeven point first
will be likely to have more flexibility and competitive advantage in the next
stage of the product lifecycle.

Passing the initiation stage is critical for any product, as failure to achieve
this can only mean substantial losses for the organization developing the
product. The period of time that an initiation stage can take will obviously
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vary depending on many factors including the type of product, resources,
time-to-market pressure, competitive pressure and customer accep-
tance. Most traditional fibrous products exhibit a short initiation stage.
Function-focus fibrous products on the other hand are likely to be associ-
ated with longer initiation stages by virtue of the design complexity and
marketing challenges.

After the initial stage, the product enters the growth stage of the product
lifecycle. In this stage, the product should exhibit booming sales and the
growth rate should also increase. The profile in Fig. 3.5 shows a peak of
growth rate at about the middle of this stage. Further growth occurs at a
decreasing rate, often because of a steadily expanding base. Although
profit reaches its highest point during the growth stage, the trend may
reverse in the middle of this phase as declining prices and rising costs
prevail.

Products that exhibit steady growth are likely to continue their growth,
normally at smaller rates to the next phase of product lifecycle, which is
the maturity stage. In this stage, the market volume continues to grow at
a slower rate until it reaches the stagnation level at the end of this stage.
Profits diminish but can still be healthy. Markets that have grown to matur-
ity may reach a saturation stage in which volume and profit/loss all go
through a negative change rate. Costs and competitive pressure reduce
profits further until they cross the breakeven point again at the end of this
stage.

Maturity may continue for many years depending on the extent of
customer satisfaction with the product (as indicated by a steady
market volume) and the willingness of the organization to continue
supplying the product. However, it is at this stage and before a product
enters the saturation stage that an organization should revisit the product
concept and make important decisions, such as (a) improving the
product model so that a new generation of the product can be initiated, (b)
terminating the product concept and turning into another product idea,
or (c) prolonging the maturity stage through promotional activities or
price reduction.

Product decline is an inevitable stage of the lifecycle of virtually any
product that must be expected and anticipated by any organization. This
is a fact that has been historically realized by many organizations particu-
larly those that produce fashionable fibrous products. Indeed, these par-
ticular products are associated with short product lifecycles as a result of
a self-imposed decline so that new fashions associated with higher profits
can be introduced. Decline may also occur for other products as a result
of the introduction of new products that exhibit better performance or
meet new demands. This will result in shrinkage of market volume as a
result of booming substitute markets.
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In the fiber-to-fabric system, one can find numerous examples of prod-
ucts at various stages of their lifecycle. For example, the development of
high-speed shuttleless looms has rapidly forced conventional shuttle looms
into the decline phase. On the spinning side, new yarn-forming technol-
ogies such as rotor spinning, air jet spinning and friction spinning with
their superior production rates have largely slowed the growth of conven-
tional ring spinning. However, they could not fully eliminate ring spinning
in niche markets such as fine woven fabrics and soft knit goods. Products
such as cloth diapers have suffered a major decline as a result of the devel-
opment of disposable diapers. Now, there are new trends toward the use
of cloth diapers again as a result of environmental concerns (un-recyclable)
and some adverse effects including the outbreak of diaper rash and skin
irritation.

3.4 Business and marketing aspects related to
product development

In today’s competitive market, engineers in various fields should be aware
of business and marketing issues that can influence their approaches to
product development and design methodologies. Obviously, there are many
business and marketing issues that may surround the process of product
development. However, the most influential factors are (1) the competitive
status of an organization, (2) market segmentation and (3) market shifts.
These factors are discussed below.

3.4.1 The competitive status of an organization:
competition models

Product developers should be aware of the competitive status of their
organization. If an organization is leading in the competitive race, the
pressure imposed on the product development process will be to maintain
or improve the organization image and reputation through developing
products that are superior to the existing ones or totally innovative. This
pressure is typically offset by sufficient financial and human resources that
leading organizations typically allocate to create and develop new product
ideas. Organizations trailing in the competitive race typically face a differ-
ent type of pressure, which is gaining or regaining consumer confidence in
their products, and intense ‘time-to-market’ pressure of new products that
can assist them in catching up with leading organizations. This pressure
may be further complicated by other factors, such as the feasibility of risk
taking and limited resources. New organizations that wish to enter the
competitive race should have completely different approaches to product
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development depending on the size of investment and the organization
experience. For newcomers with moderate investment, niche markets and
speciality products may represent the best options.

As engineers often like to discuss matters using some modeling tech-
niques, it will be beneficial to discuss the different competition models that
are likely to exist in the marketplace. Commonly, two main competition
models can exist in the market:”"* pure competition and monopolistic
competition. Pure competition is a market scenario in which many autono-
mous and knowledgeable suppliers and buyers of an identical product are
present, yet none are capable of gaining price advantage or changing the
price. Typical conditions of a pure competition model are as follows:

1. No single supplier or buyer is large enough or powerful enough to
affect the price of the product.

2. Products are identical and they exhibit no disparity in quality, and no
brand name or image issues exist. As a result, customers are less likely
to prefer one supplier over another.

3. No collusion (conspiracy or hidden agreements); as a result, each sup-
plier and buyer act autonomously. This means suppliers would compete
against one another for the consumer’s dollar. Buyers would also
compete against each other and against the supplier to obtain the best
price.

4. No mutual loyalty is necessary between the buyers and the suppliers
as all products are identical giving little reason for loyalty to a particu-
lar supplier on the basis of product merits.

5. Non-regulated market environment; this means that suppliers and
buyers are free to get into, conduct, and get out of business. This makes
it difficult for a single supplier to dominate the market and dictate
unfavorable prices as other suppliers can freely enter the market and
stabilize the price.

In today’s globally competitive market, pure competition hardly exists
and the more common competition model is the so-called monopolistic
competition. This model typically exists at any time the conditions of pure
competition listed above are not met. Under a monopolistic competition
model, products cannot be considered as identical even if they are seem-
ingly perceived to be the same. As a result, product developers must con-
tinually strive to establish features in their products that are uniquely
different from those of competitor products. This may require design
emphasis on performance and quality differentiation rather than price
differentiation.

Monopolistic competition may be represented by many familiar models
in the market place. These include oligopoly, pure monopoly and near
monopoly. Oligopoly implies a market of few large firms that dominate the
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market and have the ability to influence prices. These firms tend to have
common strategies and one may follow another in product lines, price
change, or customer service procedures. They also tend to keep their prices
and their product values far from reach by smaller competitors. Despite
their independent management, they always seem to act in unity particu-
larly in price fixing and in dividing the market so that each is guaranteed
to sell a certain quantity. Familiar organizations that operate largely under
oligopoly model include Coca Cola and Pepsi Cola, and some giant
airlines.

Pure monopoly is a model which hardly exists in the real world as it
implies domination by one organization of a specific product that has no
substitutes. Even if this model holds for some time, other competitors will
certainly come into play and attempt to develop similar or better products.
A more realistic model is the so-called ‘near monopoly’. This is best illus-
trated by its derivatives such as natural monopoly, government monopoly,
geographic monopoly and technological monopoly.

Natural monopoly is when society is best served by the existence of
monopoly. Organizations that enjoy natural monopoly are typically subject
to many regulations to serve the interest of the consumer. As they grow
larger, they are likely to bring about lower prices as a result of lower costs
(the economy of scale). Government monopoly is a common condition in
all countries, but mostly in the third world countries. Under this condition,
the government owns, operates and develops products for the public. These
are mostly of a service nature such as healthcare, public transportation and
utility. Geographic monopoly is a historical type of near monopoly that
some organizations have enjoyed as a result of their geographic locations
and consumer demands in these locations. With the increasing trend
toward a global competitive market, this type of monopoly is likely to
decline as many organizations will find their ways through different cul-
tures and different areas in the world. Technological monopoly is perhaps
the most accepted type of near monopoly and the most difficult one to
compete against. From an engineering perspective, technological monopoly
lies in the heart of product development. It reflects the special rights that
an organization can enjoy for developing new products. In most countries
including the USA, these organizations are given exclusive rights to manu-
facture, use, or sell new products that were invented by them.

In light of the above discussion, it is critical that competitive analysis be
a part of the product development process. Unfortunately, there is no uni-
versal approach for performing competitive analysis at the product devel-
opment stage. As aresult, different organizations seek different approaches
to determine their competitive status. Some organizations rely on their
market share statistics to determine their competitive status. Historically,
this approach has been useful in creating organizational confidence and
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investors’ trust. However, at the product development stage, more intimate
knowledge of the competitive status of an organization in view of the
products being developed can be critical.

In a competitive environment in which monopolistic competition models
are likely to prevail, an organization should always be aware of the external
forces influencing the market. These can be represented by a competitive
loop showing the various market forces, which can serve as a guideline for
possible action toward achieving competitive advantages.” A simple com-
petitive loop will consist of a number of organizations competing for the
same consumer or potential buyer. In this environment, each organization
attempts to attract the consumer to its product through offering better
function performance, lower price, better quality and more reliable service
than the other organizations. This type of competitive loop (Fig. 3.6) rep-
resents a simple case of competition that is normally experienced in domes-
tic markets.

In a globally competitive market, an organization is typically subject to
many market forces, some of which can have a significant impact on the
progress of product development and the competitive status of the organi-
zation. In addition to local competitors, the organization may be subject
to foreign competitors. This imposes additional market challenges such as
cultural gaps, coordination, logistics and communication issues. Trade,
standards and consumer organizations will also play a larger role in the
global market. These organizations are likely to coordinate their efforts to
achieve fair trade, standardized measures, common product specifications

Competitor-focus
organization ="

|

3.6 Simple competitive loop.®
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and more knowledgeable consumers. These various forces are illustrated
in the competitive loop shown in Fig. 3.7.

3.4.2 Market segmentation

In general, there are two major marketing segments: mass market and
target market. In a mass market, a product is developed for a large popula-
tion of consumers. Traditional fibrous products such as bed products, cur-
tains, towels and cleaning items are developed for mass markets. These
types of product are typically diverse in order to satisfy a wide range of
consumers. They may also be associated with standard matching applica-
tions such as standard size beds or windows of standard dimensions. Most
other traditional fibrous products are typically developed for target markets
such as fashion clothing, children’s clothing, sportswear and uniforms. As
the market becomes more global, most products will be developed with
target segments of consumers in mind. Even with similar products, geo-
graphic and cultural differences may dictate changes in product develop-
ment to meet target consumers in different areas in the world.

In the face of high competition in the mass market segment, smaller
organizations may find target markets as the best way to compete, grow
and achieve profits through developing value-added products. Many pro-
ducers of fibrous products followed this approach. A good example was the
Thor-Lo, a manufacturer of athletic socks, which has turned an unglamor-
ous commodity into a truly performance-differential product for particular
target markets. In this approach, the term athletic socks, which was a
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development in itself, was replaced by the term ‘foot equipment’ to reflect
the new design in which sport socks were made with as much terry cloth
as could be packed into the sole without making it too thick in the arch.
The dense packing was skillfully placed in areas where the foot takes the
most bruising. In addition, Thor-Lo further segmented the market on the
basis of lifestyle criteria and special needs, providing specialty socks for
senior citizens, and for health care needs. Another example was the Goretex
organization founded by Bob Gore (1969), who discovered that PTFE
(polytetrafluoroethylene) can be expanded mechanically to form a micro-
porous membrane without chemical reactions. Furthermore, only low
amounts of this polymer were needed to create an airy, lattice-like struc-
ture. This opened up the possibility of applying the particular properties
of this polymer to many fibrous products with the idea being to transform
some traditional fibrous products into function-focus products, taking
advantage of the many special properties of PTFE such as extremely high
resistance to chemicals and ultraviolet radiation, thermal stability (between
—250°C and +280°C) and recyclability. Now, Goretex (W. L. Gore & Asso-
ciates) continues to develop and produce specific PTFE membranes for
different target markets.

Companies developing function-focus fibrous products for target markets
should always evaluate the market growth of these products via reliable
forecasting analysis, as sudden changes are likely to occur and long-term
steady growth may be highly unlikely. For example, the global market for
electrically enabled smart fabrics and interactive textile (SFIT) technol-
ogies was worth US $248.0 million in 2004. Forecasting analysis revealed
that the growth of this market is expected to continue at an annual rate
approaching 18-20% for many years to come.' If this trend holds, product
developers should continue to seek novel polymers and innovative designs
in order to develop products with interactive performance functions such
as electrical conductivity, ballistic resistance and biological protection. On
the cautionary side, product developers should be aware of the factors that
could inhibit the growth of these products including the high price of fin-
ished articles, shortage of research and development (R&D) funding and
the lack of industry standards.

Obviously, the challenge associated with developing products for target
markets typically stems from the need for a great deal of product custom-
ization to meet specific performance needs. This typically comes with
higher cost and significant effort in the product design phase. On the other
hand, the main advantage of developing products for a target markets is
the value-added nature of these products, which primarily stems from the
intelligence consumed in product design. Organizations developing prod-
ucts for a target market can also become leaders in these markets, enjoying
technological monopoly for many years.
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3.4.3 Market shifts

In today’s global market, producers and potential customers of certain
products may change locations as a result of cost considerations or increase
in demand for a product in some areas in the world. Although this is largely
a manufacturing and marketing issue, changes in location are typically
associated with changes in many product development factors including
different customer interests imposed by cultural or social differences,
communications and coordination between product developers and
manufacturing engineers, domestic regulations, trade regulations and
environmental regulations. These factors should be considered in the
product development process.

In the fiber and textile industry, market shifts have represented a common
trend in recent years as evidenced by the substantial changes in the global
roadmap of fiber production and textile manufacturing. As a result, the
stability of product development programs in this industry has been sig-
nificantly disturbed by the need to redeploy resources both geographically
and strategically. For example, the USA was producing about 3.7 million
metric tonnes of cotton in 2000. Over 60% of this cotton was used by US
mills to produce traditional fibrous products in the local market and only
30% was exported, with the remainder being stocked. In 2006, the USA
produced about 5.2 million metric tonnes of cotton, yet only 25% of this
amount was used by US mills and over 70% was exported. On the other
hand, China produced about 4.4 million metric tonnes of cotton in 2000,
which was used entirely by Chinese textile mills to produce textiles. In the
same year, China imported about 0.7 million metric tonnes of foreign
cotton, which was used by local mills. In 2006, China produced about 5.7
million metric tonnes of cotton that was also used entirely by Chinese
textile mills. In addition, China imported about 4.1 million metric tonnes
of foreign cotton, which was used by local mills for exporting textile goods
to the world. These market shifts in manufacturing locations are likely to
continue owing to many factors including cheap labor and low operating
costs.' 10

The significant shift in the production and consumption of fibrous prod-
ucts has resulted in noticeable changes in approaches to developing textile
machinery, particularly in the spinning sector. In 1980s and early 1990s,
when industrial countries such as the USA and Europe were very active in
textile manufacturing, the design of this equipment focused on critical
features such as automation, process control and automated material han-
dling and transportation. As the manufacturing locations shifted to Asia
and other developing countries, new lines of machinery were developed
with non-automated or semi-automated features and more reliance on
human handling. From a product development viewpoint, these trends may



Textile product development: basic concepts and critical factors 61

seem to represent a development setback. However, market demands and
economical benefits often dictate the nature and the progress of product
development.

3.5 Product-focus versus user-focus product
development

Over the years, the process of product development has evolved from a
pure product-focus approach to a user-focus approach. In a product-focus
approach, an organization develops a product that it sees some need for in
the marketplace. This need may stem from conventional use of similar
products, uniqueness or from a deficiency in existing products. Input from
potential users is typically considered after a new product has been devel-
oped. This approach follows closely the classic product development cycle
of generating product ideas, defining performance characteristics (based
on internal specifications and design tolerances), gathering relevant infor-
mation, justification, performing design analysis and developing a product
model or prototype. The marketing and sales division then attempts to
persuade potential consumers to purchase the product through common
promotional activities.

The user-focus approach to product development is primarily based on
the realization that an organization selling a product to a consumer is
essentially offering a service in the form of a product. As a result, one may
consider the user-focus approach as a service approach in which the user
or consumer dictates the merits of the outcome of product development.
In this regard, an organization develops a product that it has discovered
some need for through market research in which the consumer expresses
a true desire for the product, perhaps through comparison with existing
products in the market. This approach follows closely the dynamic product
cycle discussed earlier. The product development division works closely
with the manufacturing division and the marketing and sales division
throughout the entire process of the making of the product. In addition,
potential consumers are continuously consulted as the product progresses
from the development stage to the manufacturing and finally to the mar-
keting stage.

Another aspect of the user-focus approach, which has been largely
implemented in recent years, is what can be crudely called ‘playing on
consumer feelings’. This is typically achieved through providing cosmetic
or functional excitement to the product that attract special consumer
groups (e.g. children and youth) and make them switch from an existing
product to a new one. Similarly, some organizations develop products
partly on the basis of creating artificial accelerated obsolescence by making
design changes that intentionally tempt users to replace goods with new
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purchases more frequently than would be necessary as a result of normal
wear and tear. This approach was originally invented by the fashion indus-
try but now it has become a common approach in all sorts of products
including electronics, automobiles and toys.

It should be pointed out that the user-focus approach to product develop-
ment should not imply a consumer-defined product, as this can hinder the
creativity and the imaginative ability of design engineers. It mainly implies
a consumer-inspired product. This may be called ‘aligning user voice and
design intelligence’. A successful user-focus approach should integrate con-
sumer interests into the product development process in such a way that
preserves and highlights the inherent intelligence of the product design.
For example, police officers may want a bulletproof vest that is both protec-
tive and comfortable. To convert this desire into reality, design engineers
will realize the conflicting aspects of these two performance characteris-
tics. With protection being the primary purpose of the product, the empha-
sis should initially be on meeting this objective and reaching the highest
level of protection. Upon meeting this objective, efforts should then be
made to reduce the burden of wearing a bulletproof vest for long hours
and under harsh physical or environmental conditions. In other words,
while user’s priorities may be simultaneous in nature, developer’s priorities
should be functionally ordered.

Traditionally, user-focus organizations have drawn a clear distinction
between consumer needs and consumer wants, with the former being prod-
ucts that are classed as absolutely necessary for the consumer way of life
and the latter being products that are desired by consumers for comple-
mentary purposes. In today’s market, this distinction is no longer appropri-
ate for classifying products as it has become blurred by wants turning into
needs as a result of the dynamic progressive change of people’s lifestyle
and the increase in prosperous societies. A more precise categorization of
products commonly used in today’s market is ‘convenience goods’ versus
‘shopping goods’. Another less commonly used categorization is ‘specialty
goods’ versus ‘unsought goods’. These classifications largely reflect the
consumer’s perception of the products and not necessarily the inherent
nature of the product as often described in the product development phase.’
Indeed, some products may surprise the product developers themselves in
the way they are received by consumers in the marketplace. This issue is
likely to become more critical as products increasingly cross the global map
through different consumer interests and different cultures.

The majority of traditional fibrous products can be classified as shopping
goods rather than convenience goods. Typically, shopping goods are associ-
ated with price and quality comparison and style preference. Even with
common products such as baby diapers, consumers typically go in a cycle
of search for the right brand, price, size and quality. In general, shopping
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goods typically fall into two categories:® similar products and dissimilar
products. For example, most home appliances may be perceived as similar
shopping products. On the other hand, clothing and furniture are consid-
ered to be dissimilar shopping goods. The key, however, is making these
products with quality and performance differential rather than price
differential. Convenience fiber products include some uniforms, kitchen
cleaning items, mops and utility towels.

3.6 Role of research in product development

The basic difference between a design approach and a scientific research
approach is that the former is always driven by identification of needs,
while the latter is often driven by scientific curiosity. The question then
is how scientific research can fit into the product development process?
To answer this question, engineers should realize that from the flood
of scientific research in which scientific principles are utilized to meet
research goals, many ideas can indeed be utilized in product development.
A quick avenue to these ideas would be the patented research ideas,
which represent a very small portion of the numerous research
activities conducted daily by research institutes and universities around
the globe. Many research patents have some validity for practical
implementation.

The effectiveness of research in product development will largely
depend on the objectives established and the duration over which
research projects need to be completed. Typically, organizations that utilize
effective research work will have more patents and creative ideas than
they can possibly implement or transform for the real world. In addition,
dynamic market changes and prohibitive cost factors normally dictate
the extent of utilizing new ideas. It is important, therefore, that research
outcomes be implemented carefully and within the overall objectives of
product development.
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Textile product design

Abstract: The basic elements of product design are introduced including:
(a) the product design cycle, (b) design conceptualization and (c) design
analysis. When design is targeted at developing fibrous products, one of
the key challenges faced is the trade-off between the fundamental design
aspects of functionality and styling. The former implies meeting the
intended functional purpose of a product at an optimum performance
level and the latter implies satisfying a combination of appealing factors
such as appearance, color and comfort. In traditional fibrous products,
functionality and styling have always been considered simultaneously in
the design process as a result of the expected intimacy of such products
with humans. With function-focus fibrous products, fulfilling both
functionality and styling requirements often represents a design
challenge and an optimum trade-off between these two basic criteria may
be required. This chapter discusses these critical issues.

Key words: functionality, styling, green design, product design cycle,
manufacturing planning, mass manufacturing, design
conceptualization, design analysis.

41 Product design: the core task in
product development

In Chapter 3, basic concepts and tasks of product development were intro-
duced. Among these tasks, product design was considered to be the core
task in product development cycles. The importance of product design
stems from the fact that it involves a great deal of imaginative and creative
effort which often distinguishes one product development program from
another and differentiates between products in the same category in the
marketplace.! In addition, reoccurring problems during manufacturing or
during product use are often a result of an inherent design deficiency that
was not discovered in the product development stage or was overlooked
owing to high cost or limited resources. It is important, therefore, to devote
a great deal of discussion to the issue of product design. This discussion
begins in this chapter by providing a review of basic aspects of the design
process. In Chapter 5, the discussion will shift to the basic tools of design
conceptualization and in Chapter 6, specific design analyses will be
reviewed.

When design is targeted at developing fibrous products, one of the key
challenges faced is the trade-off between two fundamental design aspects,
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namely functionality and styling. The former implies meeting the intended
functional purpose of a product at an optimum performance level and the
latter implies satisfying a combination of appealing factors such as appear-
ance, color and comfort. With traditional fibrous products, functionality
and styling have always been considered simultaneously in the design
process as a result of the expected intimacy of such products with humans.
Indeed, the distinction between functionality and styling in these products
is often difficult as some characteristics, such as comfort and appearance,
can be considered both functional and styling features of these products.

With function-focused fibrous products, fulfilling both functionality and
styling requirements often represents a design challenge and an optimum
trade-off between these two basic criteria may be required. For example,
consumers expect a seat cover to last the lifetime of a car with a minimum
or no maintenance required. This is a functional aspect that requires
fabrics of high abrasion resistance and low UV degradation. On the other
hand, an uncomfortable seat may result in an unsatisfactory perception of
the entire car. From a design viewpoint, achieving high abrasion resistance
may result in excluding fiber types that can provide good comfort and
appearance (e.g. cotton, viscose rayon and lyocell) owing to their poor
abrasion resistance. When cost is added to the design formulae, wool fiber
may also be excluded despite its high abrasion resistance and great thermal
comfort, except for up-market cars. When the focus is shifted to low UV
degradation, acrylic fibers may seem to be the best choice. However, its
abrasion resistance is not as good as other synthetic materials.” This leaves
the design engineer with fewer fiber options with which simultaneously to
satisfy functionality and styling performance. In this regard, the common
option is to use polyester fibers owing to their high abrasion resistance and
moderate UV degradation resistance, which can be further improved by
using UV light-absorbing chemicals. The design engineer may also have to
rely on the glass in car windows to provide further support by filtering out
the UV light radiation.” In addition to the selection of an appropriate fiber
material, styling features can also be enhanced through the design of a
fabric structure that exhibits appealing patterns and colors and provides
good fabric hand.’

The styling aspect of design has become a major selling point in modern
products, from automobiles with different looks and styles, to elegantly
looking computers, mobile telephones and other household products. In
addition, a wide variety of design attractions, from the use of recycled
materials (green design) to the spread of organic products, is often intro-
duced to reflect the need for optimum utilization of natural resources and
a healthier environment. Moreover, nanotechnology and wireless engi-
neering came as a timely contribution to both functionality and elegance,
as products such as hand-held electronics and tiny audio equipment have
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become a commercial reality. Ultimately, nanotechnology will result in the
continued miniaturization of new technology and wireless engineering will
transform the world into human network systems in which the workplace
will be connected to the home and people will be wirelessly connected to
each other.

Although the objective of design is to develop a product model, the
ultimate goal is to transform this model into a commercial product through
massive manufacturing of product units. This means that a design process
should account not only for product structure and optimum performance
but also for product manufacturability.*® As a result, manufacturing engi-
neering should be implemented in order to reach the most acceptable
product in the marketplace. As indicated in Chapter 3, manufacturing
engineering represents a host of activities that are involved in the creation
and operation of the technical and economic processes that convert raw
materials, energy and purchased items into components for sale to other
manufacturers or into end products for sale to the public.* Manufacturing
engineers coordinate their efforts with design engineers in the process
of modifying product designs for the assurance of product
manufacturability.

4.2 The product design cycle

The use of cycles to illustrate engineering tasks is a common approach that
stems from the need for an iterative procedure to reach compromising
solutions to engineering problems. In performing design analysis, a product
design cycle will be necessary particularly in view of the fact that
most design problems are open ended in nature.* A universal or standard
product design cycle cannot be established since the design approach may
vary depending on many factors including the company’s philosophy, the
product type, the availability of resources, the accessibility of relevant
information and personnel qualification. However, common requirements
and tasks used in all product design cycles are shown in Fig. 4.1.

As can be seen in Fig. 4.1, the foundation of a product design cycle con-
sists of two key aspects: design planning and design conceptualization.
Design planning implies making the basic requirements of a design project
available prior to entering a design cycle. These include qualified personnel
(e.g. design engineers, representatives of manufacturing engineers and
representative of marketing personnel), hardware and software, informa-
tion sources and natural resources. The second foundation of a product
design cycle is design conceptualization. This is the process of generating
ideas for an optimum solution to the design problem. As will be discussed
later, design conceptualization is the most critical aspect of design as it
determines whether a product idea is justifiable in view of functional merit,
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4.1 Key tasks in a product design cycle.

cost and value, with the results being to proceed with the design project,
modify the product idea or terminate the project. An introduction to
design conceptualization will be presented later in this chapter and the
different tools required to perform design conceptualization will be dis-
cussed in Chapter 5. If the outcome of design conceptualization is to
proceed with the design project, the product design cycle is then imple-
mented, as shown in Fig. 4.1.

The common task sequence of a product design cycle is as follows: raw
material selection, material placement or product assembly, design analy-
sis, evaluation of design outcomes, finalization of product model and com-
munication with manufacturing engineers regarding the final product
model. The task of raw material selection and placement will largely depend
on whether the intended product is a modification of an existing one or a
totally new product. Typically, the latter will involve a greater effort than
the former. In Chapter 7, the subject of raw material selection will be dis-
cussed in detail. Material placement or product assembly is first initiated
on the basis of previous experience and finalized after performing design
analysis.

The key aspect of design analysis is the choice of the appropriate analyti-
cal and modeling tools required to explore the various factors influencing
product performance and to obtain an optimum solution leading to a
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product model. In Chapter 6, many design analytical tools will be discussed.
Obviously, the type of analytical tool required will vary with the type of
product and its intended functional performance. A design analysis will
yield an initial product model that should be tested and evaluated to deter-
mine whether it should be finalized or modified through an iterative analy-
sis in which the design cycle is revisited, perhaps many times. The evaluation
of an initial product model can be performed either by the original design
team or by external experts representing other design engineers, manufac-
turing engineers and marketing personnel. If this evaluation reveals an
acceptable product model, the design team will then proceed by finalizing
the product model. If the results are unsatisfactory, further analysis should
be made in which the design cycle is repeated, perhaps with consideration
of alternative raw materials, different product assemblies or different design
approaches. This cycle may continue until a satisfactory model is developed.
In Chapter 5, detailed discussion of the methods of evaluating design out-
comes will be presented in the context of design conceptualization.

For simple products (e.g. simple constructions, or pre-existing products
that require slight modifications), the design cycle will be typically short
and it may be completed in one or two iterative loops at the end of which
the product model is finalized and handed to the manufacturing process.
For newly developed products, the design cycle can be long and many loops
of the iterative procedure may be required to reach optimum product per-
formance at a minimum cost.

The points above indicate that product design cycles should be carefully
implemented in view of the anticipated complexity of the intended product.
In this regard, simple design cycles should be handled by a design team
that operates on the basis of having a limited time frame to complete the
cycle in a minimum period of time. This team will obviously have long
experience of the nature of the intended product (e.g. strengths and weak-
nesses, specific alterations, customer complaints and competitive advan-
tages or disadvantages). When a design cycle is implemented for a product
that has not been developed by the same organization in the past, or for a
totally innovative idea, a special design team should be formed to under-
take this task. Typically, this team operates on the basis of a longer time
frame, dictated by a slower learning curve associated with the new innova-
tion. Later in this chapter, this point will be illustrated further using the
concept of ‘resource—time elapse profile’.

In all situations, the final product model is handed to manufacturing
engineers to determine the key manufacturing aspects associated with the
product. These include manufacturing planning, mass manufacturing, per-
formance monitoring and problem solving of quality issues. These tasks
are performed through continuous coordination between the design team
and manufacturing engineers.>*
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4.3 Design conceptualization

As indicated above, design conceptualization is the process of generating
ideas for an optimum solution to the design problem. These ideas should
stem originally from the product idea and stated definitions of the design
problem. In most situations, product ideas are inspired by some needs or
wants expressed by people, often in non-specific terms, as a sought-for goal.
For example, the continuous rise in oil price has always inspired ideas for
alternative energy sources and the limitation in natural resources such as
fibers and soils have always inspired ideas for developing alternative syn-
thetic materials. Sometimes the need is inspired by a deficiency in an exist-
ing product. For example, a bulletproof vest may be highly protective but
it may also lack comfort as a result of heavy weight imposed by fabric
construction and additional inserts. In this case, the design of an alterna-
tive product will be associated with a set of problems that reflect both the
product idea, being a protective and comfortable bulletproof vest, and the
need to overcome the discomfort problem. This is where design conceptu-
alization becomes a necessity since a trade-off must be achieved between
protection and comfort to obtain an optimum solution rather than an
absolute best solution.

The process of design conceptualization requires a great deal of brain-
storming to examine the merits and the feasibility of a product idea against
physical, economic and functional factors. For example, if alternative
resources to the existing ones impose high cost, design conceptualization
will aim at ways to reduce the cost or to justify the added cost in view of
long-term benefits. In this regard, issues such as value, cost, price and lia-
bility should be accounted for in design conceptualization.’

In light of the above discussion, a number of key steps should be taken
before reaching the conceptualization stage of design. These steps (illus-
trated in Fig. 4.2 and discussed below) are justification, problem definition
and information gathering.

4.3.1 Is the product justifiable?

Product justification is typically a function of four key factors: (a)
consumer-added value reflected in the specific needs or wants for the
product, (b) potential users or customers for the product (user category,
size, income, culture, location), (c) producer-added value (profit, image,
reputation, etc.) and (d) regulations and liability (marketing, safety and
environmental aspects). These factors must be evaluated carefully to justify
further effort toward designing a product.

The consumer-added value of any product can be determined via scien-
tific research that aims to explore technical factors or market-oriented
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factors associated with the intended product. Indeed, product justification
represents a great opportunity for linking design analysis with scientific
research in a product development program. In some situations, it will be
useful to conduct scientific research to test potential materials and examine
the effects of some factors on the intended product. When existing prod-
ucts are used as a reference for developing new products, scientific research
can explore the capabilities of existing products using system identification
analysis.® Market research is conducted to evaluate the dynamic nature of
consumer behavior and product acceptability. As indicated in Chapter 3,
addressing marketing issues such as competitiveness, market segmentation
and market shifts can provide useful guidelines in justifying product
ideas.

Any product idea should be partly justified in view of its potential user.
In this regard, the key issue is whether the product represents a common
consumer product that will potentially be used by the vast majority of
people, or it may be directed toward a specialty application or a market
niche. The justification aspect here stems from the fact that depending on
the potential user of a product, the cost of developing and supporting a
product may vary substantially. In general, different users may exhibit dif-
ferent qualifications that are reflected in their handling of the product. For
common products, the wide range of user qualification may result in a wide
range of product handling; from perfect use to misuse or even accidental
abuse of the product. This point has typically been overlooked in tradi-
tional design philosophies owing to the focus of the design process strictly
on the specific functions of the product. In today’s market, a misuse or
accidental abuse of a product by a consumer could be blamed on the
product developer, on the ground that an appropriately designed product
should be easy to use and should be robust against potential misuse.®

The producer-added value represents the entitlement of the producer
to make a profit for the effort made in developing the product. When a
product is used by a large number of consumers, this value is reflected in
the sale of a large number of product items that make a large profit as a
result of massive sales. This is typically the case for traditional fibrous
products such as apparel and furnishing. Products developed for specialty
applications (e.g. function-focus fibrous products) are normally made in
small quantities, but they are justified on the basis of their high value in
the marketplace.

Regulations and liability are often considered in product planning or
marketing. However, some regulations can have a direct impact on the
design concept. Certainly, a product design that does not account for
market regulations will not find its way into the market. Different products
may be associated with different types of regulation depending on the type
of product and its potential users. Most traditional fibrous products are
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associated with regulations dealing with their maintenance aspects such as
washing, drying and handling. Companies that design clothing for children
must be fully aware of the safety precautionary rules that are established
to assure safe and appropriate use of this product. For example, the US
Consumer Product Safety Commission sets national safety standards for
children’s sleepwear flammability. These standards are designed to protect
children from burn injuries if they come into contact with an open flame,
such as a match or stove burner. Under amended federal safety rules, gar-
ments sold as children’s sleepwear for sizes larger than nine months must
be flame resistant or snug-fitting garments. The latter need not be flame
resistant because they are made to fit closely against a child’s body. Snug-
fitting sleepwear does not ignite easily and, even if ignited, it does not burn
readily because there is little oxygen to feed a fire.

For function-focused fibrous products, numerous rules and regulations
are established to insure reliability, durability and safety. These are updated
and published regularly by many organizations. For example, fabric require-
ments for car interior safety are regulated by the Federal Motor Vehicle
Safety Standards and Regulations established by the US Department of
Transportation or the National Highway Traffic Safety Assurance-Office
of Vehicle Safety Compliance. Bulletproof vests are regulated by the
Justice Department Federal Safety Guidelines Body Armor Safety Initia-
tives. Protective clothing systems are regulated by many organizations
including the Occupational Safety and Health Administration (OSHA)
and the Environmental Protection Agency (EPA). Medical products are
divided into broad categories such as hygienic absorbent products, hospital
and healthcare products, implants and scaffolds. Because of their signifi-
cant impact on human health and safety, they are produced according to
strict regulations and legislation. These should be designed-in and not just
considered via product instructions. Products involving toxic chemicals or
fire hazards are also regulated. In this case, the regulations are clearly
highlighted on the product package.

Sometimes regulations can restrict some potential users from accessing
the product for their own safety or for the safety of others. Many medicines,
for example, are only accessed via prescription. In the case of bulletproof
vests, regulations and laws make it unlawful for criminals or people that
are convicted of a felony to acquire or to use bulletproof vests (United
States Law 18USC931).

4.3.2 Define the design problem

The term ‘problem’ is commonly used to imply a negative situation, caused
by some unpredictable, or predictable factors, which requires immediate
solution. In engineering design, this term reflects a question raised for
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inquiry, consideration or solution. Accordingly, every design project is
associated with a problem or perhaps a set of problems that must be solved
to reach a product with optimum performance, with ‘optimum’ meaning
the amount or degree of something that is most favorable to some end, or
the greatest degree attained or attainable under implied or specified
conditions.

In general, a design process is often viewed as a series of discrete prob-
lems that must be solved, one after the other, to reach an optimum
or semi-optimum solution. Unlike systematic problems that are typically
experienced in manufacturing or in handling customer complaints, a design
problem is often not ‘a problem to react to’, but rather ‘a problem to antici-
pate and attack’. In other words, a design problem represents a statement
of challenging aspects associated with a proposed product idea.

The key to reaching an optimum solution to a design problem is to define
the problem clearly and specifically. In a typical design process, one can
divide problem definitions into two main categories: broad definitions and
specific definitions. The order of these two categories is not important. A
design team may commence with a broad definition of the problem and
break it down into more specific definitions of the problem. On the other
hand, a design team with long experience of the product type may begin
by establishing specific definitions of a number of problems associated with
the product design and then integrate these to form a broader or a collec-
tive definition.

A broad definition of a design problem may be initiated by establishing
a general description of the proposed product. For example, a bulletproof
vest is generally described as an article of protective clothing that works
as a form of armor to minimize injury from projectiles fired from hand-
guns, shotguns and rifles. This broad description serves as a generalized
concept of the product which may result in hundreds of product options
and alternatives. A specific definition of the product is typically a deriva-
tive of the broad definition that deals with more specific aspects. For
example, a more specific definition of the design problem of the bulletproof
vest would be to specify the level of protection expected; say, against 9 mm
full metal jacketed round nose bullets, with nominal masses of 8.0 g or
124 gr (grain), impacting at a maximum velocity of 427 ms™. This is a
performance-related definition. Another specific definition may be stated
as ‘a three-layer garment construction, with protective inserts that exceed
the overall fabric weight by no more than 20%, with garment layers being
reducible to accommodate less risky situations’. This is a structural-related
definition.

Under time-to-market intense pressure, the phase of defining the problem
is often minimized, reduced to one or two problems, or strictly applied to
few specific performance aspects of the product. As a result, some products
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find their way to the marketplace with problems that have not been fully
defined at the design stage. On the other hand, dwelling on the broad defi-
nition for so long may slow down the design process and result in an
unnecessary or costly over design. The key to overcoming these issues is
to make all relevant information available to the design team.

Failure to establish a broad definition of the problem can be fatal in some
situations. The design of safety automobile airbags discussed in Chapter
2 clearly demonstrates this point. In this product, specific definitions of
the problem were well established and optimum solutions were provided.
However, surrounding factors that are outside the specific functional
boundaries of the product were largely neglected. As a result, safety prob-
lems occurred after the product had been used in the marketplace for quite
some time.

With regard to the specific definition of the problem, this should also be
established with full awareness of the surrounding and probabilistic factors
that may come into play even in the most remote situations. One example
that best demonstrates this point is the supersonic Concorde airplane. This
giant product was commercially introduced in the mid-1970s. It was a result
of a joint effort by companies representing major industrial countries in
France and the UK, with the idea being a very fast (under four hours flight
time between New York and Paris) and comfortable (no atmospheric tur-
bulence at the very high altitude, 18000 m, at which it flies) flight. Con-
corde’s take off speed was 397 km h™ compared to a typical subsonic
aircraft takeoff speed of 300 km h™'. This aircraft typically accelerated to
supersonic speed over the ocean in order to avoid a sonic boom over popu-
lated areas. It also flew at 2179 km h™ (2.04 mach), which was just over twice
the speed of sound, and the range of the aircraft was about 6580 km.

The Concorde was associated with many specific problems that required
accurate definitions and specific solutions. Two of these problems were (a)
the ability of the fuel tank to withstand an external impact hit without
rupture and (b) the puncture resistance of the tires by sharp metal objects.
These two problems represented unusual situations that rarely occur under
normal take-off, landing or flying conditions. The relationship between
these two problems is that the tires on the Concorde were in dangerously
close proximity to the engines and engine inlets as well as to the fuel tanks.
Unusual as they may seem, the failure to define these specific problems in
the design phase resulted in a major disaster that eventually led to the end
of the Concorde aircraft business. On Tuesday, 25 July 2000 the very first
fatal accident involving Concorde occurred involving Concorde 203, F-
BTSC out bound from Paris to New York. It crashed 60 seconds after take
off as a result of suffering a tire blow out that caused a fuel tank to rupture.
All 100 passengers and nine crew on board were killed. Four people in a
local hotel on the ground were also killed.



76 Engineering textiles

One of the reported causes of the Concorde crash was that as the plane
was on its take-off run, a piece of metal (a titanium strip that fell from
another aircraft) punctured the tires which then burst, puncturing the fuel
tanks and leading to the aircraft flying in flames. After the crash, some
design efforts were made to correct these problems. These included more
secure electrical controls, Kevlar lining for the fuel tanks and specially
developed, burst-resistant tires. Unfortunately, these efforts failed to
recover passengers’ trust in the Concorde aircraft and in May 2003, the
last Concorde flew from New York to Paris.

The examples mentioned above clearly demonstrate the importance of
establishing broad and specific definitions of the design problem. They also
demonstrate a key aspect of design, which is failure analysis, which will be
discussed in Chapter 6. The design process of a justifiable product idea
should involve a problem statement, which expresses what the design is
intended to accomplish. Critical points in this statement include objectives,
goals, definitions of technical terms, limitations and constraints associated
with the design, possible probabilistic outcomes, and criteria that will be
used to evaluate the design outcome. Initially, these points may be stated
on the basis of the experience of the design team. As more information is
gathered and perhaps after the second or third iteration, a more detailed
problem statement should be made.

4.3.3 Gather relevant information

In Chapter 2, the general relationship between problem solving and knowl-
edge gain was discussed. In Chapter 3, the importance of information
gathering was also discussed in the context of product development. In
general, a solution of a design problem requires special tools that may take
their effectiveness from knowledge of basic aspects in physics, chemistry
and mathematics and their extensions into materials science, solid and fluid
mechanics, thermodynamics, transfer and rate processes, and systems
analysis. In addition, each design process requires the gathering of specific
information related to the problem in hand. The amount of information
needed will depend on the degree of complexity of the problem and the
extent of previous background knowledge of the nature of the intended
product. Obviously, the more complex the problem is, the more informa-
tion will be required to handle the problem.

When the design goal is to modify an existing product in order to achieve
better performance, a great deal of information should already be available
and the task in this case will be to seek the most relevant, most specific
and most current information. Sources of this information may include
technical reports of sponsored projects, company technical documents,
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patents, supplier catalogs and trade journals. Another critical source of
information is investigative reports associated with failure or deficiency in
pre-existing products. On the other hand, when the intended product is a
result of a new innovation, information may be limited and expert inputs
may have to compensate for the lack of information.

In seeking information relevant to the design problem, an ‘information
priority list’ should be made to insure that the information gathered will
be efficiently useful. The broad and specific definitions of the problem
should represent the driving issues in this list. In other words, the problem
definition statement should guide the design team to the type of informa-
tion to be gathered and, in turn, to the sources of information. Other key
points on this list will include the credibility and accuracy of information
and ways to interpret the information.

4.3.4 Design concept formulation

As shown in Fig. 4.2, the previous steps lead to a key question which is
‘Does the current state of the art warrant further efforts with potential
added-success’? Addressing this question provides additional justification
for the merits of the design project. Unlike the first justification step in
which participants included engineers, manufacturers and marketing per-
sonnel, this question is addressed by the design engineers and supported
by relevant information and a clear definition of the design problem. A ‘no’
answer to this question may result in terminating the design project. A ‘yes’
answer, on the other hand, would mean that the product idea is justifiable,
clearly defined, and current information is available and indeed warrants
further effort for potential added-success. This leads to the conceptualiza-
tion step, in which the key question is ‘Can ideas be generated for an
optimum solution to the problem’? It is at this stage of product design that
different design teams may follow different approaches depending on the
level of creativity and imaginative talent of the team. The key difference
will be how the design team forms the design concept. In this regard, four
basic problem solving and mind tools can be used to assist engineers
in design conceptualization projects. These are creativity, brainstorming,
decision making and concept optimization methods. In Chapter 5, these
tools will be discussed in detail.

It should be pointed out that forming a design concept does not neces-
sarily mean finding a final solution; it is rather finding an idea for a solution
or a direction of thought, as some design problems may be associated with
numerous solution ideas and others may indeed have limited or no appar-
ent solutions. For example, if the proposed idea is to design a military
uniform that can be used under various environmental conditions (from
hot to cold and from dry to wet), provided that a need exists for such a
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product and the multiplicity of problems associated with achieving these
conflicting conditions are defined, the design concept may be formulated
in many different ways. One concept would be perhaps to think about
multiple fabric layers; another is to think in terms of impregnating smart
polymeric components that can react to surrounding temperature changes;
and another is to think about utilizing a special fiber blend supported by
unique yarn and fabric structural features. These are not specific solutions
as they only represent design concepts expressed in broad terms which can
be followed so that analytical efforts can be directed toward fulfilling them
in part or in full. Most design concepts are expressed in qualitative terms
with minimum constraints associated with cost, resources availability or
even absolute realism. As Robert Mann described it,” ‘concepts should be
considered as possible solutions to engineering challenges that arise ini-
tially as mental images which are recorded first as sketches or notes and
then successively tested, refined, organized, and ultimately documented by
using standardized formats’.

The process of forming a design concept often results in revisiting the
preparatory tasks discussed earlier, as new justifications may surface and
more important problems may arise, requiring the establishment of more
specific definitions. It is also possible that through the brainstorming
process of design conceptualization, the design team finds themselves
lacking important pieces of information that must be acquired to continue
with the process. The point to be emphasized here is that the design
process is not a linear or one-way process. It is an iteration process that
should be implemented in the most flexible fashion, yet constrained by time
and financial resources.

4.4 Design analysis

In view of the definitions of engineering design presented in Chapters 2
and 3, engineering design is the creation of processes, systems and instru-
ments that are useful for humanity. The term ‘creation’ here implies a
combination of art and creative work (mostly implemented in design con-
ceptualization), as well as standard analytical procedures to meet design
goals. Most design analyses represent iterative procedures as the search for
optimum solutions (e.g. the best functional performance at the lowest cost)
represents the core of any design analysis. In today’s computer era, numer-
ous analytical tools can be used in design analysis. These include modeling
and optimization techniques, statistical analyses, neural network, genetic
or evolutionary algorithms, simulated annealing and finite element analy-
sis. In Chapter 6, the principles underlying these tools will be reviewed and
their merits in design applications will be highlighted.
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Design iterative analysis typically reveals a sequence of progressively
specific outcomes which, depending on the product complexity, may rep-
resent a series of discrete partial, temporary, or interim solutions. These
outcomes are compared with one another to reach the best practical
solution. This process involves geometrical sketches of product structure,
material type and specifications, different parts that will be needed to
assemble the product, machine type and settings to be used for manufac-
turing the product, technological information, and possibly logistics and
production control information.

Again, it should be emphasized that design analysis aims to provide the
best compromising solution and not necessarily the best optimum solution.
In this regard, the limitations that typically face design engineers in reach-
ing an ideal or near perfect solution include the costs associated with time
and resources consumed in reaching optimum solutions and the ability to
test and validate each solution. In some situations where physical knowl-
edge of all factors associated with the best solution is inadequate, the
analytical effort is reduced or supported by experimental analyses
and empirical modeling to reveal actual performance outcomes of the
product model.

The issue of reaching an optimum solution or a best compromising solu-
tion constrained by time and budgetary limitations brings about the issue
of the relative time contribution of the design process to the overall product
development process. For truly new and creative ideas, the design phase
may indeed take a significant period of the time of the total duration period
of product development. When only modification of an existing product is
required to develop a new and improved version of the product, the design
process may consume less time, as physical knowledge of the current product
performance and realization of the necessary modifications are typically
adequate to perform efficient analysis. In thisregard, the so called ‘resource—
time elapse profile’ should be used to evaluate the relative time contribution
of the design process to the overall product development process.’

As shown in Fig. 4.3, a resource—time elapse profile clearly describes the
elapse of time and expenditure of worker effort in the evolution of a
product development project. In this regard, design time duration is divided
into two periods: the period for design conceptualization and the period
for design analysis. The vertical axis represents the available resources. In
the conceptualization phase, these are mostly human resources' that are
typically available within an organization. Over the years, the time required
to perform design analysis has been reduced significantly owing to the
availability of computing power and capable software programs. However,
this process still requires many more tasks and significant resources than
that of design conceptualization. Typical tasks include trying different
materials, testing and validation, product model assembly, and so on, but
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the most significant time is that consumed in finding the optimum solu-
tions. Organizations with higher resource curves will be likely to meet the
design objectives in less time than those with lower resource curves. By
the time the product model is at its final stage and as the product enters
the manufacturing phase, resources are typically at their maximum level.
Thus, the merit of implementing a resource—time elapse profile is to estab-
lish a time frame for meeting the task of design with respect to the total
time consumed in product development.
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5

Textile product design conceptualization: basic
elements and tools

Abstract: Design conceptualization is the process of generating ideas
for an optimum solution to the design problem. These ideas should
stem originally from the product idea and stated definitions of the
design problem. In most situations, product ideas are inspired by some
need or want expressed by people, often in non-specific terms, as a
sought-for goal. This chapter focuses entirely on design
conceptualization. It begins with general guidelines of design
conceptualization including simplicity, support, familiarity,
encouragement and safety. It then shifts to the discussion of basic tools
of design conceptualization. These include (a) creativity tools, (b)
brainstorming, (c) decision making and (d) concept optimization.

Key words: creativity, brainstorming, decision making, concept
optimization, decision theory, state of nature, payoff table, decision
tree, Pascal’s theory, Bayes’ theorem, resources—time elapse profile.

5.1 Basic differences between design
conceptualization and design analysis

As indicated in Chapter 4, the design process consists of two basic tasks:
design conceptualization and design analysis. The former is the process of
generating ideas for an optimum solution to the design problem and the
latter represents the specific analytical tools and procedures required to
satisfy the design concepts and meet design objectives. A list of the differ-
ences between these two design tasks is presented in Table 5.1.

One of the key differences is the qualification required for engineers
who formulate design concepts and those who perform design analysis.
Typically, concept formulators are talented individuals distinguished by
spontaneous creative thinking and problem-solving skills. A good back-
ground in mathematical and natural sciences can greatly enhance people’s
creativity. However, creativity is not a scientific discipline that can be
taught in conventional education. It is rather a result of a combination of
different thinking approaches supported by realization of possibilities and
alternatives that is derived from experience, study and special talents.
Design analysis, on the other hand, requires good knowledge of fundamen-
tal and applied mathematics. This qualification is earned in many scientific
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Table 5.1 Basic differences between design conceptualization and design
analysis

Aspect Design conceptualization Design analysis

Goal Generating ideas for an
optimum solution to the

design problem

Performing appropriate
analysis to satisfy the
concepts established

Qualifications 1 Creativity 1 Good mathematical
2 Great communication skills background
3 Experience in problem- 2 Great communication
solving and decision-making skills
approaches 3 Good computer
4 Knowledge of mathematical background (particularly
and natural sciences software programming)
Outcome 1 Idea(s) for solutions 1 Product model
2 Problem definitions 2 Optimum solution(s)
3 Justification points
4 Critical design parameters
5 Possible constraints
Tools 1 Creativity tools 1 Modeling analysis
2 Brainstorming tools 2 Optimization techniques
3 Decision-making tools 3 Specific analytical tools
4 Concept optimization tools
Conclusion Mostly qualitative Mostly quantitative

and engineering disciplines. In addition, good knowledge of powerful soft-
ware programs and high skills in computer programming represent impor-
tant qualifications in design analysis.

Engineers involved in design analysis and design conceptualization
should have good communication skills. Any engineering subject (e.g.
applied mathematics, stress analysis, thermodynamics, fluid mechanics,
etc.) is typically associated with familiar terminologies and universal
symbols that are familiar to most engineers. Engineers of the same disci-
pline or of different disciplines typically communicate using these
terminologies.

Different engineering fields may also use different terminologies that are
useful for their unique applications. In the area of fiber-to-fabric engineer-
ing, many terminologies and unconventional units are used to describe
some of the characteristics of fibers and fibrous assemblies that are difficult
to measure using conventional methods. For example, fiber or yarn fineness
is expressed in ‘mass per unit length’ instead of direct diameter units (e.g.
millimeter or centimeter). This is a result of the difficulty of obtaining
direct microscopic measures of fiber or yarn diameter and the high vari-
ability of these measures.! As a result, engineers dealing with fibers or
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yarns should get familiar with fineness measures such as the ‘tex’ expressed
as mass in grams of 1 km of fiber or yarn, or ‘denier’ expressed as mass in
grams of 9000 m. In characterizing the strength of these materials, the
conventional engineering stress (e.g. force per unit area) is also replaced
by the so-called specific stress, expressed in ‘cN/tex’ or ‘cN/denier’. Another
example of a characteristic that is difficult to measure directly is the bulk
density. This is due to the significant amount of air entrapped in fibrous
assemblies. As a result, conventional measures of bulk density such as ‘g
cm™ are not commonly used. Instead, area density (gram per square meter
or oz per square yard) is used for fabric, assuming a two-dimensional
structure. When the third dimension is considered, the thickness cannot
be expressed with any degree of accuracy without consideration of the
lateral pressure under which it was measured. In addition, the air entrapped
inside a yarn or a fabric structure calls for unique terminologies such as
yarn packing density and fabric cover factor (fiber/air ratio). In Chapters
9 and 10, common measures and terminologies associated with yarns and
fabrics will be discussed.

It is important to understand that communication is not only an issue of
appropriate information exchange but also a key to efficient design pro-
jects, as time-to-market pressure will always be a significant challenge.
When fiber and polymer engineers work jointly with engineers of other
disciplines, it is important to establish effective and efficient communica-
tion tools. This means that both conventional and unconventional termi-
nologies should be clearly communicated and ways to transform one type
of unit to another should be established.

Another key difference between design conceptualization and design
analysis is the type of outcome revealed by each task. Typically, design
conceptualization yields ideas for solutions supported by carefully stated
problem definitions, justification points, critical design parameters and
possible constraints. The role of design analysis is then to entertain these
ideas using appropriate analytical approaches so that a product model of
optimum performance can be developed.

The differences discussed above and listed in Table 5.1 require special
tools to be used by concept formulators and design analysts. In this chapter,
the supporting tools required for design conceptualization are discussed.
These are mainly problem-solving and mind tools. In Chapter 6, basic tools
for design analysis will be discussed. These include modeling, simulation
and optimization tools.

5.2 General guidelines for design conceptualization

Before proceeding with the discussion of the subject of this chapter, it is
important to point out some of the general guidelines that should be taken
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into consideration in the design conceptualization phase.”* These are sum-
marized below.

Simplicity: A key aspect of design is that no matter how complicated the
design analysis may be it should ultimately result in great simplicity from
a product’s user viewpoint. This means that the final product model should
be associated with simple and straightforward usability. The importance
of this principle is that engineers often focus on the product function and
pay minimum attention to the usability aspect. These are two different
attributes of a product that should be addressed in design conceptualiza-
tion. For example, the function of an E-fibrous jacket equipped with some
nano-medical sensors is to monitor some body functions such as blood
pressure, sweat rate or heartbeat. Reaching these functions would require
a great deal of sophisticated work. However, from a user’s viewpoint, easy
handling and simple access to the output (signals or measures) should be
achieved in the design process. This requires a well-organized interface
that supports the user’s benefits with the highest possible efficiency. In
other words, the user should gain the benefits of the product with minimum
interaction and minimum interference with the product function.

Support: Sometimes the notion of a ‘correct’ engineering sequence using
a particular product can be different from the sequence that would natu-
rally be followed by a typical user of the product. In this type of situation,
it is important either to adopt the user’s sequence to meet the product
functions or clearly to guide the user to the appropriate sequence. In other
words, the user should be in control of the product and any design assis-
tance should take the shape of a proactive and not a reactive approach.
This support is often critical, particularly in products that require easy
utilization in a very short period of time; a classic example of this is the
use of a parachute to jump off a helicopter.

Familiarity: One of the key aspects of design conceptualization is to
build on the users’ prior knowledge of a product, which was gained from
experience with similar products. The user of a product should not have
to learn too many new things to perform familiar tasks. This is particularly
true when the product in question is an extension or a modified version of
an existing one.

Encouragement: Predictability is a key aspect of design concepts. In
other words, a user’s interaction with a product should yield expected or
predictable outcomes. This principle requires a design engineer to under-
stand clearly the user’s task experience. This will result in an increase in the
user’s confidence in using and exploring the product capabilities without
fear of adverse consequences. In this regard, a lesson to be learned from the
user—computer interface, is to attempt to design products in such a way that
users’ actions do not result in irreversible consequences. In the design of
physical products, this may require building a system in which tasks are
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coordinated but that none are so dependent on one another that performing
one task can lead to adverse side effects in performing another.

Safety: The concept of safety deals not only with the adverse impact that
the normal use of a product may cause to the user as a result of safety-
hazard design, but also with what some unintentional errors or confusion
during the use of a product may cause. This is partly a simplicity issue and
partly a design robustness issue. In other words, the product should be
robust against misuse and accidental abuse by the potential users.

5.3 Basic tools of design conceptualization

In Chapter 4, the key steps toward design conceptualization were discussed
(see Fig. 4.2). These steps addressed key points such as product justifica-
tion, problem statement, knowledge gain through gathering relevant infor-
mation and realization of the state of the art. These steps lead to the key
conceptualization question: ‘Can ideas be generated for an optimum solu-
tion to the problem?’ This question leads us to the task of design concep-
tualization or the task of generating ideas or concepts for an optimum
solution to the problem in hand. In general, there are no universal proc-
edures to perform design conceptualization. However, there are some basic
problem-solving and mind tools that can be used to assist engineers in
formulating design concepts. These tools are creativity, brainstorming,
decision making and concept optimization. Since these tools also reflect
key interactive criteria for engineers involved in design conceptualization,
the order of their implementation is not important. Indeed, the four tools
can be considered simultaneously at any stage of design conceptualization.
For this reason, they may be collectively called the design conceptualiza-
tion circle as shown in Fig. 5.1.

5.3.1 Creativity: concepts and misconceptions

In general, there are two different types of creativity: artistic creativity and
technical creativity. Artistic creativity is more born of individual talents
and skills that are difficult, if not impossible, to be completely cloned into
another individual. Technical creativity is the ability to develop new con-
cepts and create new theories and new technologies. This is the type of
creativity that is emphasized in this chapter.

Any company developing new products would like to have as many cre-
ative individuals on board as possible. Indeed, people are often surprised
by questions in job interviews such as ‘What is creativity?’, ‘Are you a cre-
ative individual?’ or “What creative work have you done?’. These are the
types of question to which a company is likely to receive as many different
answers as the number of people being interviewed. What truly constitutes
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creativity has been the subject of many learning studies over the years,
particularly in the areas of critical thinking, epistemology and cognitive
psychology.*® These studies aimed to search for the meaning of creativity
and ways to improve human creative ability. Some studies suggested that
creative ideas arrive with flash-like spontaneity and others arrive after a
slow and deliberate process.’ In addition, creativity is not a static attribute;
it is often a learning curve that is enhanced by study and experience. Even
the most creative individuals are likely to be influenced by many of the
surrounding factors (market and environment) that are dynamic in nature.
Discussed below are some of the points that indicate the author’s reflection
on the numerous studies on creativity.

Motivated versus discouraged creativity

Research on creativity indicates that everyone with normal intelligence is
capable of doing some creative work. However, a creative ability may be
either decelerated or accelerated by many surrounding factors that can
either discourage or motivate a person to think creatively.” Discourage-
ment often results from fear of failure or risk taking. Product development
projects should be associated with largely unconstrained and fear-free
thinking to allow a creative environment. Motivation can result in a great
deal of creativity. Indeed, many people are not fully aware of their creative
potentials as a result of working in environments that impede intrinsic
motivation.® Although financial reward may represent a significant motiva-
tion for creativity, it is not the main one. In some situations, the concept
of creativity-for-money can be in conflict with the spirit of creativity that
encourages risk taking in the brainstorming process. People can realize
their creative potentials through a supportive environment in which the
opportunity for creative thinking is often the best motivation.

Self-perception is a key creativity force

Creative individuals often enjoy a combination of attributes such as self-
confidence of their creative ability, observability and freedom to create.””
As a result, they seek every opportunity to be creative. Uncreative people
are either inherently unconfident owing to growing problems, or made
uncreative by an inappropriate educational or working environment.

Creative emotion

One of the interesting theories of human brain is that human is not a think-
ing machine, but rather a feeling machine that can think.’ This is one of
the fundamental differences between humans and computers. Some very
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creative ideas can come from emotional involvement in the problem which
drives needs and wants and inspires solutions. On the other hand, extreme
emotional involvement may result in creativity hindrance heightened by
the emotional pressure. Itisimportant therefore to have a balanced emotion
to be creative, as the outcome of creative work should exhibit some level
of objectivity.

Creative pause

One of the factors that can emotionally prepare a person to be more cre-
ative is the so called ‘creative pause’ proposed by Edward de Bono.'"!! He
suggests that people with creative potential should set aside a time needed
to take a step back and allow themselves to ask if there is a better way of
doing things. According to De Bono, this should be a short break of maybe
only 30 seconds, but that should be a habitual part of thinking induced by
self-discipline, as it is easy to overlook.

Time pressure

Some studies on creativity indicate that people were the least creative when
they were fighting the clock.”” This reaction is described as ‘time-pressure
hangover’ and it indicates that the creativity of some people may be hin-
dered by time pressure and by the fact that most people cannot deeply
engage with the problem in a very short period of time. In contrast, history
tells us about many creative ideas that were driven, at least partially by
time pressure owing to ongoing wars or natural disasters. In today’s com-
petitive market, time has become a critical factor in all aspects of business,
including product development. It is important therefore to be prepared
for situations where creative ideas can be generated in a short period of
time as a result of an urgent need for these ideas. The key factor in this
regard is to avoid distractions. Indeed, many people can work under time
pressure if they are allowed to focus on the work. It is also useful to create
a diary of ideas against possibilities and unpredictable outcomes so that
when the time comes they can provide the necessary preparation and
guidelines for more specific ideas.

Competitive environment

This is another issue that studies have struggled with. On one hand, some
studies suggest that creativity can be highly driven by a competitive atmo-
sphere. On the other hand, competition within the same organization may
not work in favor of creative work as it often hinders collaboration.” Indeed,
some studies suggest that the most creative teams are those that have the
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confidence to share and debate ideas.”” But when people compete for
recognition, they stop sharing information.

In light of the above discussion, the key human-related factors that can
greatly influence creativity are motivation versus discouragement, self-
perception, emotion, creative pause, time pressure and competitive pres-
sure. In any situation, these factors may have little effect without the
support of other qualification factors such as experience, willingness to
learn and study, and good knowledge. The role of creativity in design con-
ceptualization is largely reflected in two aspects: (a) realization of defi-
ciency in the current state of the art and (b) the ability to generate ideas
for an optimum solution to the problem. Since these two aspects represent
the core of design conceptualization, it is imperative that the team involved
in the design process exhibits a great deal of creative ability. In the absence
of a standard approach, the points made above may be formulated into
some form of questionnaire to judge someone’s creativity skills.

5.3.2 Brainstorming

Brainstorming is the process of focusing on ideas and thoughts that can
result in feasible solutions. In a typical product development program,
sources of ideas are generally inspired by the specific problem in hand.
When the task is to modify an existing product, experience and in-depth
analysis of the current product deficiency may drive new ideas to make
modifications that can improve its performance. When a completely new
product is proposed, fresh thinking with a higher level of creativity will be
required and sources of ideas must be discovered. In both cases, the rule
of thumb is to ask the right questions, stimulate creative thinking and
capture the best idea or the best combination of ideas. These are the
essences of brainstorming.

Brainstorming is a popular tool that has proven to be very useful in all
product development projects. Typically, a brainstorming session involves
a group of individuals who may exhibit different educational backgrounds,
experience and creativity levels. These individuals come together to share
ideas and exchange viewpoints with the common goal of creating a new
product idea that is bounded only by the stated definition of the problem
and the outcomes of the preparatory steps in design conceptualization.

One of the key aspects of brainstorming is management and rule setting.
Having a group of creative individuals brainstorming together is often a
difficult task unless the process is carefully managed to allow each indi-
vidual to contribute to the enrichment of the solutions explored. A key
management issue is the selection criteria of the brainstorming team. This
team should exhibit the necessary technical qualification and experience
that can allow them to participate effectively in the brainstorming process.
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It is also useful to involve a few individuals with less experience, as brain-
storming represents an environment to cultivate, teach and enhance indi-
vidual creativity.””

Another critical management aspect of the brainstorming process is
team harmony. By virtue of human nature, some may view a brainstorming
session as an opportunity to express their dominant creativity talents. This
attitude in itself is healthy unless it comes at the expense of the involvement
of other individuals in the brainstorming process. Others may be reluctant
to express their views or propose their ideas for the fear of being criticized
by others who happened to have longer experience or higher positions
in the organization. These are common management issues that are almost
inevitable but must be resolved in advance to establish an effective and
efficient brainstorming process.

Obviously, there are many ways to manage a brainstorming process. A
good approach is to establish appropriate rules for the brainstorming
process. Examples of these rules are illustrated in Fig. 5.2. In general, the
process can be divided into three phases:*’ initial exploration, idea crunch-
ing and discovery. In the initial exploration phase, all suggested ideas are
presented and no idea is criticized. The outcome of this phase is a docu-
ment or a display of all proposed ideas. The second phase is idea crunching.
This is the phase where each individual will have the opportunity to either
defend his/her idea, shift toward someone else’s idea, or combine his/her
idea with other ideas presented in the initial phase. At this stage, the team
structure may undergo some changes; individuals with the most accepted
ideas will become more involved and more committed to the process and
may take leadership positions in the team; others will remain on the team
as key supporting elements. The final phase is discovery. In this phase, the
most accepted ideas in the crunching phase are re-evaluated in view of
pre-established criteria, and further narrowed down to the most feasible
and most promising ones. Commonly, the brainstorming process yields
a primary solution and one or more backup solutions. The final course of
action will then require decision making about which concepts to follow
and possible concept optimization in the presence of the many concepts
presented. These aspects are discussed later in this chapter.

In addition to the management aspects discussed above, the brainstorm-
ing process should also be based on a thinking scheme that is selected in
view of the nature of the problem in hand and the target product (modified
or totally new). In general, there are two main approaches to thinking:*"®
programmed thinking, which relies on logical or structured ways of creat-
ing a new product or service, and lateral thinking, which relies on the
brain’s ability to recognize patterns and possibilities. These approaches
represent schools of thought supported by specific tools for problem solving.
For example, programmed thinking uses familiar tools such as attribute
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listing, morphological analysis and the reframing matrix.*’ Lateral think-
ing was popularized by Edward de Bono in his famous ‘six thinking hats’
approach.'®!!

Brainstorming should initially be based on the lateral thinking approach.
This is due to the fact that it requires people to think individually and come
up with ideas and thoughts some of which may initially seem shocking or
unusual. As the process progresses, these ideas are modified and improved
to yield final thoughts that can be substantially different from the initial
ones. Different individuals will be likely to have different abilities for rec-
ognizing patterns and possibilities, an attribute that computers (despite the
great progress in artificial intelligence) cannot do very well. Humans do
not function like computers. It takes a long time to train people to do even
simple arithmetic; computers are more suitable and more efficient for this
task. On the other hand, it will take a great deal of modeling and complex
algorithms to train computers to recognize patterns, objects and situations;
these can be often recognized by humans instantaneously, although devel-
opments of computers have made a huge leap in this area. More impor-
tantly, humans can think spontaneously, in multi-directions, and with a
great deal of creativity.

The main problem with human thinking, however, is getting excessively
involved with particular familiar patterns that may prohibit or limit think-
ing outside their boundaries. As a result, some solutions typically represent
reflections of previous experiences with similar problems or familiar solu-
tions that happened to work instead of the original solutions. A successful
brainstorming process should be based on breaking out the patterned way
of thinking through looking into solutions in other unfamiliar patterns;
this is the essence of lateral thinking, which is particularly useful when
totally new product concepts are required. On the other hand, programmed
thinking or logical disciplined thinking can be very effective in the final
stage of design conceptualization.

The lateral thinking approach: De Bono six thinking hats

As indicated above, one of the greatest challenges associated with brain-
storming is the ability of individuals to perform lateral thinking during
brainstorming. In this regard, it will be useful to introduce one of the
approaches that has been implemented with great success in recent years,
the six thinking hats developed by Edward de Bono.'"!" The idea underly-
ing this thinking approach stems from some common behavior associated
with most thinking processes. For instance, many successful outcomes
happen as a result of rational and positive thinking approaches. These
outcomes are typically associated with product development projects in
which an organization’s goal is to further excel in what it does already
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either by adding new features to enhance the current product performance
or by developing new products that can take the overall performance
upstream. On the other hand, many product development projects may be
carried out under intense economical or competitive pressure. This often
results in a thinking process that is unintentionally based on a mix of
emotion, negative attitudes and even irrational views. In these situations,
pessimists may be excessively defensive and more emotional people may
fail to look at decisions calmly and rationally.

According to De Bono each thinking hat represents a different style of
thinking. These are explained below:

e The white hat is a thinking mode in which the focus is on looking at
the available data and converting it into useful information. The
outcome of this thinking phase is a knowledge gain from available
information and realization of gaps in knowledge, which have to be
overcome either by trying to fill them or by taking account of them.
Analytical approaches, such as past trend analysis and extrapolation
from historical data, can be useful under this thinking hat.

e The red hat is a thinking mode in which individuals should look
at problems using intuition, gut reaction and emotion. It will also
help to think how other people will react to the problem emotionally,
not just from your side of reasoning but more critically from
their viewpoints.

e The black hat is a thinking mode in which individuals should look at
all the points of the decision cautiously and defensively by evaluating
why it might not work and highlighting potentially fatal flaws and risks
before embarking on a course of action. The outcome of this phase is
a list of all the weak points in a plan. This outcome often results in
taking a variety of actions including elimination of some points, alter-
ing some, or preparing a contingency plan to counter them. This typi-
cally results in more resilient and robust plans.

e The yellow hat is the phase of positive thinking. All benefits associated
with the decision are highlighted in an optimistic environment. This
phase provides a psychological motivation to move to the next step
under circumstances that may look gloomy or difficult.

e The green hat stands for creativity. This is the phase where creative
ideas are invited with the attitude that no idea is so small or so unsound.
In other words, it is a freewheeling way of thinking, in which there is
little criticism of ideas.

e The blue hat stands for process control. According to De Bono, this
is the hat worn by people chairing meetings with the task being to
redirect the brainstorming process depending on the progress made.
When the team is running into a stage of dry ideas, blue hat thinkers
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may direct activity into green hat thinking, and when contingency plans
are needed, they may ask for black hat thinking.

It is important to point out that the different approaches of thinking
including the De Bono thinking hats should be considered primarily as
guidelines and not as firm or systematic ways of thinking. Each product
development team should consider different thinking approaches and
perhaps develop its own scheme of thought. In any case, this scheme should
be pre-defined before starting a brainstorming process.

5.3.3 Decision making

Decision making is an essential element of design conceptualization. It
begins with the first preparatory step of design conceptualization, as we
must decide whether the product idea is justifiable and continues all the
way until a final solution or a product concept is reached. Unlike creativity,
which is typically entertained without fear, instead, with joy and pleasure,
and in contrast to brainstorming, which is again a fear-free individual input
into a team establishment, decision making is often a stressful action that
has to be made by one or two individuals. This is largely due to the fact
that many decisions are associated with a great deal of uncertainty or risk;
some may result in major gain and others may lead to a substantial loss.
Indeed, some decision makers often risk their reputation and credibility,
particularly when they make seemingly unfavorable or unpopular deci-
sions. On the other hand, decision making shares some common attributes
with creativity and brainstorming. They all involve some subjectivity and
human judgment and they all are influenced by behavioral aspects. But the
most common feature is that they all result in verifiable outcomes. In other
words, no one can claim to be creative or a good decision maker without
providing evidence and verifiable results.

From a design conceptualization viewpoint, a good decision is the one
that yields optimum outcomes. Therefore, decisions should be made with
the aid of some analytical approaches that support the decision-making
process and assist in exploring all the options available. In this regard, all
engineers should be familiar with decision theory.

Decision theory

Decision theory is an analytical approach in which a body of knowledge is
used to assist in making choices from a set of alternatives in view of their
possible consequences. Decisions are treated strictly against nature. In
other words, the result, or return, from a decision will primarily depend
on the action of nature. For example, if the decision is to coat a fabric with
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some type of abrasion-resistant finish (or not), then the return, which is
failure against abrasive action (or not) will depend on what action nature
takes (nature here being the contacting medium). In this model, the returns
accrue only to the decision maker or the product under consideration and
it does not influence nature, as the contacting medium does not care what
the outcome is. This simple example illustrates the difference between the
decision theory and the ‘game theory’ in which both players (the decision
maker and an opponent, the nature in this case) have an interest in the
outcome.

Using decision theory, three basic scenarios can be considered:>'*"* deci-
sion under certainty, decision under risk and decision under uncertainty.
A decision under certainty implies that each action results in a known
outcome (or each alternative leads to one and only one consequence). This
means that a choice among alternatives is equivalent to a choice among
consequences. Mathematically, an outcome resulting from each action will
have a probability of 1. A decision under risk implies that each alternative
will have one of several possible consequences, and the probability of
occurrence of each consequence is known. In other words, each state of
nature has an assigned probability of occurrence. Therefore, each alterna-
tive is associated with a probability distribution and a choice among prob-
ability distributions. The level of risk in this case is determined by the
probability value.

In situations where probability distributions are unknown (totally new
ideas), the decision is taken under uncertainty; that is each action can
result in two or more outcomes with unknown probabilities of the states
of nature. When the decision theory is expanded to encompass the game
theory, the decision is then considered to be ‘under conflict’. In this case,
the states of nature are replaced by courses of action determined by an
opponent (another player) who is trying to maximize his/her objective
function.

Before giving some examples to demonstrate the use of decision
theory, it is important to point out that the theory assumes that the
ranking produced by using a criterion is consistent with the decision
maker’s objectives and preferences. Being a mathematical approach, deci-
sion theory will offer no assistance in defining objectives, establishing
alternatives, or evaluating consequences. These are decision maker’s
concerns.

The basic model of the decision theory is represented by the so-called
payoff Table 5.2'*" shown on p. 97, in which the entries r; are called
payoffs for each possible combination of decision, d;, and state of
nature, N,

For example, consider an application in which the goal is to design a new
fabric for ladies dresses. Suppose that one of the decisions or courses of
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actions is to choose one of three material types, namely: polyester (d,),
cotton (d,) and cotton/polyester blend (d;). The states of nature, N,
N,, ..., N,, represent the consequences that can result from these deci-
sions. These are out of the control of the decision maker. Suppose that the
states of nature represent the reaction of potential customers to the new
fabric expressed as N, = negative or weak (W), N, =average (A), N;=strong
(S) and N,= very strong (VS).

The payoffs r; for different combinations of decision, d;, and state
of nature, N; may be represented by management best estimates of
percent increase in profit with reference to the profit made from a
conventional fabric used for this application. As indicated earlier,
decision theory assumes that these estimates are available, as they reflect
the state of knowledge that the decision maker should have in order to
be able to make an appropriate decision. In practice, estimating payoffs
may require in-depth analysis of market factors such as potential custom-
ers, supply and demand, the performance status of current similar
products, and the price of similar existing products. It should also be noted
that nature, in this case, does not care about the decision, but it is affected
by its consequences. For this example, suppose that the payoff table is as
shown in Table 5.3:

Table 5.2 A ‘pay-off’ table: example 1

Decision State of nature

N, N, N,
d, ri o e Fm
d, 2 [gY) Ce Iam
dn rn}' I Fom

Table 5.3 A ‘pay-off’ table: example 2

Decision State of nature

W A S VS
Polyester (d) 5 15 20 25
Cotton (d,) -20 6 8 10

Cotton/polyester (ds) 3 18 30 35
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At this point, the decision maker is faced with three options or possible
decisions, consequences or states of nature, and payoffs represented by
estimates corresponding to various combinations of decision and state of
nature. The additional piece of information, which must be available before
a decision is made, is the degree of certainty associated with the states of
nature. In our example, if the decision maker knows which states of nature
will surely occur, he/she can then select the decision that yields the largest
return for the known state of nature. For example, if a very strong market
(VS) was surely anticipated, then the decision would be to select cotton/
polyester blend as the primary material since it results in the largest payoff;
this is the d;/VS combination.

Obviously, the selection of which decision to make may involve some
subjectivity or ranking of decisions, depending on the state of knowledge
and other factors that may arise. In some situations, the decision makers
may be faced with many possible decisions that are too close to select from.
If these possible decisions are represented by a vector d and the return by
the real-valued function r(d), the decision problem can then be formulated
as: maximize r(d), subject to feasibility constraints on d, which requires
linear programming analysis (to be discussed in Chapter 6).

Decision theory is best used when there is an inevitable risk involved in
making the decision.'!> Mathematically, a risk is represented by a chance
or a probability value associated with a state of nature. Accordingly, deci-
sions under risk are handled under two basic assumptions. The first assump-
tion is that there is more than one state of nature, V;, and the second one
is that the probability, p;, of each state of nature is known. The approach
to handling this situation is to implement the concept of ‘expected value’.
The idea here is that when faced with a number of actions, each of which
could give rise to more than one possible outcome with different probabili-
ties, the rational procedure is to identify all possible outcomes, determine
their values (positive or negative) and the probabilities that will result from
each course of action, and multiply the two to give an expected value. The
action to be chosen should be the one that gives rise to the highest total
expected value in case of gain situations. Under risk, if the decision maker
makes decision d;, the payoff will be the expected value ER;, determined
by the following equation:"

ER;=rpi+1rapy+ ...+l P 6.1

Accordingly, the goal will be to make the decision, d;, which maximizes
ER..

Suppose that for the example discussed above, the probabilities associ-
ated with the four states of nature are: p(W) = 0.2, p(A) = 0.5, p(S) =0.2
and p(VS) = 0.1. In this case, the expected gains associated with the three
decisions would be as follows:
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E(d,) = E(polyester) =0.2(5)+0.5(15)+ 0.2(20) + 0.1(25) (5.2a)
=15

E(d,) = E(cotton) = 0.2(-20)+0.5(6) +0.2(8)+0.1(10)=1.6  (5.2b)

E(d,) = E(cotton/polyesterblend) (5.2¢)
=0.2(3)+0.5(18)+0.2(30)+0.1(35)=19.1

Judging by the expected value of payoff or percent increase in profit, the
decision maker would select the cotton/polyester blend as the material that
would maximize the increase in profit.

A convenient way to represent a decision making problem is by using
so-called ‘decision trees’,""*!* as in Fig. 5.3. A square node will represent
a point at which a decision must be made and each line leading from a
square will represent a possible decision. A circular node will represent
situations where the outcome is uncertain and each line leading from a
circle will represent a possible outcome. Using a decision tree to find the
optimal decision is commonly known as ‘solving the tree’.

It is critical to point out that decision theory is a mathematical concept
and does not provide insights into the cause and effect of the decision to
be made. It simply provides a quantitative measure or a value index that
can be used as a guideline in making the decision. The effectiveness of this
measure will mainly depend on the state of knowledge or the input infor-
mation and the assumptions that the decision maker is willing to take in
performing the analysis.

When decisions are made under uncertainty, the probabilities associated
with different states of nature are unknown. This complex situation has
become more common in today’s global market as a result of the rapid
changes in demand for some products and unpredictable consumer behav-
ior or reaction towards new products. Behavioral thinkers and philoso-
phers use the classic Pascal’'s Wager to illustrate thinking under
uncertainty."** According to Pascal, uncertainty is at its utmost level when
the question is whether or not God exists. In this case, personal belief or
non-belief in God is the decision to be made. However, the reward for
belief in God if God actually does exist is infinite. Therefore, this becomes
a decision of weighing the unknown probability of God’s existence against
the expected value, which often results in the conclusion that the expected
value of belief exceeds that of non-belief, so it is better to believe in
God.

Following Pascal’s theory, a decision in our example can be solely based
on the best anticipated pay-off values for each decision. In this case, the
only criterion would be the decision at the state of nature of very strong
increase in profit, with a pay-off of 35 at the VS/d; combination leading to
the decision to select the cotton/polyester blend. It is also useful to be
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prepared with a backup decision as the market warrants changes. In this
case, testing the market through market research can be very useful.

Bayes’ theorem

A practical approach to dealing with decisions under uncertainty should
be based on the realistic view that the actual probability of a state of nature
may not be known with great confidence without some history of the
product in question. Since newly developed products are typically associ-
ated with unknown probabilities, attention should be shifted to estimating
the probabilities of the states of nature. One common approach to making
these estimates is Bayes’ theorem,'®!"” which provides ways of revising prior
estimates of probabilities in view of new information that has become
available. This approach sounds more appropriate as it resembles the need
to upgrade the level of certainty in the face of dynamic changes in con-
sumer’s behavior. The obvious limitation of this approach is the time and
cost associated with reaching more reliable probabilities and the changes
that might be made as a result of learning new probabilities.

Bayes’ theorem can be considered as a mathematical triviality that is
directly derived from the probability theory."® The basis for this theorem
is that rational belief is governed by the laws of probability, particularly
conditional probabilities. The theorem relates the ‘direct’ probability of a
hypothesis, H, conditional on a given body of data E, or Pr(H), to the
‘inverse’ probability of the data conditional on the hypothesis, Py(E):

P(H)
Po(H) = [ E) }PH<E) (5.3)

The inverse probability Py(E) is referred to as the ‘likelihood’ of H for
E. It expresses the degree to which the hypothesis predicts the data given
the background information codified in the probability P. In general,
inverse probability makes the analysis more certain and less subjective
than direct probability.

In the following discussions, the use of the Bayes’ theorem in decision
making is demonstrated using simple examples. Readers who will be
involved largely in decision making under uncertain situations are encour-
aged to read more on this subject, particularly on the different forms that
the theorem can take depending on the type of application considered."*"

Example 1: body-armor Bayesian decision

Consider a product development process in which a new body armor (A,)
was designed to replace an existing one (A.) for military applications. Both
products were designed and produced by the same company. The current
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body armor (A.) was designed in multi-layers to protect against fragments
and low velocity bullets. It was characterized by low weight, low bulk, high
flexibility and good thermo-physiological comfort. However, it was associ-
ated with an unacceptable rate of injuries and casualties as it was often
defeated by flechettes (tiny needle-shaped objects) disseminated in large
amounts by exploding warheads or shells. The new body armor (A,) was
designed to be more protective by careful reinforcment with shaped plates
made from metals and ceramics in areas covering sensitive parts of the
body. As a result, it was a heavier weight resulting in less flexibility and
some discomfort. This is a classic trade-off in this type of product between
protection and comfort.

Since the key performance of body armor is its protective ability,
the company relied on statistics of injuries or casualties to determine
whether the new product will provide significant advantage over the
current one. Considering the massive amount of the current product being
used by military personnel, the company decided to test the new product
in small quantities and over a certain period of time to see whether a
decision to replace the current product slowly by the new one can
be made.

The above scenario follows one of the Bayesian decision making forms.
In this case, data is available on a population that is stratified by current
and new products, and better estimates of the probabilities of the states of
nature are required. The way the Bayes’ theorem is used in this case is
summarized in the following steps:

e The analysis begins with a key hypothesis, H. In this example, it is:
H: a body armor unit picked randomly will fail to protect from injuries

e Suppose that the company delivered a total of one million units () of
body armor last year that were entirely used, and the number of injuries
that were related directly to failures of this body armor were 8000. This
data yields the unconditional probability, P(H), that any unit picked
randomly will fail to protect from injuries. Thus, P(H) = H/N = 0.008.
This probability is not very impressive as it implies that approximately
1 (or exactly 0.8) of each 100 units will fail to protect.

e Now, suppose that of the one million units delivered, only 50000 units
of the newly designed body armors were delivered and used. This is
only a small percent (5%) of the total units used, but it represents the
data, E, that is required for better probability estimates that can assist
in making an appropriate decision about the new product. Suppose that
20 units of these failed to protect. This information represents a key
input to the Bayesian decision making analysis.

¢ To find the probability of the hypothesis, H, conditional on the informa-
tion, E, that the failing unit was the newly designed one, we divide the
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probability that the unit was one of the newly designed and failed to
protect, P(H&E) = 20/10° = 0.00002, by the probability that the unit
was a newly designed, P(E) = 50000/10° = 0.05. Thus, the probability
of failure of a product unit given that it was a newly designed is P(H)
= P(H & E)/P(E) =0.00002/0.05 = 0.0004.

e Notice how the size of the total population, N, factors out of the above
equation, so that P;(H) is just the proportion of newly designed units
that failed (20/50000).

e Now, if the above quantity, which gives the failure rate among the newly
designed units, is contrasted with the ‘inverse’ probability of E condi-
tional on H, Py(E) = P(H&E)/P(H) = 0.00002/0.008 = 0.0025; this is
the proportion of failing units in the total population that occurred
among the newly designed units.

e Thus, the condition that a product unit failed in this trial is a fairly
strong predictor of newly designed products. Indeed, a value Py(E) of
0.0025 indicates that 0.25% of the total failure occurred in the newly
designed product. Using Bayes’ theorem, this information can be used
to compute the ‘direct’ probability of the failure of a product given that
the product was newly designed. This can be done by multiplying the
‘prediction term’ Py(E) by the ratio of the total number of failures in
the population to the number of newly designed units in the population,
P(H)/P(E) = 8000/50000 = 0.16. The result is Pr(H) = 0.0025 x 0.16 =
0.0004, just as expected.

Example 2: flame-resistant finish Bayesian decision

Bayes’ theorem can also be used in making decisions regarding purchasing
of materials that are suitable for some particular applications on the basis
of performance tests. For example, suppose that a distributor of flame-
resistant uniforms has purchased a batch of garments from a manufacturer.
Typically, this type of fabric is subjected to chemical finishes to enhance
its flame resistance. Two types of finish are commonly used, A and B, with
the former being known as superior to the latter in flame-resistance criteria
such as fire spread and dimensional stability. The distributor does not know
whether the fabric was treated with finish A or B. From previous experi-
ence, based on laboratory and actual performance testing, it was known
that fabrics with finish A has a 97% chance of passing an ignition test,
while fabric with finish B only has a 92% chance. Suppose that distributor
suspects that on average manufacturers send batches consisting of about
80% of fabric rolls of finish A and 20% of finish B.

The above scenario reflects uncertainty that cannot be resolved without
actual data, E, evaluated against some pre-established hypothesis, H. The
data can only be generated from actual testing of a random sample, say
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five rolls. The results can then be evaluated against the hypothesis that the
batch was entirely produced from finish A. Suppose that the results of
testing the randomly selected rolls revealed no failure in the ignition test,
E. In this case, Bayes’ theorem can be used as follows:

¢ On the basis of the information known, the probabilities that the batch
consists of fabrics made from both types of finish are: P(A) = 0.80 and
P(B) = 0.20. These are roughly determined probabilities based on a
guess work.

e The probability, for each finish, that a random sample of the fabric will
pass the ignition test is: P4(E) = (1 — 0.03)° = 0.858734 and P(E) =
(1 - 0.08)° = 0.65908.

e In this case, the following form of Bayes’ theorem is used:

P(A)-P,(E) ~ 0.8x0.858734 _ o4
P(A)-Py(E)+ P(B)-Py(E) 0.8x0.858734+0.2x0.65908

Py(A) =

e The above result provides a better estimate of the probability that the
batch was made from fabrics with finish A, given the information
obtained from testing a random sample. An increase from the previous
anticipated probability of 0.8 to 0.84 that the batch was produced from
fabric with finish type A, is useful information that can assist in making
better decisions.

The above examples are used only to demonstrate the usefulness of statisti-
cal tools and some well-established theories in making appropriate decisions,
particularly in uncertain situations. Since cause and effect are not revealed
by the outcomes of any of these tools, they should be used very carefully with
full consideration of the purpose of the decision-making analysis.

5.3.4 Concept optimization

The basic elements of design conceptualization discussed in the previous
sections (i.e. creativity, brainstorming and decision making) can ultimately
assist in reaching design concepts that can be implemented for modifying
existing products or creating totally new products. Typically, these efforts
yield one or two ideas that are deemed feasible to implement. In this case,
the choice may be easy and the process is narrowed to one of the two ideas,
with the other acting as a backup plan. In some situations, the product
development team may be faced with a host of ideas or options that seem
to be equally beneficial. Obviously, this is a problem that any company
would like to have rather than a scarcity of concepts. Under these favorable
circumstances, the challenge is often called ‘concept optimization’, that is
the process of determining which of the concepts should be chosen, or what



Textile product design conceptualization 105

ideas should be implemented in the presence of the many ideas proposed.
Obvious options in this regard are:

e climinating all ideas but one (typically the best)

e combining some ideas into one

e dividing different ideas into different models of the same product
e dividing different ideas into different products

e directing some ideas toward cost/value-oriented products

The first two of the options above represent opportunities for developing
unique products. The last three options represent opportunities for making
diverse products, a key criterion in today’s competitive market.

Some approaches that can assist in concept optimization are attribute
listing, morphological analysis and matrix analysis.>'®!” These tools are
commonly used to find new combinations of products or services and they
are sufficiently similar to be discussed together. The common steps in these
tools are as follows:

e List all the attributes of the product in question. Attributes may con-
stitute components, properties, quality parameters or design elements.
For example, the attributes of a fabric gasborne dust collector are the
gas source, the cleaning mechanism, gas parameters (temperature,
moisture, acid content), dust particle size, material, fabric construction
and finishing application.

e Construct a table or a matrix using these attributes as column headings
and related levels or variants as entries. In other words, the matrix should
show all possible variations of each attribute obtained from a brain-
storming process or from other sources of information as shown in Table
5.4. Again, this example is presented only to illustrate the concepts.

e Perform morphological analysis by selecting one entry from each
column to create various combinations. This can be done randomly or
by selecting interesting combinations.

¢ Finally, evaluate and improve the mixture to see if it has performance,
economical or market merits.

The morphological analysis should be performed with full realization of
product requirements, drawbacks and advantages. For this example, the
factors listed represent the critical performance criteria for a fabric dust
collector. Depending on the problem definition stated, the design concept
formulators may decide to focus on one product concept or option as listed
below.

e Product option I: a fabric dust collector that will accommodate dust
particle sizes of small to medium size (0.1 to 0.15 um), for gases at low
to medium temperature (<100°) at low moisture content and low acid
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content. The filter may use shake cleaning (i.e. by switching off the
exhaust fan and flexing the filter sleeve mechanically), which requires
moderate to high durability. As a result, the filter may be made from
cotton fibers in a needlefelt construction. In addition, since staples
cotton fibers will be used, a singeing treatment may be required to
minimize or remove projecting fibers that often inhibit dust cake release
by clinging to the dust particles. This product combination is directly
obtained from the matrix above and highlighted in the output matrix
in Table 5.5.

e Product option 2: a fabric dust collector that will accommodate dust
particle sizes of a wide range (0.1 to 0.25 um), for gases at medium to
high temperature at low to medium moisture content and medium to
high acid content. The filter may use shake cleaning. As a result, the
filter may be made from chemically treated polyester fibers in a woven
construction (perhaps of simple satin design). This product combina-
tion is directly obtained from the matrix above (Table 5.4) and high-
lighted in the output matrix below (Table 5.6).

e Product combination options: Using morphological analysis, different
product combinations may also be detected. For example, a combina-
tion of shake and reverse air cleaning can be used for enhanced per-
formance, or a needlefelt/woven construction combination with a woven
basecloth or scrim sandwiched by two layers of needlefelt. In the latter
combination, the woven structure provides more stability to the needle-
felt structure as it allows it to withstand the tensile and flexing stresses
imposed by the pulse cleaning mechanism, and the needlefelt provides
good filtration efficiency and good protection for the basecloth from
abrasion caused by constant flexing against the filter cage wires.

As can be seen from the above example, morphological analysis is largely
a programmed thinking approach, which allows the concept formulator to
seek different product options. The decision about what options to take
will obviously depend on other factors such as customer need, market
conditions and cost considerations. These can also be incorporated in the
matrix and entertained using morphological analysis. Ultimately, all
options will be exhausted or reach their limitations. This is when lateral
thinking and ideas outside the traditional boundaries become critical. Just
as in any sport, programmed thinking is the approach that maintains
records at a competitive level; lateral thinking, on the other hand, is the
approach that continuously breaks these records.

5.4 Conclusions

Lessons from history can assist a great deal in understanding how ideas
are often discovered. Many ideas come as a result of a long and extensive



[lews

|earway) SETN
llews MO MO MO
WwnipsjN - Wnipsiy wnipsy| Wwnipan Wwnipajp Bunin
abuen ybi1H ybiH ybiH uonsnquio)
UBAOAN  J81SdA|0d ybiy Asop ayeys

9z1S  ]1UL8lUO0D
Bulysiui4  u0I1ONIISUO) |elale 9|o1lued ploy aianisioNy  Aujpgeang  euanjesadwa]  Buiues|) 92IN0S sen

Z uondo jonpoud :xujew ndinQ 9°G 9/qel



Textile product design conceptualization 109

study of the subject matter supported by a great deal of knowledge. For
example, the continuous research effort by Stephanie Kwolek in high per-
formance chemical compounds for the DuPont Company led to the devel-
opment of a synthetic fiber that is five times stronger than steel of the same
weight. This is Kevlar, a now household name, which was patented by
Kwolek in 1966 as a material that does not rust nor corrode and is extremely
lightweight. Today, lives are saved by bullet proof vests made from this
material, and many useful products are made from this fiber including
underwater cables, brake linings, space vehicles, boats, parachutes, skis,
and building materials are made from Kevlar.

Ideas may also come through outcomes in some areas that lead to dis-
coveries in other areas. For example, the first waterproof coat was discov-
ered by Charles Macintosh, a Scottish chemist, in 1823 as a result of
working in an unrelated area. While he was trying to find uses for the waste
products of gasworks, Macintosh discovered that coal tar naphtha dis-
solved rubber. He then implemented this idea in cementing two pieces of
cloth together by taking wool cloth, painting one side with the dissolved
rubber preparation and placing another layer of wool cloth on top. This
created the first practical waterproof fabric. Obviously, the fabric was not
perfect as it was easy to puncture when it was seamed and the natural oil
in wool caused the rubber cement to deteriorate. As a result, the fabric
became stiffer in cold weather and sticky in hot weather. When vulcanized
rubber was invented in 1839, Macintosh’s fabrics improved as a result of
the ability of the new rubber to withstand temperature changes.

Some ideas may result from new realization of old products or materials
supported by new needs or desires. For example, colored cotton has been
around since 2700 BC in Indo-Pakistan, Egypt and Peru. At that time, it
was common to grow cotton in a variety of natural colors such as mocha,
tan, gray and red-brown. However, those cottons were not long enough or
strong enough to be processed on normal machinery. As a result, only
white cotton has been used for hundreds of years. In the early 1980s, Sally
Fox, an expert in pest management was introduced to colored cotton while
working for a cotton breeder, whose focus was on developing pest-resistant
strains of cotton. A small amount of brown cotton seeds sparked a redis-
covery of naturally colored cottons with characteristics suitable for pro-
cessing in today’s high production machinery. This rediscovery was also
supported by a concern for the environment resulting from extensive
misuse of pesticides. Obviously, Sally Fox did not invent colored cotton as
it has always existed in nature. Her true contribution was in creating natu-
rally colored cotton that could be spun on a machine and woven into fabric.
This was made possible through her ten years of breeding efforts and
careful selection from generation to generation to coax a usable variety of
cotton from an initial cross-bred seed.
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As one can see from the above historical lessons, there are no limitations
or boundaries to creative work or innovative ideas. It is, therefore, worth-
while for engineers working in product development continuously to
attempt to enhance and cultivate their creative abilities. This can be
achieved by continuous learning, not only in the field of study but in other
related or unrelated areas. In addition, understanding the surrounding
factors associated with product development (economy, environment,
regulations, etc.) can indeed enhance creativity and can result in robust
solutions.

In this chapter, the basic elements of design conceptualization have been
discussed. These are creativity, brainstorming, decision making and
concept optimization. The importance of this discussion is to increase the
awareness of many engineers that design conceptualization is fundamen-
tally different from design analysis. This is despite the fact that they rep-
resent two sides of the same coin and they both aim at the development of
innovative product model. Unfortunately, design conceptualization is not
taught to a degree of depth equivalent to its importance in many engineer-
ing programs or in the training process of many organizations.

5.5 References

1. EL MOGAHZY Y E and CHEWNING ¢, Fiber To Yarn Manufacturing Technology,
Cotton Incorporated, Cary, NC, USA, 2001.
2. ERNEST J, Human Factors in Engineering and Design, 4th edition, McGraw-
Hill, New York, 1976.
3. DIETER G, Engineering Design: A Material and Processing Approach, McGraw-
Hill Series in Mechanical Engineering, New York, 1983.
4. paUL R and ELDER L, ‘Critical thinking: the nature of critical and creative
thought’, Journal of Developmental Education, 2006, 34, 26-34.
5. SPERRY R W, ‘Mind-brain interaction: mentalism, yes; dualism, no’. Neuro-
science, 1980, 5, 195-206.
6. TAMA c, ‘Critical thinking has a place in every classroom’, Journal of Reading,
1989, 33, 64-5.
7. VAN FRANGE E, Professional Creativity, Prentice-Hall, Englewood Cliffs, NJ,
1959.
8. ALGER J R M and HAYS c V, Creative Synthesis in Design, Prentice-Hall, Engle-
wood Cliffs, NJ, 1964.
9. KIVENSON G, The Art and Science of Inventing, Van Nostrand Reinhold, New
York, 1977.
10. DE BONO E, Six Thinking Hats, Little, Brown and Co, New York, 1985.
11. DE BONO E, Serious Creativity: Using the Power of Lateral Thinking to Create
New Ideas, Harper Business, New York, 1992.
12. sHAFER G and PEARL J (eds), Readings in Uncertain Reasoning, Morgan
Kaufmann, San Mateo, CA, 1990.
13. RAIFFA H, Decision Analysis: Introductory Readings on Choices Under Uncer-
tainty, McGraw Hill, New York, 1997.



14.

15.

16.
17.

18.

19.

Textile product design conceptualization 1M1

DE GROOT M, Optimal Statistical Decisions, Wiley Classics Library, New York,
2004.

BERGER J 0, Statistical Decision Theory and Bayesian Analysis, 2nd edition,
Springer Series in Statistics, New York, 1980.

HARTIGAN J A, Bayes Theory, Springer-Verlag, New York, 1983.

HOWSON ¢, ‘Some recent objections to the Bayesian theory of support’, British
Journal for the Philosophy of Science, 1985, 36, 305-9.

EL MOGAHZY Y E, Statistics and Quality Control for Engineers and Manufactur-
ers: from Basic to Advanced Topics, 2nd edition, Quality Press, Atlanta, USA,
2002.

TRIBUS M, Rational Descriptions, Decisions and Designs, Pergamon Press, NY,
1969.



6

Textile product design analysis and modeling

Abstract: Design analysis is essentially a decision-making process in
which analytical tools derived from basic sciences, mathematics,
statistics and engineering fundamentals are utilized to develop a
product model that can be converted into an actual product. The type
of analysis required will depend on the product concept established,
the specifications of the actual product intended and the application(s)
in question. Common analytical tools used in design analysis are
examined. The discussion is restricted to the principle of the analytical
tool and potential applications in fiber-to-fabric engineering. Many
examples of fibrous products are used to illustrate the principles of
these analytical tools.

Key words: transparent system; gray-box system; black-box system;
mathematical modeling; system behavior; empirical modeling;
regression model; artificial neural networks; optimization analysis;
linear programming; genetic algorithms; simulated annealing; fuzzy
logic; membership function; finite-element analysis; failure analysis;
reliability analysis; survival analysis.

6.1 The purpose of design analysis

The task of design conceptualization discussed in Chapter 5 should ulti-
mately resultin a product concept or a productimage represented by thoughts
and stated features and perhaps supported by a rough sketch of the product
idea. Before this product concept can be converted into an actual product, it
should be first converted into a product model that largely resembles the
product idea and reflects the attributes of the intended product. This task is
called design analysis and it is the subject of this chapter.

Design analysis is essentially a decision-making process in which analyti-
cal tools derived from basic sciences, mathematics, statistics and engineer-
ing fundamentals are utilized for the purpose of developing a product
model that is convertible into an actual product. The type of analysis
required will depend on the product concept established, the specifications
of the actual product intended and the application(s) in question. In
general, a product model should meet four basic criteria:'* (1) resemblance
of a design concept, (2) visibility and predictability, (3) optimum functional
performance and (4) manufacturability. Figure 6.1 illustrates the analyses
associated with these criteria.
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The first criterion implies that the product model should reflect and
resemble a well-defined design concept that is stated clearly in the problem
definition and supported by creative thoughts and sketches or images of
the anticipated product. This criterion requires two types of design analy-
sis: parameter identification and system identification. Parameter identifi-
cation is a simple task in which each parameter associated with the product
idea is defined, evaluated, weighted with respect to its anticipated relative
contribution to the product function, and ranked by the order of its impor-
tance. This task typically begins in the design conceptualization phase,
using largely qualitative descriptions of the different parameters and con-
tinues in the design analysis phase with more in-depth analysis in which
only critical parameters are revealed and carefully evaluated for the
purpose of determining their impact on the product function. System iden-
tification is a more complex task in which the product concept is simulated
by a system with well-defined input and output parameters, as well as pos-
sible noise or uncontrollable parameters.

The second criterion for a product model implies that it should be largely
visible and highly predictable. This criterion can only be met through
exploratory and extrapolation analysis. In order to carry out this analysis,
reliable models relating output parameters to input parameters should be
developed; this task represents the foundation of system identification.
Indeed, a system that is fully identified is the one that exhibits high visibility
or transparency and high predictability within and outside its performance
range. Using the models developed, exploratory analysis can be carried out
by evaluating the effects of input parameters on the performance of output
parameters. Exploratory analysis also involves evaluation of the interactive
nature of different parameters. In this regard, statistical techniques such as
design of experiment and analysis of variance' can be very useful. Predict-
ability is another key criterion as it not only means anticipating particular
outcomes with some degree of certainty but, more importantly, providing
opportunities to revise and control the product system so that key design
principles such as simplicity, support, familiarity, encouragement and safety
can be fulfilled. These principles were discussed in Chapter 5. Similar to
exploration, predictability is also a result of modeling analysis. However,
the models that are most suitable for prediction are those of the empirical
type. In this regard, multiple regression analysis and neural network tech-
niques can be very useful. These tools are discussed later in this chapter.

The third criterion for a product model is that it should yield an optimum
functional performance at optimum utilization of natural resources. This
requires optimization analysis in which the values of the critical input
parameters are carefully selected and controlled so that optimum func-
tional performance is achieved with careful use of natural resources. In
general, an optimization analysis aims at maximizing or minimizing the
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values of some system parameters subject to some constraints associated
with pre-specified input factors or other external parameters. The success
of the optimization analysis will largely depend on how well the system
was identified in the modeling phase of analysis. This is a direct result of
the simple fact that transparency and predictability can increase the options
and the alternatives associated with optimization techniques. One of the
common engineering tools of optimization is linear programming. The
principles underlying this tool are discussed later in this chapter.

Finally, the product model should be manufacturable into an assembly in
which design specifications are coordinated with manufacturing para-
meters to yield a final product with optimum performance. Although
this criterion represents a bridging aspect between design analysis and
manufacturing, it should be highly considered in the design phase so that a
smooth transition from a product model to an actual product can be
achieved. For instance, modeling analysis should account for noise or exter-
nal parameters that may not be observed at the prototype scale but are
anticipated in actual operating conditions. Similarly, optimization analysis
should account for constraints anticipated during manufacturing.

In light of the above discussion, the two key analytical tasks of design
analysis are modeling and optimization. This point is illustrated in Fig. 6.1.
Modeling techniques can be used throughout the process of product devel-
opment, beginning with developing a product concept and ending with
developing a product model. In some situations, a user or an implementer’s
model may be developed to resemble the usability of a product.! Optimiza-
tion is an essential task of any design analysis without which practical and
compromising solutions to design problems cannot be obtained. In the
following sections, common analytical tools used for modeling and opti-
mization are discussed. The focus of the discussion will be on three key
aspects: objectives, principle and potential applications. Many examples
will also be provided to illustrate some of the analyses presented. It should
be pointed out that a great deal of mathematical analysis will be covered
in this chapter. Readers who are not involved directly in performing ana-
lytical work can benefit from this chapter by reading the objectives and the
principles associated with each type of analysis, without getting into the
mathematical details. On the other hand, readers who are interested in
more mathematical details of these analyses can begin with this chapter
and then move to more specialized references related to their area of
interest.

6.2 Textile modeling techniques

Webster’s Dictionary defines a model as ‘a mathematical representation of
facts, factors, and inferences of an entity or situation’. In the context of
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design, a model may be defined as a simulation of an entity or a situation
using reliable mathematical techniques for the purpose of exploring,
interpreting, predicting or controlling a system.! From an engineering
viewpoint, the term ‘system’ implies an entity that involves clearly defined
inputs, highly realized outputs and perhaps some noise or system uncer-
tainties. This is different from the more general term ‘process’, which typi-
cally encompasses one or more of five basic elements: material, machine,
methodology, people and environment. A design process may involve some
or all of these elements. In order to simplify a design project, a product
should be treated as a system or a set of subsystems, with the final design
outcome being a linear or non-linear integration of these subsystems.

6.2.1 Product system classification

In the classic sense, one may define modeling analysis as a method of identi-
fying a system, or conveying an understanding of the components that make
up a system, by exploring all interactive relationships governing its perfor-
mance. In this regard, engineering systems may be divided into three cate-
gories:' a transparent system, a gray-box system and a black-box system. A
transparent system is typically self-identifiable and self-explored. This means
that all basic inputs and outputs of the system are well identified, their inter-
active relationships are well established and they are likely to exhibit static
or consistent patterns over time and under most circumstances. A product
resembled by a transparent system is highly visible and highly predictable.
In the real world, such a system hardly exists as it requires extreme simplicity,
or high clarity in all system aspects such as design, technology, material,
human handling, monitoring and environment.

A more realistic system is the gray-box system. This system is typically
characterized by reasonable visibility and realization of some of its basic
input—output interrelationships. However, the nature and the specific order
of some of the equations governing the system may not be fully known.
This makes the system only partially predictable. A black-box system rep-
resents the most difficult system category. This is often a dynamic system
that is associated with limited knowledge of basic properties such as system
linearity, system memory and the true interactive modes. As indicated
earlier, one of the key goals of engineering design is to explore and
transpire systems associated with the product being developed. The extent
of meeting this goal will depend on the system category, reflected by its
complexity and dynamic nature.

The above classification of systems can serve as a guideline for character-
izing the logical evolution of a product concept during the design process.
In the beginning of a design project, the problem idea is typically ill-
defined and possible solutions are not clearly identified. This reflects a
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black-box system model. As more information is gathered and more brain-
storming is consumed, design problems become more clearly defined and
feasible solutions become possible, reflecting a gray or a transparent
box model. However, an optimum solution to a design problem may not
necessarily result in complete transparency of a system, as this can be
time-consuming and a resources drain; this is where long-term scientific
research can play a significant role. As indicated in Chapter 3, a great deal
of scientific research is consumed in exploring the performance character-
istics of products that have already been introduced into the market in
order to gain a better understanding of how the product works. Other
research activities are devoted to rationalizing the cause of failure of some
existing products.

In the fiber-to-fabric system, one can find many examples of systems that
belong to the different categories discussed above. On the machine side,
the drafting system of staple fiber strands can be modeled by a gray-box
system with respect to the relationships between the average values of the
characteristics of input and output strands. However, when the dynamics
of fiber flow through the drafting system are considered, a great deal of
complexity is encountered, leading to a black box model. Indeed, the true
dynamics of fiber flow through a drafting or a carding system have not been
fully understood despite the extensive research activities in this area. On
the end product side, one can list numerous products associated with
systems that have been explored over the years for the purpose of making
them more transparent. For example, a bulletproof vest system by virtue
of its functional nature and the difficulty associated with its testing has
often been treated as partially gray, partially black box system model.! The
transparency of this system has been limited by the risky tests required to
test the actual performance of this product and the lack of reliable analyti-
cal tools fully to explore the system. In recent years, efficient computa-
tional models that can simulate complex and high-energy impacts have
been developed, producing results that are remarkably close to the results
of real-life tests. This development has paved the way for entertaining
multiple-component and high-speed deformable vest models.’

6.2.2 Model classification

In the engineering world, models may be classified in many different ways
depending on the model structure and its intended purpose. Common clas-
sifications include” static versus dynamic and deterministic versus probabi-
listic. These represent general categories that mainly describe the behavior
of model outputs or response variables. A static model is one whose prop-
erties do not change with time. A dynamic model describes a phenomenon
that is likely to change with time. A deterministic model is a model that
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describes system outcomes that occur with a high degree of certainty. A
probabilistic model deals with events and system outcomes that are likely
to vary in a random fashion. In addition, engineers may use other types of
models such as iconic and analog models. The former is primarily used to
describe entities rather than phenomena (e.g. maps, photographs, engi-
neering drawings, wood or paper models), and the latter can be used to
simulate real systems (e.g. common graphs, and process flow charts).

Regardless of the way models are classified, the common purpose of a
model is either to explore a system or to predict its performance over time
or under different levels of input values. In the design process, exploring
a system can greatly assist in understanding the critical properties of its
components and their interrelationships. When service life and potential
failure of a product are of concern, prediction becomes a critical aspect of
system identification. As indicated earlier, exploratory models are typically
represented by mathematical formulae that can be derived from known
physical laws (mathematical models). Predictive models often require sta-
tistical analysis to provide the capability to predict random and patterned
outcomes (empirical models). In many applications, a combination of these
two types of model may be required as random outcomes always represent
a possibility of system performance.

6.2.3 Mathematical modeling

Mathematical modeling is a theoretical approach which typically aims to
idealize a system through simplifying its components and making some
assumptions which allow exploration of system behavior or prediction of
patterned system changes."? Almost all design applications involve some
form of mathematical modeling. A universal procedure for performing
mathematical modeling does not exist. However, engineers should typically
begin with a generalized conceptual model of the effects of critical system
inputs and the anticipated responses of the outputs under consideration.
In this regard, it is often useful to begin the modeling analysis by sketching
all input parameters that can possibly influence a system and list all impor-
tant output parameters. This procedure provides a great insight into the
critical parameters influencing the overall performance of a product and
the functional forms that may be needed to relate input and output
parameters.

Figure 6.2 shows a generalized flow chart of a product represented by a
system in which multiple inputs characterizing the raw material and mul-
tiple outputs characterizing the performance of end product are listed.
Input parameters may include dimensional or geometrical parameters,
mechanical parameters, thermal parameters and mix parameters (when a
mixture of different materials is used). The performance of the end product
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6.2 Mathematical modeling flow chart.

may be characterized by multiple output parameters characterizing product
performance (e.g. thermal behavior, strength, reliability, dimension stabil-
ity, cost, etc).

When complex products are considered, it will be useful to breakdown
a system into subsystems in which fewer parameters can be analyzed at
once. In addition, some assumptions can be made to simplify the initial
modeling analysis. These assumptions often aim to reduce the task of
system identification down to parameter identification (parameter-by-
parameter analysis) so that numerical solutions can readily be obtained.
In addition, some parameters may be neglected or maintained at constant
levels as a result of their small influence on system performance or because
of their predictable behavior. A good illustration of this simplification is
modeling the body-clothing system, which has been performed using
various mathematical modeling techniques. This model is discussed below
to demonstrate the principles and the merits of mathematical modeling.
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Mathematical model example: heat transfer through a clothing system

A body-clothing system involves many mechanisms such as heat transfer
through the human body and clothing systems, moisture transport, pumping
effects, breathability, ventilation and interaction with the wearer’s activ-
ity.*® A simple way to begin modeling this system is to assume dry clothing
and utilize basic equations of heat transfer. In this case, the focus of model-
ing is on the heat transfer mechanism as shown in Fig. 6.3. This requires
consideration of many parameters including*’ the metabolic heat produced
by the body, heat transfer to the skin, changes in skin temperature and
sweat and the intrinsic clothing insulation. The latter parameter may be
modeled by another set of inputs including® the body surface area,
skin—clothing temperature gradient and clothing thermal conductivity.
The modeling analysis should also account for different forms of heat
transfer in the body-clothing system. These include conduction, convection
and radiation.

Skin-clothing Clothing
Surface area  temperature gradient  thermal conductivity
(m2) (°C) (W/m2°C)

Intrinsic clothing insulation (/)
= 1/clothing conductivity

(W/m?2 °C)
|
|
! / /
= Nude body: I, =//h=1/(h,+h
o 51 Thermal y:fa (e + he)
= E | resistance
g § I ofthe Clothed body: I, =1/ (fy h) =1/ [fy (h, + h})]
o Z | environment
I I Dry heat loss from skin (DHL)® = (F, f, h) (tg- t.)
|
I | Total clothing insulation®= Iy = Iy + l,o = Iy + I, / fy =1y + 1/ (fy h)
e | Effective insulation = Iy, = I+ - I,
: : t, = atmospheric temperature
t  la h, = radiative heat transfer coefficient
I h, = convective heat transfer coefficient
fo = ratio of body clothed surface area to
Skin Sweat the nude surface area
temperature  condition F,, = Burton thermal efficiency factor =1,/ (I, + 1,,)

tsk

6.3 Mathematical modeling of heat transfer through clothing.*?
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The simple model of body-clothing system shown in Fig. 6.3 accounts
for basic heat transfer equations including:’

e thermal resistance of the environment for a nude body (/,)
¢ thermal resistance of the environment for a clothed body (/,.)
e dry heat loss from skin (DHL)

Since the surface area for heat transfer of a clothed body is increased by
the thickness of the clothing layer, it is important to consider the parameter
fa, which is the ratio of the clothed surface area of the body to the nude
surface area of the body.” This is a difficult parameter to determine,
particularly for an active body. As a result, it is typically estimated or
obtained from photographic techniques, anthropometric scanners, or
copper manikin measures. The total insulation associated with the simple
body-clothing system model is a function of the intrinsic clothing insula-
tion, /., and the thermal insulation of the environment for a clothed body,
l,.. This parameter has to be adjusted for the effect of thermal insulation
of the environment on a nude body, /,, leading to the more convenient term,
I, which is the effective clothing insulation.

The above example represents a simplified model under which the body-
clothing system is simulated under stationary conditions. This is a classic
case of a combination of parameter identification. As a result, it provides
only an approximation to more complicated dynamic situations or system
identification. A design engineer may use this model as a guideline that
must be followed by testing the thermal insulation of clothing under various
environmental and physical activity conditions® in order to reach a com-
plete simulation of the body-clothing under consideration. Alternatively,
more mathematical modeling may be performed to accommodate other
parameters. In this regard, a two-parameter model in which both wet and
dry conditions are considered should be the next logical analytical step so
that both heat and moisture transfer can be considered independently and
interactively as moisture can indeed transfer heat between the body and
the environment, particularly when the skin sweats. More detail of this
sort of analysis will be presented in Chapter 12 in the context of thermo-
physiological comfort and in Chapter 15 in the context of comfort-protection
modeling.

The role of system behavior in mathematical modeling

One of the critical tasks in mathematical modeling is realization of the
behavior of system variables or the way that one system variable behaves
when another is varied. This realization can be the result of prior knowl-
edge of the physical phenomena associated with the product or the system
simulating the product, or of examination of engineering data. It is also
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useful to breakdown the system into a number of input and output param-
eters that exhibit some form of relationship. Typically, the analysis of
parameter behavior begins with evaluating simple relationships each relat-
ing an independent variable, x, and a dependent variable, y. In this regard,
many questions can be addressed. These include:!

e What is the general behavior of y over the entire range of values of the
variable x?

e What happens when the x value is small?

e What happens when the x value is large?

e Are there any x values for which the y value has local maximum or
minimum?

e Are there any x values for which y = 0?

e Is there a trend in the x—y relationship?

e Is there a clear periodic pattern in the x—y relationship?

e Is there an asymptotic behavior in the x—y relationship?

In addition to exploring system relationships, the above questions also
represent important guidelines for optimizing product performance.
Examples of x—y relationships that can be observed in many engineering
systems are shown in Figs 6.4 and 6.5. Familiarity with these general rela-
tionships is a key requirement in mathematical modeling. It should be

/ , [reem] ,, [ene ]
A A

large m
large m
small m
Yyyo=———————--=-—-—-- =
o C m=0 Yo
negative m
> X > X
Linear Exponential (growing without limit )
- - y
Yo
Yo/ T T = oo m o TmTo
small m small m
YW ko e T T - — -
> x > X
Exponential (increasing to a limit) Exponential (decaying to a limit)

6.4 Examples of two-variable relationships.
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6.5 Examples of two-variable relationships.’

pointed out, however, that many mathematical relationships are based on
assumptions that should be validated prior to using them. For example, the
mechanical behavior of a fibrous product may be assumed to be purely
elastic under small levels of external stresses for the sake of simplicity. This
will yield simple stress—strain relationships or a simple model such as a
spring system with known elastic constant. As mathematical modeling
progresses, consideration of higher levels of external stresses may be neces-
sary and the influence of time and temperature should be considered. This
may lead to more in-depth modeling analysis to characterize the visco-
elastic nature of fibrous materials. Similarly, fluid may be assumed to be
Newtonian viscous, leading to simple models such as dashpots, particularly
when deviation from this assumption will have a little influence on the
system or product performance.

6.2.4 Empirical modeling

As indicated in the previous section, mathematical modeling is a theoreti-
cal approach, which aims to idealize a system in order to explore or predict
system behavior. Unfortunately, not all physical entities can be fully
modeled using purely theoretical means. Hindering factors such as
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inadequate knowledge of all the relevant physical laws and complex com-
putation often prohibit complete mathematical modeling. In addition, any
physical phenomenon will be associated with some inherent variability or
stochastic behavior. In these situations, theoretical models may be ade-
quate to explore the average behavior of a system, yet inappropriate to
predict the effects of possible noise or variability sources. Design analysis
should ultimately lead to a realistic model that is fully supported by out-
comes and verifiable by data under various conditions. As a result, the final
model should be both exploratory and predictive in the full sense of these
two criteria with greater emphasis on the model predictive power of both
patterned behavior and possible random outcomes. These objectives can
largely be met through empirical modeling.

Empirical modeling is an applied mathematical approach in which actual
data related to the system plays a key role in both the modeling analysis
and the verification process. The term ‘empirical’ implies practicality and
possibility of application in the real world. This implication often leads to
the common misconception that empirical modeling is a scientifically
diluted approach. Indeed, it is quite the opposite. Reliable empirical mod-
eling should make use of mathematical, statistical and physical concepts to
complement the database used for developing the models.' The strength of
an empirical model lies in the fact that despite the complex analysis
involved, the model itself is represented by a simple input/output relation-
ship that can be used by a wide range of personnel regardless of their
qualifications. In this context, a reliable empirical model is a true repre-
sentation of a successful marriage between theory and practice. Most
empirical models are developed using well-established statistical tech-
niques.”" When many non-parametric variables are involved in the analy-
sis and in situations where a great deal of subjectivity (owing to the lack
of solid knowledge) is presented, other techniques such as neural network
analysis or fuzzy logic techniques may be used to develop empirical
models.'*"?

Before performing empirical modeling, engineers should be fully aware
of three basic differences between pure mathematical models and empiri-
cal models:'

e Empirical models are typically unique to the type of data and the
specific process they are developed for. In other words, they often fail
to generalize or hold for other systems or applications.

e The extent of revealing causes and effects by empirical models is limited
as it often depends on the analyst’s knowledge of the nature of the
model and the underlying assumptions associated with the system.

¢  While mathematical models are bounded by balanced dimensions and
units on both sides of the developed relationship, empirical models are
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dimension-independent. For example, an empirical model may be used
to relate the strength of a spun yarn, expressed in N/tex, to the speed
of a machine expressed in m/min. This provides greater flexibility in
exploring and predicting a system.

There are many methods that can be used to perform empirical model-
ing. The reliability and the success of any method will depend on several
factors including' the database used for modeling, the extent of meeting
the assumptions associated with the analysis, the criteria associated with
the method used and, most importantly, the extent of understanding of the
nature of data and the purpose of modeling. Empirical models may gener-
ally be divided into three main categories: (1) descriptive (or exploratory)
models, (2) predictive models and (3) descriptive/predictive models. The
first category aims to improve our understanding of possible interrelation-
ships or interactions between the different variables used in the model. The
second category aims to use the model to predict future values of the vari-
ables. The third category satisfies both the exploratory and the predictive
functions.'

Regression models

The most common technique used in empirical modeling is correlation
and regression analysis. Correlation is a way to determine the strength of
the relationship between two variables, x and y. Statistics provides ways to
determine how well a linear or a non-linear equation describes or explains
a relationship between variables. Regression is a statistical procedure for
estimating the parameters necessary in order to use a certain relationship
in prediction applications.” The simplest form of relationship is the one that
can be described by a linear function; that is when all data points in an x—y
plot seem to lie near a line or follow a linear trend. This relationship is
represented by the following regression model:

y=B,+Pix+e (6.1)

where 3, and [, are called parameter estimates and € is an error term.
Regression analysis aims to estimate the parameters 3, and 3, by the cor-
responding estimates b, and b, leading to the simple regression equation:

y=b,+bx (6.2)

This equation is commonly called the best-fitting straight line. The esti-
mates by and b, are determined on the ground that the best-fitting line is
the line which minimizes the sum of squares of the distances from the
observed data points on the scatter diagram to the fitted line (see Fig. 6.6).
This is the underlying concept of the familiar least-squares method,”
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The best-fitting curve is obtained at:
(x1.y4) €2+ 82+ i, +€,2 = a minimum

6.6 The concept of least squares.

which represents the foundation of regression analysis. According to this
method, the smaller the deviations of observed values from this line, the
smaller the sum of squares of these deviations of the observed values from
the line and, consequently, the closer the best-fitting line will be to the
data. The least squares method solution aims to find the values of b, and
b; (the estimates of B, and B;) for which the sum of squares of the devia-
tions is a minimum.

The strength of a linear relationship can be visualized by simply examin-
ing the trend and the cluster of points around the straight line. In this
regard, there are three distinguishing situations that may be observed
(Fig. 6.7): strong positive linear correlation, strong negative linear correla-
tion and a weak relationship. The strength of the relationship can be
determined statistically using the so-called coefficient of correlation; r.
This is a dimensionless quantity, which varies from —1 to +1. The closer
the value of r to —1 or +1 the more perfect the linear association between
x and y. If r is close to zero, we conclude that there is a very weak linear
association between x and y. This could mean no association at all or a
highly non-linear relationship.

Since data is a key aspect in empirical modeling, it is important to use
data in a plausible range unless the relationship is expected to be highly
linear. This is because of the fact that different ranges of data may be
associated with different forms of the x—y relationship. For example, con-
sider the x—y relationship in Fig. 6.8. Over the entire range of data, the
relationship exhibits a clear non-linear shape with an initial increase in y
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6.8 Importance of considering the entire plausible data range in
developing a simple linear relationship.



128 Engineering textiles

following an increase in x, followed by a leveling off of the y value with an
increase in x, and finally a decrease in the y value with an increase in x. If
only the initial range of data (i.e. from 2.2 to 3.6) is used to develop this
relationship, a strong positive linear relationship will be obtained. If only
the middle range is used (i.e. from 3.6 to 4.2), the relationship revealed will
be a constant value of y over that range. If only the final range of data (i.e.
from 4.2 to 5.6) is considered to develop this relationship, a negative linear
relationship will be observed.

The key feature of regression modeling is the ability to predict system
behavior. In this regard, the best prediction comes from a linear relation-
ship or a well-defined non-linear relationship. In the absence of knowledge
of the physical laws governing a system, data for input and response vari-
ables represent the only source of information. Therefore, it is important
to examine the data reliability and the patterns generated by the data. It
is also important to realize that a poor linear relationship does not mean
a poor overall relationship between variables as this could mean the
existence of a strong non-linear relationship. For example, consider the
relationship between the rate of machine failure and production speed
shown in Fig. 6.9. As shown in this figure, a linear relationship between
the two variables yields a weaker coefficient of correlation than a non-
linear relationship. This means that a non-linear model will be more
suitable to represent the machine failure rate as a function of production
speed.

When many independent variables are considered, multiple regression
analysis should be performed to develop input/output relationships. Com-
putations involved in multiple regression analyses are quite lengthy and
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6.9 Machine failure versus production speed relationship.’
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often complicated.”"! However, the availability of computers and powerful
statistical software programs has made it possible to carry out these com-
putations accurately and more efficiently. A multiple regression model may
take one of the following forms:

Y =B, +Bix+Box?+...+Bxk+¢
or (6.3)
Y:BO+B1X1+B2x2+“'+kak+8

where x' or x; are the independent variables, By, Bi, Bs, . . . Pr are the regres-
sion coefficients and € is a random error. Again, the purpose of multiple
regression analysis is to estimate the coefficients By, Bi, Bs,. . - Br at the
minimum error using the familiar least-squares method.’ In this regard,
the random error € is assumed to be normally distributed with mean of 0
and a variance of o (the variance of the response variable).

Earlier in this section, it was pointed out that the strength of a regression
relationship is determined by the coefficient of correlation, r. In case of
multiple regression, the square of this term, * or R? is more useful for
evaluating the strength of the relationship. In this regard, R” is called the
coefficient of determination and it indicates the percent of information
explained by the multiple-regression model in view of the independent
variables considered. For example, a value of R* of 0.95 simply means that
about 95% of the information about the response variable y can be
explained by the independent variables x; considered in the model and 5%
is unexplained.

In the area of fiber-to-fabric engineering, regression analysis has been
considered to be one of the most effective modeling approaches for fibrous
structures. This is largely due to the many sources of variability associated
with fibrous structures and their discrete nature. Examples of applications
in which regression models were used include' correlations between dif-
ferent fiber properties of fibers, fiber-to-yarn models, cost-related models
of fiber blending and yarn-to-fabric models. Many of these models were
based on actual mill data supported by the findings of exploratory mathe-
matical models of fiber-to-fabric relationships."

6.3  Artificial neural networks

Acrtificial neural networks (ANN) are algorithms for cognitive tasks, such
as learning and optimization that have gained their popularity from their
resemblance to the human brain in terms of acquiring knowledge through
a learning process and using interneuron connection strengths (known as
synaptic weights) to store the knowledge. This resemblance is reflected in
the following features:'®
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¢ Information processing occurs at many simple elements called neurons,
units, cells or nodes.

e Individual neurons are gathered together into groups called slabs.

e Slabs can receive input (input slabs), provide output (output slabs) or
be inaccessible to both input and output, with connections only to other
slabs (internal slabs).

e FEach connection link has an associated weight, which, in a typical
neural network, multiplies the signal transmitted.

e Each neuron applies an activation function, usually non-linear, to its
net input (or the sum of weighted input signals) to determine its output
signal.

In light of the above features, a neural network typically consists of three
basic elements:"” architecture, activation function and learning methodol-
ogy. The architecture represents a pattern of connections between the
neurons. This is the particular way the slabs are interconnected to receive
and handle input and output information. In this regard, a neural network
typically consists of a large number of simple processing elements called
neurons, units, cells or nodes. Each neuron is connected to other neurons
by means of directed communication links, each with an associated weight.
The weights represent information being used by the net to solve a problem.
In addition, each neuron has an internal state, called its activation or activ-
ity level, which is a function of the inputs it has received. In principle, an
activation function describes the output of a neuron given its input. Typi-
cally, a neuron sends its activation as a signal to several other neurons.
Figure 6.10 a shows a neuron Y, which receives inputs from neurons X;,
X,, and X;. The activations (output signals) of these neurons are x;, x, and
X3, respectively. The weights on the connections from X;, X,, and X; to

Input Hidden Output
units units units

(a) (b)

6.10 Principle of a neural network (modified from references 16 and
17). (a) Simple artificial neuron, (b) simple artificial neural network.
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neuron Y are wy, w, and ws, respectively. The net input, y;, to neuron Y is
the sum of the weighted signals from neurons X;, X, and X;. Mathemati-
cally, this is represented by the following expression:

Yin = WXy + WXy +Wi3X3 (64)

The activation y of neuron Y is given by some function of its input, f(yi,).
For example, a logistic sigmoid function (an S-shaped curve) is expressed

as follows:'®"

1
1+e™

fx)= (6.5)

Neuron Y may also be connected to other neurons 7, and Z,, with
weights v, and v,, as shown in Fig. 6.10b. This is a case of a very simple
neural network in which we have input units, output units and one hidden
unit (a unit that is neither an input unit nor an output unit). Typically, the
values received by neurons Z; and Z,, will be different, because each signal
is scaled by the appropriate weight, v, and v,. In addition, the activations
z; and z, of neurons Z, and Z, would depend on inputs from many neurons,
not just the one shown in this simple neural network.

Similar to the human brain, the neural network can learn by example or
training data. Commonly, the examples are pairs of input and output infor-
mation. They are inputs for which the user knows the output or at least has
some experience-based expectation of the outcomes. Training data can be
obtained from historical problem data in which the outcomes are known,
or by creating sample problems and solutions with the help of experts.
Learning consists of determining a weight factor so that for every input,
the network generates the corresponding output. This is called supervised
learning. The weights are found by successively better approximations.
First, a random guess is made. With these values of the weights, the output
is calculated for a particular input. This output may not be totally correct,
because the weights were guessed. However, this initial guess can then be
adapted to minimize an error term describing the system behavior. This
procedure can be used to update the weight in proportion to the error term.
In this case, a learning rate is normally used to determine the stage of the
learning process. This process is normally used in the commonly known
back-propagation algorithm.'*""

A typical neural net will have three layers of neurons (see Fig. 6.11),
each of which is connected to the neurons in the next layer. Each connec-
tion has a weight associated with it. Input values in the first layer are
weighted and passed on to the hidden layer. Neurons in the hidden layer
produce outputs by applying an activation function to the sum of the
weighted input values. These outputs are then weighted by the connections
between the hidden and output layer. The output layer produces the desired
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6.11 Elements of neural network modeling (modified from references
16 and 17).

results. The net learns by adjusting its interconnection weights repeatedly
so that the output neurons produce results close to the correct outputs in
the training data. Eventually, if the problem is learned, the weights become
stable.

Similar to regression modeling, neural networks are used for specific
applications and one application may not be universally applied to another
without significant adjustments and extensive learning. In this regard, it
should be pointed out that new inputs derived from other applications may
not follow the same input/output patterns as the ones used in the original
analysis. This necessitates a continuation of the learning process. Models
are often generalized for the sake of simplicity. In doing so, many gross
assumptions that involve a great deal of bias may be encountered.

In the context of design, neural network modeling is often used for
control purposes. Traditionally, it has been used in many applications such
as developing input—output relationships in order to predict non-linear
outcomes, noise suppressing on electronic devices, pattern recognition,
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artificial diagnostic and treatments, speech recognition, business decisions,
production control and logistics."

6.4 Optimization analysis: linear programming

As indicated earlier, the design process is essentially an iterative analysis
in order to reach the best or the most compromising solution to a design
problem. This simple definition makes optimization an essential task of
engineering design. In principle, any optimization analysis will aim to
maximize the value of a desired parameter or minimize the value of an
undesired parameter under some boundary conditions or subject to well-
defined constraints.

One of the classic techniques of optimization is linear programming.
This is a mathematical approach for maximizing or minimizing a linear
objective function that specifies the benefit or cost associated with each
decision variable. When many decision variables and many constraints are
involved in the optimization process, the so-called ‘simplex method’ can
be used to perform optimization analysis.”**' This is an iterative procedure
that progressively approaches and ultimately reaches an optimal solution
to linear programming problems. Computerized linear programming (LP)
routines automatically arrange the inputs of the problem (objective func-
tions and constraints), perform the iterative analysis and produce an output
of the LP program. The general mathematical forms of the problem solved
in the simplex method are discussed below.

Suppose that the goal is to minimize the cost of a mixture of raw
material, say cotton and polyester that will be used in the design of a
certain fabric structure. This is essentially a blending problem in which the
decision variable is the proportion of a particular fiber type to be used in
the blend or the fiber mix so that the cost of raw material is minimal. In
this case, the objective function may be represented by a linear function
of fiber cost, which can be represented by the following expression:***

i=k
Minimize Z(COST) = Zal-c,- =a.c.+a,.c, (6.6)
i=1
where Z is the total cost, a; is the proportion of the ith fiber type in the
blend and ¢; is the cost of the ith fiber type.

Associated with this function, there may be a set of constraints that
perhaps are dictated by some threshold values of fiber properties, some
design criteria of the fabric to be made from these fibers, or even by supply
and inventory conditions. Mathematically, these constraints are expressed
by equations or inequalities, depending on the nature of the constraint. In
this example, an obvious constraint is that the sum of proportions is unity
(or a 100%):
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a.+a,=1 (6.7)

Constraints based on fiber characteristics can be expressed by formula of
the following linear forms:

a.L.+a,L,2L,
af.+a,F,<F, (6.8)
a.S. +a,5,2 S,

where L;, F; and S; are, say, fiber length, fiber fineness and fiber strength
of the fiber types used, respectively, L, F;, and S, are the corresponding
threshold values desired for these characteristics and subscript ¢ refers to
cotton and p refers to polyester. In establishing these constraints, two basic
assumptions are made: linearity and additivity. These assumptions may be
valid from physical knowledge or they may be verified using modeling
analysis.

When constraints associated with the design criteria of the end product
(the fabric in this case) are required, fiber-to-fabric relationships should be
available so that the design constraints can be driven directly from the fiber
characteristics.”** For the example above, suppose that fabric strength is
a key design parameter that should be considered in the optimization
analysis. In this case, two options may be entertained to account for this
constraint. The first option is to consider the fiber strength constraint listed
above as an indirect constraint on fabric strength. The choice of this option
may be based on the assumption that for a given fabric structure, high fiber
strength should result in high fabric strength. The second option is to use
a pre-developed relationship in which fabric strength is a function of fiber
properties. An empirical linear relationship may take the following form:

FS:b0+bls+b2L+b3F (69)

where FS is fabric strength and L, F and § are fiber length, fiber fineness
and fiber strength, respectively.

Using the above relationship, fabric strength can be estimated at differ-
ent levels of fiber properties for each of the fiber types used in the optimi-
zation analysis:

FSC = bo + blsc + szC + b3FC (610)
FSp:ko+k1Sp+k2Lp+k3Fp (611)

Using these estimated values, a constraint of threshold fabric strength, FS,,
can be established as follows:

a,FS, +a,FS,> FS,, (6.12)

It is important to point out that in using this option, the relationships
developed for fabric strength should be highly reliable. In addition, one has
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to carefully examine whether the equation of fabric strength constraint
actually meets the assumptions of linearity and additivity.**

The outcome of linear programming is represented by optimum values
of the decision variables. For the example above, this will be the proportion
of cotton and the proportion of polyester at which the cost of the blend is
minimal and the different constraints are met.

6.5 Problem solving tools: genetic algorithms and
simulated annealing

A genetic algorithm (GA) is a mathematical technique in which computer
capabilities are used to mimic biological evolution as a problem solving
methodology.”*™’ In principle, GA operates on the basis of establishing an
input for a given specific problem in the form of a set of potential solutions
to the problem, encoded in some fashion, and a metric called ‘fitness func-
tion’ that allows each solution to be evaluated quantitatively. Selected
solutions may typically represent ones that are already known to work and
others may be randomly generated. The candidate solutions are evaluated
according to the fitness function. Since candidates are generated randomly,
many may not work at all, but some may actually hold promise by pure
chance. These are the ones that show effectiveness or ‘activity’ towards
solving the problem.

Invalid solutions are deleted from the population of candidate solutions
and promising candidates are kept and allowed to reproduce through
making multiple copies of them. Since these copies may not be perfect,
random changes are introduced during the copying process resulting in a
new pool of candidate solutions that are also subject to a second round of
fitness evaluation. Obviously, some random changes may result in either
more inferior solutions that should be deleted or improved solutions, by
pure chance, that should be selected and copied over into the next genera-
tion with random changes, and the process repeats. The expected outcome
of this genetic algorithm is that the average fitness of the population will
increase each round and hundreds or thousands of repeats can eventually
lead to the discovery of very good solutions to the problem. In connection
with neural network modeling, one can easily see the immense benefits of
using genetic algorithm for training neural networks.

Key aspects associated with genetic algorithms are the method of repre-
sentation of potential solutions, the method of selecting candidate solutions
and the method of inducing random changes. The method of representa-
tion of potential solutions implies the technique used for encoding solu-
tions in a form that can be understood by computers. The common encoding
approach is to use binary strings: sequences of ones (1) and zeros (0),
where the digit at each position represents the value of some aspect of the
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solution. Another method is to encode solutions as arrays of integers or
decimal numbers, with each position representing some particular aspect
of the solution. The latter approach allows for greater precision and higher
resolution.?* A third method is to represent individuals as strings of letters,
where each letter stands for a specific aspect of the solution.”® The idea
underlying all these methods is to make it easy to establish operators that
can cause the random changes in the selected candidates. These are called
genetic operators.

The method of selecting candidate solutions, or the individuals to be
copied over into the next generation, is a critical component of genetic
algorithm. In this regard, there are many methods, some of which can be
used in combination and others which are mutually exclusive. An obvious
approach is to guarantee the selection of the best fit members of each gen-
eration. This is called the ‘elitist selection’. This method may be modified
so that the single best or a few of the best individuals from each generation
are copied into the next generation.”® It is also possible to implement a
probabilistic approach in which more fit individuals are more likely, but
not certain, to be selected. This method is called ‘fitness-proportionate
selection’. Using a probabilistic approach opens the door to many creative
methods of selection.”’” One example is when a selection is made in which
the chance of an individual’s being selected is proportional to the amount
by which its fitness is greater or less than its competitors’ fitness. This simu-
lates a game of roulette in which each individual gets a slice of the wheel,
but more fit ones get larger slices than less fit ones. The wheel is then spun
and whichever individual ‘owns’ the section on which it lands each time is
chosen.

When all individuals have relatively high fitness or only small differences
in fitness can be detected, ‘scaling selection’ may be used.”? It is also
possible to divide the population into subgroups of individuals. Members
of each subgroup compete against each other so that ultimately only one
individual from each subgroup is chosen to reproduce. This method is
called ‘tournament selection’. Another approach is to assign a numerical
rank to each individual in the population based on its fitness. This yields
a selection based on ranking rather than absolute differences in fitness so
that dominance of very fit individuals can be prevented early at the expense
of less fit ones. This method is commonly called ‘rank selection’ and it is
intended to maintain the integrity of the population’s genetic diversity.

It is also possible that the offspring of the individuals selected from
each generation become the entire next generation.”” In other words, no
individuals are retained between generations. This is called ‘generational
selection’. Alternatively, the offspring of the individuals selected from
each generation go back into the pre-existing gene pool, replacing some
of the less fit members of the previous generation. In this way, some
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individuals are retained between generations. This is called ‘steady-state
selection’.

Inducing random changes follows the selection of fit individuals. The
purpose of random changes or alteration is to improve the fitness of indi-
viduals for the next generation. The two basic methods used for random
changes are ‘mutation’ and ‘crossover’. Mutation is the simpler of the two
and it simulates mutation in living things as it changes one gene to another.*
Accordingly, mutation in a genetic algorithm causes small alterations at
single points in an individual’s code. Crossover simulates the analogous
process of recombination that occurs to chromosomes during sexual repro-
duction. Accordingly, it implies choosing two individuals to swap segments
of their code, producing artificial ‘offspring’ that are combinations of their
parents.

In practical applications, random changes may include flipping a 0 to a 1
or vice versa, adding or subtracting from a certain value in a random fashion,
or replacing one letter by another. A more sophisticated method of random
changes is called ‘genetic programming’. This method is based on using
branching data structures called trees.”>*® Using these structures, random
changes can be made by changing the operator (see Fig. 6.12), altering the
value at a given node in the tree, or replacing one sub-tree with another.

In the context of design, the merits of the genetic algorithm have been
numerous and apply in various applications. A few applications are listed
below with their corresponding references:

e task assignment and dynamic scheduling of manufacturing jobs*?%

e control systems design®’

e optimization of multi objectives
e design of conductive polymers**
e applications in molecular design®*

e telecommunications and network routing.

31,32

35,36

6.12 Genetic programming: examples of simple program trees
(modified from references 24-27).
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Another advanced problem solving technique is so-called simulated
annealing. This is essentially an optimization analysis that derives from
the familiar annealing process in which a material is heated to above a
critical point to soften it, then gradually cooled in order to erase defects in
its crystalline structure, producing a more stable and regular lattice arrange-
ment of atoms.?” Similar to genetic algorithms, simulated annealing uses a
fitness function that defines solution suitability. However, unlike genetic
algorithms in which a population of candidates is dealt with, simulated
annealing only deals with the fitness of one candidate solution. In addition,
and by virtue of its simulation, it uses the concept of ‘temperature’ as a
global numerical quantity, which gradually decreases over time.

At each step of the analysis, the solution mutates (similar to moving to
an adjacent point in the fitness landscape). The fitness of the new solution
is then compared to the fitness of the previous solution; if it is higher, the
new solution is kept. Otherwise, the algorithm makes a decision whether
to keep or discard it based on temperature. If the temperature is high, even
changes that cause significant decreases in fitness may be kept and used as
the basis for the next round of the algorithm, but as temperature decreases,
the algorithm becomes more and more inclined only to accept fitness-
increasing changes. Ultimately, the temperature may reach zero, at which
point the system ‘freezes’ leading to the optimum solution at this point.

6.6 Modeling human judgment: fuzzy logic

In situations where a great deal of human judgment must be made about
a product or a system, most traditional models fail to characterize fully the
nature of human judgment. In this case, a method of rule-based decision
making should be used in conjunction with perhaps artificial intelligence
systems and process control. The objective of this would be to emulate the
rule-of-thumb thought process used by human beings. Such a method is
now commonly known as ‘fuzzy logic’, a revolutionary approach to system
identification and control pioneered by Lotfi Zadeh in 1965. The principles
underlying this approach are discussed below using a simple example.
Detailed discussion of the mathematical concepts underlying fuzzy logic is
obviously outside the scope of this book. Interested readers can refer to
the numerous publications on this subject including some that are cited in
the references of this chapter.®®*

6.6.1 Modeling classer cotton grading using fuzzy logic
membership functions

Suppose that the goal is to establish objective evaluation of the cotton
grade. Traditionally, cotton is graded in the marketplace by subjective
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classing in which a classer observes the appearance and the color of
fibers and touches the fibers to determine their smoothness or roughness
to the hand. Quantitatively, the color appearance is measured using color
reflectance, Rd, and fiber roughness can be evaluated through testing
a combination of parameters including fiber friction, bulk resiliency
under cyclic pressing and un-pressing of the fibers, and the energy
consumed to open the fiber bulk." This simple case illustrates the
superiority of expert human judgment of certain phenomena to laboratory
testing, as it takes many quantitative parameters and a significant amount
of time to make a judgment of cotton grade that a classer can make
in a few seconds. When a cotton classer observes, touches and handles
the cotton sample, all these quantitative parameters come into play in
a very complex interactive fashion that only the human brain supported
by experience can comprehend. In recent years, efforts were made to
convert subjective grading of cotton into instrumental grading. These
efforts involved comparative analysis between subjective measures
and instrumental measures, with expert classer opinion being one of
the main references for calibrating the objective measures. This is a case
where fuzzy logic analysis can be very useful as it can result in character-
izing human judgment on the basis of a combination of expert opinion
supported by instrumental grading.

To demonstrate the above point, let us take, for the sake of simplicity,
one of the quantitative parameters, say color reflectance, Rd, and assume
that it is the only quantitative parameter required to make a judgment on
the cotton grade. The traditional approach to relating the quantitative
value (Rd values) to human judgment has been based on the discrete clas-
sification of the parameter of interest. For example, experts in the field may
come together and establish the following criteria:

e poor grade <75 Rd
e middle grade 75-80 Rd
e good grade >80 Rd

These criteria may be represented by the simple graph shown in
Fig. 6.13. The number zero is given for both poor and good grades, and
the number 1.0 is given for middle grade cotton. This binary judgment is
represented in Fig. 6.13 by a crisp set, or a set that only involves discrete
judgment (e.g. middle grade or not, in this case). This approach is very
common in many human judgments owing to its simplicity. Indeed, people
often use terms such as ‘good or bad’, ‘true or false’ and ‘stop or go’ to
characterize their judgments. The problem with this approach, however, is
that it often masks a great deal of information and judgment resolution. A
cotton classer being a human may easily judge extreme conditions such as
extremely dark or extremely light color. As colors deviates from these
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6.13 Crisp set-middle cotton grade.

extremes, human judgment may become progressively fuzzy. In this case,
binary scoring may not be accurate.

If the grading criteria of Rd listed above are accepted by experts, we will
find that the classer’s judgment of very poor and very good grades represent
a clear cut. As we approach the middle grade from the low or the high
value, different classers may have different opinions about whether the
cotton is ‘poor to middle’, ‘definitely middle’ or ‘middle to good’. This
fuzziness can be resolved by the so-called fuzzy logic membership func-
tion. This is developed based on asking a panel of classing experts to vote
on the matter. The fraction of the panel that regards cotton with a given
Rd value as ‘middle grade’ will give a number from 0 and 1, which will
indicate the strength of their judgment. An expert who examines a cotton
sample of, say, 77 Rd value, may determine that it is too close to the poor
category, but not close enough to be judged poor. In this case, he/she may
give a number close to zero (say 0.3). This number implies the uncertainty
of his/her judgment about how to consider this cotton sample, a ‘middle’
or ‘poor grade’. Similarly, an expert who examines a cotton sample of, say,
79 Rd value, may determine that it is too close to the good category. As a
result, he/she may again give a number close to zero; say 0.2 which implies
a judgment uncertainty of middle grade. Finally, an expert who examines
a cotton sample of, say, 78 Rd value, may determine that it is definitely
middle-grade cotton and gives a number 1 or close to 1 (say, 0.8) to imply
judgment certainty.

The above example illustrates one way in which fuzzy logic handles the
extent of certainty of human judgment; it is through a continuous pattern,
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not a discrete pattern, of decision-making. The fuzzy set arrived at in this
way is illustrated in Fig. 6.14. It indicates a more resolute judgment,
particularly in the representation of ‘middle cotton grade’. Fuzzy sets
corresponding to poor or good grades might also be defined in the same
way. This is illustrated in Fig. 6.15. As shown in this figure, the three sets
developed overlap. This reflects the fact that a certain value of color reflec-
tance may lead to a two-way judgment. The figure also indicates that there
are no sharp changes in Rd groups. As Rd increases, membership of the
‘good grade’ gradually increases to 1.0; or as Rd decreases, membership of
the ‘poor grade’ gradually declines to 0. Thus, each of the fuzzy sets
described in Fig. 6.15 can be regarded as the definition of a corresponding
linguistic value, in this case ‘poor grade’, ‘good grade’ and ‘middle grade’.
This point leads us to two different variables related to grade:

1. Color in Rd: a numerical variable with integer numerical values
2. Color group: a linguistic variable taking the linguistic values ‘poor
grade’, ‘good grade’ and ‘middle grade’.

In the context of determining cotton grade, color Rd, though numerical,
represents the underlying measurement, which in this case drives every-
thing else, but it is too fine a level of detail to be easily interpreted. Color
group, on the other hand, ranges over a more limited set of values. This
makes it easier to comprehend and easier to use.

The simple example discussed above illustrates the concept of member-
ship function. In practice, there may be many parameters and many ways
to characterize each parameter. In addition, parameters may indeed inter-
act with one another leading to many decisions regarding the subjective
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measure. As we indicated earlier, cotton grade reflects many parameters
that are interacting in a complex manner. Accordingly, the above approach
should be expanded to accommodate all these parameters, individually
and combined. This gives rise to a combination matrix of inputs, in response
to which a fuzzy logic controller or a decision scheme can be developed.

Mathematically, the concept of membership function can be understood
by defining some basic terms used in fuzzy logic.”®** The first one is the
setin a universe of discourse. There are two types of set: an ordinary ‘crisp’
set and a ‘fuzzy’ set. A crisp set is a well-defined set. A characteristic func-
tion X4 can be used to characterize a crisp set A. Each item in the universe
is given a corresponding value of either 1 or 0 depending on whether the
item is either in the set (true) or not (false). The mathematical notation in
this case is the familiar set notation:

A=[x|P(x)] (6.13)

where the set A consists of those items x for which the property P is true.
In this case, P(x) is true, if and only if X, (x) = 1. Accordingly, the mem-
bership value assigned to an item is restricted to just two possibilities, 0 or
1 (this point was illustrated in Fig. 6.13).

Fuzzy sets are based on detailing the range of the characteristic function
so that it covers the real numbers in the interval. In this case, the member-
ship value will have limiting levels of 0 and 1, but it can take on any value
in-between. This is basically like saying that true or false can be relative
according to people judgment. By analogy with the characteristic function
of the crisp set, the membership function will exhibit two extreme values
of 0 and 1, and an infinity of possible values in-between. To illustrate this
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point, suppose U is a collection of objects denoted by {u/. U is called the
universe of discourse and u represents a generic element of U. A fuzzy set
F in a universe of discourse U is characterized by a membership function
Ur, which takes values in the interval [0,1].

A fuzzy set F in U is usually represented as a set of ordered pairs of
elements u and grade of membership value:

F=[(u,ns(u)ueU] (6.14)
If U is continuous, a fuzzy set F could be written concisely as:

F = [Unp(u)/u (6.15)
If U is discrete, a fuzzy set F could be written concisely as:

F=Y e (6.16)

where the [ or T refer to set union rather than to arithmetic summation,
and the solidus */’ is simply used to connect an element and its membership
value and has no connection with arithmetic division. This point was illus-
trated in Fig. 6.14 and 6.15.

The concept of membership function is often confused with the proba-
bility concept. Obviously, many statisticians believe they have solutions to
all the problems in the world. Yes, there is a similarity in that both mem-
bership values and probability values exhibit a range from 0 to 1. However,
the interpretation of this range of values is substantially different in the
two cases. Fuzzy membership provides a measure of judgment, whereas
the probability indicates the proportion of times the result is true or false
in the long run.

It should be pointed out that the above example was only presented as
a simple demonstration of some of the critical elements of fuzzy logic
analysis. In recent years, fuzzy logic analysis has been used in numerous
applications in which human judgment was accurately represented or
simulated for control or modeling.***" In the area of developing fibrous
products, many subjective phenomena such as appearance, hand and
comfort can be characterized using fuzzy logic analysis.

6.7 Finite element analysis

The subject of design analysis cannot be fully completed without discussion
of one of the most commonly used analyses in engineering design, that is
finite element analysis. This analysis represents a combination of simula-
tion, modeling and optimization analysis that is based on considering that
a solid or a fluid is built up from numerous tiny connected elements. The
fact that those tiny elements can exhibit numerous arrangements results in
the possibility of modeling even the most complex shapes by analyzing the
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stress—strain behavior of the different elements. In the context of design,
finite element analysis represents one of the most powerful analytical
approaches for reaching optimum designs without the need for formulating
an idealized model that must be later evaluated to examine its deviation
from the real product. Using finite element analysis, design engineers can
indeed verify a proposed design and examine client’s specifications prior
to manufacturing or construction. In addition, it can be used effectively in
modifying an existing product or structure for the purpose of improving
its performance. Examples of design applications in which finite element
analysis can be used are listed in Table 6.1.

In principle, a loaded structure is modeled with a mesh of separate ele-
ments that may take different shapes as shown in Fig. 6.16. The elements
are connected to one another using connecting points called nodes. Accord-
ingly, a mesh grid of many nodes is formed in which the material and
structural properties are defined to describe the reactions of the structure
to certain loading conditions. A key aspect of the analysis is the density of
nodes throughout the structure.*** This should be assigned in accordance
with the anticipated stress levels in particular regions. Areas that are
expected to exhibit high or complex stress distributions should have a
higher node density than those which exhibit little or no stress.

Table 6.1 Examples of applications of finite element analysis®?%-3

Application Description

Structural » Stress-—strain analysis of various structures
analysis  * Linear models using simple parameters and assuming that
the material is not plastically deformed
* Non-linear models via stressing the material past its elastic

capabilities
Fatigue » Prediction of the life of a material or structure via analysis of
analysis the effects of cyclic loading

» Analysis can show the areas where crack propagation is most
likely to occur.
» Failure due to fatigue may also show the damage tolerance of

the material.
Vibration » Testing a material against random vibrations, shock and
analysis impact

* Each of these incidences may act under the natural vibration
frequency of the material which, in turn, may cause
resonance and subsequent failure.

Heat * Modeling the conductivity or thermal fluid dynamics of the
transfer material or structure
analysis » This may consist of a steady-state or transient transfer.

» Steady-state transfer refers to constant thermoproperties in

the material that yield linear heat diffusion.
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6.16 Finite element analysis. (a) Analysis of a simple beam using
finite element analysis, (b) common elements used in finite
element analysis.

Finite element analysis utilizes basic stress—strain equations to deter-
mine the deflection in each element by the system of forces transmitted
from adjacent elements through the nodes. The stress is determined from
the strain, which is in turn determined from the deflection of the nodes.
There are many ways to conceptualize finite element analysis. One may
consider the mesh as a spider web in which from each node, there extends
a mesh element to each of the adjacent nodes. This web of vectors is what
carries the material properties to the object, creating many elements. One
can also think of the elements of a mesh grid as a group of springs each of
which deflects in accordance with the external loads applied until all forces
are in equilibrium. It is important therefore to use matrix algebra to deal
with this complex system of simultaneous equations. It is also important
to consider the stiffness matrix for each element. By analogy with a spring
system, the deflection of nodes under a system of applied forces can be
described by the matrix notation, {f} = [k]{6}, where {f} is the column
matrix (vector) of the forces acting on the element, [k] is the stiffness
matrix for the element and {6} is the column matrix of the deflections. The
stiffness matrix is constructed from the coordinate locations of the nodes
and the matrix of elastic constants of the materials.

When all the elements of the systems are assembled, the basic matrix
equation is {F} = [k]{0}, where {F} is the matrix of external forces at each
node, [K] is the master stiffness matrix, assembled from the [k] for all the
elements and {d} is the column matrix of the displacements at each node.
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The force matrix is determined from the numerical values of loads and
reactions computed prior to the start of the finite element analysis. The
unknown displacements are determined by transposing the stiffness
matrix.

With today’s computing power, the mathematical details of finite element
analysis are automated so that the analysis can be used for a wide range
of applications. In practice, there are generally two types of analysis: 2D
modeling and 3D modeling. The former is obviously simpler and it tends
to yield less accurate results. The latter produces more accurate results but
requires high computing capabilities. Within each of these modeling
schemes, numerous algorithms (functions) can be utilized, some yielding
linear system behavior and others yielding non-linear behavior. Obviously,
linear systems are less complex but they generally do not take into account
plastic deformation. Non-linear systems do account for plastic deformation
and many also are capable of testing a material to the fracture point.

Many of the available computer programs used for finite element analy-
sis also include a wide range of objective functions (variables within the
system) for minimization or maximization of various parameters such as
mass, volume, temperature, energy, force, displacement, velocity and accel-
eration. In addition, many finite elements analysis programs have readily
available sample elements that can be used for various applications. Exam-
ples of these elements include: rod elements, beam elements, plate/shell/
composite elements, shear panel, solid elements, spring elements, mass
elements, rigid elements and viscous damping elements. Some programs
are also equipped with the capability to use multiple materials within the
structure such as isotropic (or identical throughout), orthotropic (identical
at 90 degrees) and general anisotropic (different throughout).

6.8 Failure analysis

Failure analysis is commonly performed by design engineers to examine
potential failures in some materials or components of a product assembly
or to diagnose the cause of failure after a failure has occurred. Normally,
analysis performed after the occurrence of failure can be time consuming
and often very costly, as the failure incident must be recreated (e.g. re-
assembling an aircraft after a crash or examining a bulletproof vest after
a bullet penetration). Commonly, failures occur owing to design errors
which are often attributed to structural failures resulting from inappropri-
ate material selection or deficiencies in material properties. The case of
the failure of the supersonic Concorde airplane mentioned in Chapter 4,
which led to a major disaster in 2000, was primarily material related (tire
failure). Another example of a disastrous failure was the crash of a German
high-speed passenger train in 1998. This was attributed to a damaged
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wheel caused by metal fatigue. Numerous other failure incidents can be
mentioned in which inappropriate material was the primary cause. The
purpose of failure analysis is to determine the primary causes leading to
failure, develop ways to prevent future failure occurrences and modify
design and manufacturing procedures in order to develop a product or
system that is robust against potential failures.

Causes of failure may be divided into two main categories:* design defi-
ciencies and inappropriate material selection. Examples of design deficien-
cies include inadequate consideration of stress concentration points, lack
of knowledge of service loads and environment, and difficulty of stress
analysis in complex parts and loadings. Material-related deficiencies include
poor match between service conditions and selection criteria, inadequate
data on material, too much emphasis given to cost and not enough to
quality, imperfections in material caused during manufacturing, inade-
quate maintenance and repair, and environmental factors.

One of the key aspects of failure analysis is testing and evaluation of
material before and after failure. This requires two main types of testing:
mechanical testing and microscopic examination. Mechanical testing of
material should be performed under conditions simulating structural
failure. It aims to test material strength, toughness and stiffness under
loading conditions equivalent to (or extrapolatable to) the anticipated
stresses that are likely to be applied on the material in a product form.
Failure over time should be tested using fatigue tests such as cyclic stress,
abrasion, friction and wear tests. When external effects such as tempera-
ture or moisture are anticipated, tests should be performed under different
levels of these effects. Microscopic testing aims to evaluate structural
points at which failure may potentially occur, or examine material after
failure (e.g. stress concentration points and crack propagation).

In performing failure analysis, it is important to define the meaning of
failure as it may imply different things for different products. In the above
discussion, failure was primarily a structural failure under stress. For an
automobile airbag, failure could mean a malfunction in the deployment
mechanism or a gas leak. For a bulletproof vest, failure may imply unex-
pected bullet penetration at low speed. For commercial carpets, failure
could mean wear out of fibers under abrasion stresses (fatigue) or failure
to resist some forms of stains. The need to identify the meaning of
failure stems from the strong relationship between the failure mechanism
and the specific causes of failure.

In general, failure analysis involves three basic tasks: cause and effect
analysis, techniques of failure evaluation and corrective or preventive
actions. The first task is primarily a quality control and maintenance task.
Cause and effect analysis can be performed using many techniques.' The
most common technique is the so-called ‘cause-and-effect diagram’, which
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is typically developed through brainstorming of various causes of an effect.
This requires generating and stimulating the maximum number of ideas
by a team consisting of all personnel familiar with the effect and its associ-
ated causes, including manufacturers, design engineers and quality control
personnel. In general, the specific failure is identified (the effect), then the
main potential causes of the problem effect are suggested by different
personnel. Once the main potential causes are determined, a closer look
at each main cause should be made to determine how it contributes to the
failure problem. In this process, many specific sub-causes under the main
cause category may be listed. The final stage of cause-and-effect analysis
is to narrow down the causes to a few causes that are believed to have a
direct contribution to the failure incident. Figure 6.17 shows an example
of a cause-and-effect diagram for the failure of automobile tires. This is
only a generalized example to demonstrate the concept of a cause-and-
effect diagram. As shown in this diagram, the main causes of tire failure
assigned by the experts for this case were' manufacturing flaws, service
conditions, design-related causes and material-related causes.

In situations where multiple effects associated with multiple modes of
failure are presented, failure analysis can be performed using the so-called
failure-experience matrix.”> The matrix represents a three-dimensional
assemblage of information cells. As shown in Fig. 6.18, one dimension
describes the functions of the product that have potential impacts leading
to failure, the second describes the various potential failure modes and the
third describes possible corrective/preventive action. The example of the
failure-experience matrix shown in Fig. 6.18 demonstrates the analysis of
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6.17 Cause-and-effect analysis of tire failure.
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filament-wound composite thin tubes that may be made from fiberglass or
carbon composites for various applications such as pressure vessels or
automobile components. The key concerns are failure caused by accidental
impact by drop weights during assembly or handling, and potential failure
caused by tube bursting under pressure. These are common problems with
this type of product that often result in progressive failure imposed by
cracks and crack propagation. Note that the failure-experience matrix
reveals information cells that contain actions needed to prevent particular
failure modes corresponding to some elemental functions, as shown in the
two selected cells in Fig. 6.18.

Both cause-and-effect and failure-experience matrix analyses aim to
gather efforts to focus on the true causes of failure and identify the few
that are most probable. These analyses must be supported by more techni-
cal failure analysis in which structural and environmental effects are con-
sidered. This type of analysis will obviously vary depending on the nature
of failure and whether it is a potential failure or a failure that had already
occurred. For potential failure, the modeling techniques and the finite
element analysis discussed earlier can be very useful. Post-failure analysis
is one task that engineers typically are not pleased to do. It is typically
performed under the influence many surrounding factors particularly when
failure was associated with loss of life or a pressure to recall products. As
indicated earlier, post-failure analysis requires re-creation of the failure
incident, which may take time and effort. In addition, some form of back-
ward projection and modeling analysis may be necessary to determine the
root causes of failure and provide guidelines or regulations to prevent
future incidents.

6.9 Reliability and survival analysis

One of the key aspects of design is to assure that a product will last
its expected service life without a failure. The common measure of
this assurance is called reliability or survival of a product over time.
A major contributor to product or system reliability is material properties.
A material of low strength and low resistance to temperature changes is
likely to degrade over time leading to an unreliable product. Similarly,
mixing or assembling two materials that have incompatible properties,
particularly at their interface, will also result in an unreliable product
or system.

In theory, reliability R(¢) is the probability that a product (or system)
will perform without failure for a specified period of time under specified
operating conditions. This definition yields the following expression:*®

R(t)=P(t>1) (6.17)
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where ¢ is a continuous random variable denoting time to failure. The
parameter, f;, indicates some specified time and it should be treated as a
product characteristic value.

The definition given above can only be verified through evaluation of the
probability of the time-to-failure of a certain material or a product under
realistic operating conditions via a simulating test or actual use. Obviously,
different materials will exhibit different levels of physical reliability depend-
ing on their durability characteristic such as strength, ductility, stiffness,
temperature resistance, corrosion and other physical properties. Typically,
the reliability of metals can be determined with a greater degree of cer-
tainty than that of non-metal materials. This is due to the low to moderate
variability in metal characteristics particularly at moderate temperatures.*
At elevated temperatures, all materials including metals will be associated
with greater uncertainty in their fatigue or failure behavior.

The chance of failure, or unreliability, F(?), represents the complemen-
tary probability of reliability with respect to time. Thus:

R()+F(1)=1 (6.18)

Suppose that there are N, components in a system that were tested for
failure at some point in time, ¢. If the number of surviving components is
N,(t) and the number of failing components is Ny(t), then:

N = Ny(t)+ N¢(2) (6.19)
This equation leads to one of the common expressions of reliability, R(t):

N(O _ | N

R(t)=
(0 N, N,

(6.20)

Reliability analysis can also be performed after a component has sur-
vived for some time, ¢,. This leads to another parameter directly related to
reliability, which is called hazard rate or failure rate, 4 (¢). This is defined
as the chance that a certain component selected randomly will fail in the
time period between ¢; and ¢, + dt; when it already has survived ¢;. When
many random system components are tested, a frequency distribution and
a cumulative frequency distribution of time-to-failure can be obtained as
shown in Fig. 6.19a and 6.19b, respectively. From these distributions, a
hazard rate function can be obtained as follows:

_ f _f@_
h(t)—1_F(t)—R(t)—P(t1StSt1+dt) t>t (6.21)

Hazard rate also reflects the instantaneous failure rate, or the number
of failures during a unit time per the number of items examined in the
same time period. This is classically defined by:
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6.19 Reliability functions."? (a) Time-to-failure frequency distribution,
(b) time-to-failure cumulative frequency distribution, (c) examples of
failure-time profiles.

_ dNi(r) 1

h(®) dr  N(2)

(6.22)

In light of Equations (6.21) and (6.22), the value of the hazard rate is
represented by a frequency value (or percent of components) determined
over a certain period of time before failure occurs. Commonly, this is
expressed as percent per hour unit (e.g. 1% per 1000 h, or 10~ per hour).
Components in the range of failure rates of 10 to 10”7 per hour exhibit a
good commercial level of reliability.

Failure in product or system components over time may take different
shapes depending on many factors such as' product type, the nature of use,
maintenance, quality control and other unpredictable factors. Figure 6.19¢
illustrates some examples of failure patterns over time. Case I in this figure
is commonly known as the ‘bathtub curve’. It indicates that for some pro-
ducts, the rate of failure is high at the initiation stage of the product life-
cycle. Thisis commonly called ‘infant mortality’ of products, which typically
arises from design errors or manufacturing defects that have not been
detected, perhaps due to time-to-market intense pressure. These early
failures are normally expected and they can be overcome through exten-
sive initial testing of product performance and strict quality control. After
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the initiation period, product performance typically stabilizes and, except
for few random occurrences, the rate of failure becomes more or less con-
stant. Finally, and after the product reaches its expected service life, failure
rate will increase as a result of wear out. Most electronic equipments follow
this failure model. Case II in Fig. 16.9c represents a failure profile in which
a constant failure rate does not exist; instead after the initial break-in
period, the failure rate continues to increase until the end of wear out
period. Most production machines follow this profile. Case III in Fig. 16.9¢
represents no initial break-in period, instead a steady rise in failure rate
reaching maximum levels at the wear out phase. This case represents pro-
ducts that are intended for short-period use such as dust-air filters.

6.9.1 Constant failure rate analysis

In theory, a constant failure rate may be expressed by the condition,
h(t) = A, where A is the number of failures per unit time. Using the
classic characteristics of the frequency distributions:

dF (1) _ d[1-R(1)] _ —dR(¢)

F==g dr dr

(6.23)

From Equation (6.21):

f©) —dR() 1
R(t) dt R®)

h(t)= (6.24)

Thus,

—dR(1t)
dr
or

=h(t)dt

1nR(t)=—jh(t)dt
0

Accordingly:

R(t)=exp —jh(t) dt} (6.25)
0

Thus, at a constant rate of failure, Aa(t) = A.

R(1)=exp| - xdz} =e™ (6.26)
L 0

The above equation indicates that the reliability R(?) of a product under
a constant rate of failure, A, is an exponential function of time in which
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product reliability decreases exponentially with the passing of time. The
parameter A is related to the mean time between failures, 7, via T = 1/A.
This yields the following expression:

R(t)y=e™=¢e"" (6.27)

The failure rate, A, or the mean time between failures (MTBF), can be
determined from past history of the performance of a product or system,
or through testing systems over specified periods of time during which
system failures are expected. These should be considered as characteristic
values of systems or products. Knowledge of these values can assist in
determining the reliability for a given time period, ¢. For example, if a
certain component is known to have a failure rate of 0.2 failures per one
million hours (0.2 x 107), the reliability of this device over a period of say
100000 hours will be:

R(100 000) = B = ¢ (02x107)100000 _ 002 _ () 98()3

This means that the component will have a chance of survival over
100000 hours of about 98%. Suppose that the producer of this component
has distributed 5000 units to different users, then Ny = N.R(t) = 5000 x
0.98 =4901. Accordingly, about 98 components are likely to fail during the
100000 hours. Obviously, this is a significant failure record that must be
overcome by selecting more appropriate material, modifying product
design, or implementing strict quality control.

6.9.2 Variable failure rate

In the above example, the failure rate was assumed to be constant (A= 0.2
x 107°). Thus, the mean time between failures will also be constant at a
value of 1/A or 500000 hours. In some situations, the failure rate may not
be constant but rather variable. As discussed earlier, the bathtub curve
indicates three patterns of failure rate, two of which are variable. These
variable failure rates can be modeled using the familiar Weibull

distribution:">4647

f(t):E(t__Y)ﬁle_(tnY)
n\n
f()=0,620,>0,n>0

(6.28)

where B is called shape parameter, also known as the Weibull slope, 7 is
called scale parameter, and vy is called location parameter.

In most applications, the location parameter, v, is not used, or set at zero.
This yields the following function:
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F)= %(ﬁ)ﬁle'm (6.29)

The above equation represents a two-parameter Weibull distribution.
When the shape factor, 3, is known beforehand, the Weibull distribution
becomes a one-parameter distribution. In this case, only the scale param-
eter, 1, will need to be estimated, allowing for analysis of small data sets.
One has to be very careful in this case as a very good and justifiable esti-
mate for § should be used before using the one-parameter Weibull distribu-
tion for analysis.

The key parameter of the Weibull distribution is the shape parameter,
B. The value of B is equal to the slope of the line in a Weibull probability
plot.! Different values of B result in different shapes of the Weibull distribu-
tion, as shown in Fig. 6.20a. Looking at the same information on a Weibull
probability plot, one can easily understand why the Weibull shape param-
eter is also known as the slope. Figure 6.20b shows how the slope of the
Weibull probability plot changes with 3. Note that the models represented
by the three lines all have the same value of m.

The most important aspect of the effect of [ is that on the failure
rate or hazard function shown in Fig. 6.21a. Weibull distributions with
B < I have a failure rate that decreases with time. This simulates the
infant mortality zone presented in Fig. 6.19c, case I and II. When f is
close to 1, the failure rate is fairly constant. When B > /, the failure
rate increases with time, simulating the wear out situation shown in
Fig. 6.19. Accordingly, a mixed Weibull distribution with one subpopula-
tion with B < I, one subpopulation with B = I, and one subpopulation
with B > 7 would have a failure rate resembling the entire bathtub
failure curve.

The parameter n of the Weibull distribution, known as the scale param-
eter or the characteristic value. It also has important features related to
reliability. As shown in Fig. 6.21b, the value of 1 at a constant 3 will simply
stretch out the probability density function (pdf) of the Weibull distribu-
tion. Since the area under the pdf curve is always 1, this will result in a
decrease in the peak of the function.!

For a three-parameter Weibull distribution, reliability is defined by the
following equation:

_(t;vj“
R(@)=e'" (6.30)
Note that for a two-parameter Weibull distribution, vy is zero, and for the

one-parameter Weibull distribution, B is constant.
The Weibull failure rate function is:
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6.21 Effects of Weibull distribution b and h values.’

_fo =y
hm_R(r)_n( n ) ©3D

The Weibull mean life or MTF, is given by:
?:y+n-l‘(%+1j (6.32)
where I is the gamma function defined by:
I'(n)= ]ie"‘x”‘ldx (6.33)
0

Modeling reliability and failure rate using the Weibull distribution has
become an easy task using today’s software programs. The key, however,
is to gather reliable data for time-to-failure and to interpret the analysis
outcome properly. The concepts presented above can be useful in this
regard.

In closing this section, it will be important to point out that when differ-
ent material types are combined or blended to form a certain product, the
reliability of the combined assembly may not be linearly related to the
reliability of the individual components. In practice, we are often inter-
ested in the overall reliability of a system or a product. This will depend
on how the failure of one component will influence the other components
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forming the product. In this regard, system/product failure is divided into
two categories:*’

1. Series system — in which the individual components are so arranged
that a failure of any component will cause the whole system to fail. For
this system, reliability is expressed by Ryem = Ra.Rp.Rc ... R,

2. Parallel system — this is a better arrangement because it requires that
all components in the system fail in order for the whole system to fail.
For this system, reliability is expressed by Rsem = 1 — (1 — R4).
(I-Rp).(1-Rc)...(1=R)).

6.9.3 Safety factor

The uncertainty associated with a material capability of meeting some
product performance requirements calls for the establishment of a failure
preventive measure or index. Indeed, no matter how appropriate material
selection can be, there will always be some degree of uncertainty that must
be accounted for in the final design analysis. This uncertainty is primarily
associated with loading and performance conditions with respect to an
allowable application value. When this uncertainty exists, a factor of safety,
also known as the safety factor, is established. This factor is used to provide
a design margin over the theoretical design capacity to allow for uncer-
tainty in the design process. The value of the safety factor is associated
with the extent of confidence in the design process. The simplest expression
of the factor of safety is:*

S = nominal strength/allowable strength = S/S,

The nominal strength represents the strength of material as obtained
from the characteristic database or through testing and the allowable
strength is the expected load applied to the material. For example, if a
material needs to withstand a load of 100 N, then a factor of safety of three
means that the material strength should be 300 N.

According to the above expression, an increased factor of safety can
result from a stronger material, heavier (or denser) part of the material, or
improved design to enhance product safety and reliability. As a result, the
choice of an appropriate factor of safety for a design application represents
a careful compromise between the cost added, the dimensions added
(weight, thickness and density) and the benefits associated with increasing
safety and/or reliability.

In addition to strength, safety factors should also be established for other
parameters including toughness, creep and stiffness. A factor of safety is
always greater than 1; it can be as low as 1.2 and as high as 20. Low factors
of safety are typically assigned in situations where material properties are
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known in detail, operating conditions are highly predictable, loads and
corresponding stresses and strains are fully realized and environmental
conditions are highly anticipated. These conditions should be supported
by material test certificates, proof loading, regular inspection and mainte-
nance. When any of these conditions is violated, higher factors of safety
are assigned. The magnitude of the factor of safety will also depend on the
material category under consideration. For example, brittle materials are
likely to have a greater variation in their properties than ductile materials
and hence require a larger factor of safety. The anticipated mode of loading
is also a key condition; typically, fatigue conditions (cyclic stress) are asso-
ciated with higher factors of safety than steady conditions.
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Material selection for textile product design

Abstract: Material selection is an essential aspect of product design and
development. An appropriate material should meet many basic criteria
including efficient manufacturability, performance, reliability non-
degradability and recyclability. Basic steps in material selection suitable
for fibrous products are discussed. These include consideration of the
design-problem statement, the conditions under which the material is
likely to be processed, the service and environmental conditions under
which the material is likely to perform and material performance-
related criteria. The key tasks for evaluating material candidates for a
particular fibrous product are also discussed. Many examples of fibrous
products, traditional and technical are used to demonstrate the
different concepts presented here. In addition, key aspects of material
selection such as understanding the technology and the difference
between design-direct and value-impact performance characteristics
will be discussed, using two examples of fibrous products.

Key words: cost-performance-value relationships; cost-performance
equivalence; design-direct performance; value—impact performance;
metals; metal alloys; ceramics; polymers; composites.

71 Introduction

As indicated in Chapter 4, material selection is an essential phase of the
product design cycle. The critical importance of this phase stems from the
fact that inappropriate choice of material for a certain product not only
will result in a failure to reach the optimum solution to the design problem,
but also may lead to increase in the cost of manufacturing and product
handling. In selecting a material for a particular product, the two key
factors that should be taken into consideration are material properties and
material processing. The former directly influences product performance
and the latter determines product manufacturability. For some products,
the interaction between these two factors can provide many possible com-
binations of materials for engineers to select from.'?

In general, an appropriate material should meet the following basic
criteria:

e Efficient manufacturability: Material should be formable to the desired
shape at the lowest cost possible.
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e Performance related: Material properties should be directly related to
the performance of the end product.

e Reliability: Material should exhibit minimum changes in its properties
over time.

® Non-degradable: Material should not be adversely influenced by exter-
nal effects or environmental conditions.

e Recyclable: Material is preferably recyclable or can be reclaimed after
use.

When a new product is to be developed, or when several materials are
to be combined together to form a product, the decision about what
material to select can be complicated. For a new product, one has to select
the most appropriate material from the enormous material database avail-
able today,'” amounting to over 45000 different metallic alloys, 15000
different polymers and hundreds of other materials that fall into the cate-
gories of wood, ceramics, soils and semiconductors. On the other hand,
this enormity of material sources can provide ample opportunities for flex-
ible design and innovative alternatives. When many materials are to be
combined together to form a product, issues such as material compatibility,
characteristic equivalency and the linearity of properties of material
mixture should be considered in the design analysis. In a previous study
by the present author,’ concepts and analytical procedures required to
blend different fibers were addressed in great detail. These concepts can
be generalized to different materials including non-fibrous materials.

In this chapter, the basic steps of material selection will be discussed.
These are critical steps that can assist in making decisions regarding the
selection of any material. Other important material-related issues dis-
cussed in this chapter will include cost—-performance—value relationships
and cost—performance equivalence. In addition, key aspects of material
selection such as understanding the technology and the difference between
design-direct and value-impact performance characteristics will be dis-
cussed, using two examples of fibrous products.

7.2 Basic steps of material selection

Material selection, as a key element of the design cycle, should primarily
be driven by the design problem statement;"? this is the starting point of
any material selection process, as shown in Fig. 7.1. In this regard, the
problem statement should address two key questions:

e Does material type represent one of the core issues in the problem
statement?

¢ Does the material type anticipated represent a common one or a new
one with respect to the intended product?
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In some situations, the core issue of the design problem is the type of
material needed to achieve better performance or prevent product failure.
This situation is common with existing products that do not perform well
under some circumstances owing to some inherent limitation in material
characteristics. For example, if the design problem is poor appearance
retention and excessive pilling (or fuzzing) of a commercial carpet, then a
selection of a suitable fiber type will represent the core task of carpet
design. This is a direct result of the strong association between fiber attri-
butes and carpet performance characteristics.*® Indeed, when carpet is the
product in question, fiber type will represent the single most critical design
factor. This point will be illustrated further at the end of this chapter.

In other situations, material selection may represent a straightforward
process by virtue of the limited options available of appropriate materials
or the well-established performance of some materials in the particular
product in question. For example, the most commonly used material for
denim jeans, which has been used since the 19th century, is cotton fiber.
This is a direct result of the fact that denim fabric derives its familiar
texture and desired appearance from the nature of cotton fibers.® Obvi-
ously, this does not exclude attempts to use alternative fibers, or add other
fiber types to cotton for specific fashion effects or performance applica-
tions. Indeed, denim fabrics have been made from blends of cotton with
other fiber types such as flax, polyester, rayon and spandex as will be dis-
cussed later in Chapter 12. Similarly, nylon fiber is the dominant material
used for safety airbags owing to its superiority in key performance-related
aspects, as will be discussed in Chapter 14.

In view of the design problem statement, material selection may proceed
using the basic steps shown in Fig. 7.1. As indicated above, the two key
factors that should be taken into consideration are material properties
and material processing. The former reflects product performance and the
latter reflects manufacturability. In this regard, two key questions should
be addressed:

1. What are the conditions under which the material is likely to be
processed?

2. What are the service and environmental conditions under which the
material is likely to perform?

The first question deals directly with the manufacturing-related charac-
teristics of the material. Obviously, a material that is not easily formable
into a useful product will be of very limited use or will add significantly to
the cost of manufacturing. Therefore, manufacturing criteria should be
addressed in the early stage of material selection. This calls for a joint
effort by both design engineers and manufacturing engineers’ to address
material manufacturability. Common manufacturing-related material
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characteristics include'? dimensional characteristics, strength, flexibility
(formability), brittleness and heat resistance. In addition to these charac-
teristics, other properties that are unique to fibrous materials include resil-
ience (bulk recovery upon loading and unloading), moisture regain,
inter-fiber friction, fiber-to-metal friction and bulk integrity.**

The second question deals directly with material performance criteria.
Obviously, the performance characteristics of a material and their levels
will vary depending on the particular product in question. For most tradi-
tional fibrous products, performance characteristics include® aesthetic,
appearance, durability, comfort, safety, care, biological resistance and
environmental resistance. In Chapter 12, detailed discussions of some of
these characteristics will be presented. For function-focus fibrous products,
key criteria include’ strength, stiffness, fiber density, cross-sectional shape,
surface morphology, strength-to-weight ratio, durability under mechanical
and environmental conditions and time-dependent behavior. In Chapters
13 through 15, detailed discussions of these characteristics will be pre-
sented using different examples of function-focus fibrous products.

In most applications, good performance criteria of materials also result
in good material manufacturability. In other words, meeting the perfor-
mance criteria of a product may not come at the expense of meeting the
requirements for good manufacturing performance. For example, a strong
and flexible fiber, which typically results in a strong yarn or fabric, will also
perform well during manufacturing, particularly in resisting the rigorous
mechanical stresses applied on the fibers during opening, cleaning and
carding.’ In other situations, however, a fibrous material that is desirable
from a performance viewpoint can indeed create manufacturability prob-
lems. A classic example of this situation is that of microdenier fibers dis-
cussed below.

Microdenier fibers are synthetic fibers (polyester, nylon, acrylic, glass
fibers, etc) with very fine diameters; they can be one hundred times finer
than human hair and some have a diameter that is less than half the diam-
eter of the finest silk.'™!' They are commonly defined in the category of
fibers of less than 1.0 denier. Some fibers with a denier as low as 0.001 were
designed by Toray of Japan.'”"* Microdenier fiber is the primary choice for
many products, traditional and function-focus. For traditional apparels,
they simulate natural fibers such as silk, cotton and wool fibers. The high
aspect ratio (length/diameter ratio) of these fibers provides great flexibility
and a high packing density of fiber strands. These are the important attri-
butes required for key performance criteria such as comfort, fittability,
porosity and air or water permeability. For function-focus fibrous products,
the same characteristics make microdenier fibers an excellent choice for
many applications such as filtration, wipe cleaning, thermal applications
and sound insulation."
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The desirable attributes of microdenier fibers also introduce many chal-
lenges during fiber production and during manufacturing. The required
superfine diameter of this type of fiber makes them very fragile in produc-
tion directly from extrusion units. As a result, most microdenier fibers are
generated from bicomponent polymers using precise spinning technolo-
gies.'>!* Some are made using bicomponent fibers that split apart mechani-
cally (e.g. hydro-entangling). Others are made by making bicomponent
fibers from which one material is dissolved, leaving the microdenier fibers
behind. During manufacturing of microdenier fibers into yarns or fiber
webs, other challenges are introduced. The high aspect ratio of these fibers
makes them extremely flexible and this increases the tendency of fibers to
curl and entangle during manufacturing, forming a great deal of fiber
neps.'’ In addition, the high density of microfiber strands can result in exces-
sive fiber breakage by the mechanical wires of opening and carding units."
Accordingly, when microdenier fiber is the material of choice, the manufac-
turing process must be optimized through consideration of critical param-
eters, such as the number of stages of processing, the wire area density of
the opening units, draft settings, carding speed and production rates.'™!!

The above example demonstrates a unique case in which the same
material attributes that yield desirable performance criteria also create
processing difficulties. In other situations, materials may be selected despite
prior knowledge of anticipated manufacturing difficulties provided that
some external treatments can be applied to overcome these difficulties. For
example, all staple-fiber yarns cannot be woven as spun owing to poor
surface integrity which makes them weak against the high abrasive actions
imposed by the weaving process. These yarns generally exhibit low abra-
sion resistance and a high level of hairiness.’ These problems are largely
caused by the discrete nature of staple fibers and the limited ability of the
current spinning systems to consolidate fibers into compacted structures.'
Since staple-fiber yarns represent an inevitable material choice for numer-
ous traditional fibrous products, they must be woven into fabrics despite
their poor surface integrity. This is achieved using a chemical surface treat-
ment called ‘sizing’ or ‘slashing’, applied to the yarn surface prior to
weaving. This treatment reduces yarn hairiness significantly and improves
abrasion resistance. Chemicals used in the sizing process are later removed
during fabric finishing in a process called ‘desizing’. This issue represents
an excellent opportunity for design engineers to overcome a historical
problem by developing fibers that can be spun into yarns of good surface
integrity so that the cost of chemical treatment, which can be as high as
80% of the cost of sizing, can be saved.

In light of the above discussion, both the manufacturing and perfor-
mance criteria of material should represent the foundation for any material
selection process. When a conflict between these two criteria exists, efforts
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should be made to minimize or eliminate this conflict through close coop-
eration between design engineers and manufacturing engineers. The lack
of such cooperation can ultimately result in many adverse effects including
failure of product functions and excessive manufacturing cost. Indeed,
most reoccurring processing or performance problems can be rooted back
to a selection of inappropriate materials or inherent limitations in material
characteristics.

The next basic step in the material selection process (see Fig. 7.1) is
searching for material candidates suitable for the intended product. This
search should be made in view of the problem statement established and
both the manufacturing and the performance criteria. This step aims to
screen different material categories and material properties to find a set of
material candidates suitable for the product in question. In this regard, two
of the important terms that are commonly used among engineers are'?’
screening category and screening property. Screening category is the best
type of material (or material blend) that is suitable for the product in ques-
tion. Screening property is any material property for which an absolute
lower (or upper) limit can be established for the application.

In Chapter 4, the task of gathering information was mentioned as a key
element in design conceptualization (see Fig. 4.2). A critical piece of infor-
mation is the database of potential materials. Without such a database, the
material selection process can be lengthy and costly. It is important, there-
fore, to establish a material information database capable of achieving
reliable and efficient screening. This database should include both tradi-
tional and non-traditional materials as this provides the design engineer
with a more global view of all material possibilities and alternatives.

The outcome of the search process should be a set of material candidates
that have great potential to meet the desired product performance and
manufacturing criteria. The next step is to evaluate the candidate materials
more closely so that a decision can be made about the best material cate-
gory, material type and material properties for the design application in
hand. In this regard, the decision-making analysis discussed in Chapter 5
can be very useful as a guiding tool in selecting the best material and the
best levels of characteristics required for the application. In situations where
a new product is being developed or when limited information is available
about past material performance, more in-depth analysis should be made,
supported by extensive testing of relevant material characteristics.

Evaluation of candidate materials is a highly variable practice that largely
depends on many factors including the complexity of the product, the
extent of prior knowledge of material performance and the clarity of
material contribution to the product. In general, traditional products are
typically associated with familiar materials and high predictability of their
performance. Function-focus products will generally be more complex
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than traditional products by virtue of the high specificity associated with
their performance. As a result, they may require continuous development
and an ongoing search for more advanced materials to satisfy and improve
their specific functions. The clarity of material contribution to the product
is a critical aspect of material evaluation which requires specific tasks
including understanding the relative merits of using one material over
another and evaluating basic material criteria such as temperature resis-
tance, strength and corrosion or degradation behavior. In addition, some
analyses associated with determining the appropriateness of a material for
a certain product may be necessary. These include failure analysis, reli-
ability and survival analysis and safety factors. These analyses were dis-
cussed in Chapter 6. In addition, material cost is often a major factor in
selecting the appropriate material for a certain product. This issue will be
discussed later in this chapter.

The outcome of the material selection process may be represented by a
single material with associated characteristics, or two or more materials that
can be mixed together to meet the desired application. In either case, it will
be important to evaluate design data properties. These are the properties of
the selected material in its fabricated state."*’ The need for knowledge of
these properties stems from the fact that a material in isolation could have
a substantially different performance from that exhibited by the same
material in a product assembly. This point is particularly true for fibrous
products. Indeed, it is well established that as fibers are converted into dif-
ferent structures (yarns or fabrics), some of their characteristics can be
altered in their magnitude and in their relative contribution to end product
performance.* Knowledge of material design properties can be based on
long experience with existing products, a reliable database, or extensive
testing that aims at simulating material performance in fabricated forms.

In light of the above discussion, the key tasks in evaluating material
candidates for a particular product are:

e knowledge of the common material categories

e understanding the basic material criteria

e determining the optimum cost of material with respect to its perfor-
mance and its contribution to the value of the end product

e understanding the effects of technology on material selection

e understanding the differences between design-direct and value-impact
performance characteristics.

These tasks are discussed in the following sections.
7.3  Material categorization

The basic component of all fibrous products is fiber. This is essentially
a polymeric material with characteristics directly determined by the
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properties of the polymeric substance, the orientation of molecules and the
molecular arrangement. Conventional fibers may be from natural sources
(e.g. cotton, wool, and silk) or from synthetic sources (e.g. rayon, polyester
and nylon). All natural fibers, except natural silk, are in the short staples
or the discrete form.** Synthetic fibers are produced in continuous filament
form and they can be further processed in this form, or cut into discrete
lengths or staples.™® Some specialty fibers may be derived from non-
polymeric substance such as metals, ceramics or rocks. In Chapter 8, a
review of different fiber types and their applications will be presented.

Qualified fibers may be converted into different structural forms or
fibrous assemblies to meet the desired performance characteristics of
end products. For traditional fibrous products, yarns and unfinished fabrics
are treated as the building blocks of the end product (e.g. apparels and
furnishings). For function-focus fibrous products, fibers may be repre-
sented in different forms including staple fibers, continuous filaments, non-
woven fiber webs or mats, yarns and fabrics. Discussions of different types
of fiber assemblies and their characteristics are presented in Chapters 9
through 11.

In addition to the conventional forms above, fibers may be combined
with other non-fibrous materials such as metals or ceramics. They may also
be incorporated into composite structures or fiber-reinforced structures in
which other polymeric materials are used. Therefore, it is important that
design engineers of fibrous products be familiar with different material
categories and their properties. In this regard, sources of information may
include material data listed in books and the scientific literature, specialty
websites and technical reports published by material producers. In the
discussion below, a brief overview of major material categories is pre-
sented. In Chapter 13, many product applications utilizing these materials,
some in conjunction with fibrous materials, will be discussed in the context
of the development of function-focus fibrous products.

Over 95% of available materials consist of four main categories: metals
or metal alloys, ceramics, polymers and composites. The key factor in this
categorization is material structure. In other words, each one of these four
categories of material has structural features that make it uniquely distin-
guished from the other categories in both properties and applications. In
general, material structure can be divided into four levels: atomic struc-
ture, atomic arrangement, microstructure and macrostructure.” The role
of conventional design is typically to understand and manipulate both the
microstructure and the macrostructure of material. However, the atomic
and crystal structures of materials must be first understood in order to
allow such manipulation.

The importance of understanding the atomic structure of materials
stems from the fact that materials are essentially made up from atoms.
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Although, there are only about 100 kinds of atoms in the Universe,'® how
they are put together is what makes a certain material form trees or tires,
ashes or animals, and water or air. They are all made from atoms, many
of which are used several times. In general, the atomic structure influences
how the atoms are bonded together, which in turn provides specific ways
of categorizing materials as metals, ceramics and polymers and permits
exploratory analysis of the mechanical properties and the physical behav-
ior of these different material categories. Fundamentally, the atom consists
of a nucleus containing neutrons and protons around which electrons orbit
in more or less confined radii.>'® The smaller the diameter of the orbit, the
greater the attractive force between the electron and the nucleus and the
greater the absolute binding energy. By convention, binding energies are
considered to be negative. This means that the innermost orbit will exhibit
a large negative binding energy and the electrons in the outer orbits are
bound less tightly. Indeed, the outermost electrons may be considered to
be loosely bound and not necessarily residing in well-defined orbits. These
are the so-called valence electrons and are the ones that are involved in
the bonding together of the atoms and hence strongly affect all material
properties, physical, mechanical and chemical. The nature of this bonding
is what determines whether the substance is a metal (bonds between like
atoms), or a ceramic or a polymer material (bonds between dissimilar
atoms).

7.4 Common material categories

In the following sections, the main categories of material are briefly
reviewed. The discussion will be restricted to examples of materials within
each category, their important structural features and general applications
that are suitable with respect to materials capabilities. Obviously, each
material category will require many books in order to be fully covered.
However, the objective of reviewing these categories of material is to
provide polymer and fiber engineers with generalized concepts of material
categories in the hope of attracting them to read more about these materi-
als in the highly specialized literature.

As indicated above, metals, ceramics, polymers and composites repre-
sent the main categories of materials. In addition, other types of materials
may also be identified on the basis of their unique characteristics. These
include wood, foam, porous ceramics and rubber. As an aid to the discus-
sion given below, the reader should refer to Fig. 7.2 to Fig. 7.6 as they
illustrate some of the main differences between the major categories
of materials. These figures represent simplified versions of Cambridge
material charts,"” verified by other sources of material information."*'
Note that in Fig. 7.2 to Fig. 7.5, yield strength under tension is considered
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for all materials, except for ceramics for which yield strength under com-
pression is considered. The reason for using this parameter is that ceramic
tensile strength is typically about 10% of its compressive strength.

7.4.1 Metals and metal alloys

Among the four main categories of material, metals are the oldest materi-
als as they have been used for thousands of years in numerous products
including nowadays appliances and automobile bodies (low-carbon sheet
steels), cutlery and utensils (stainless steels), aircraft frames and surfaces
(aluminum alloys), and for electrical wiring and water pipes (unalloyed
copper). Metallic materials are mainly inorganic substances composed of
one or more metallic elements, but they may also contain non-metallic
elements. An important classification of metals is by the ferrous versus
non-ferrous category.'*'® For ferrous metals, the primary metallic element
is iron (e.g. steels and cast irons). Non-ferrous metals, on the other hand,
may contain elements other than iron (e.g. copper, aluminum, nickel, tita-
nium and zinc).

A metallic structure is primarily a crystalline structure consisting of
closely packed atoms arranged in an orderly fashion.'? This provides metals
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with good light reflectance and high density in comparison with other
materials, as shown in Fig. 7.2, and with their familiar high strength and
exceptional toughness in comparison with most other materials, as shown
in Fig. 7.2 to Fig. 7.4. The high strength of most metals is largely maintained
at elevated temperatures, as shown in Fig. 7.5. Other mechanical properties
of metals, such as hardness, fatigue strength, ductility and malleability, are
largely influenced by the presence of defects or imperfections in their
crystal structure. For example, the absence of a layer of atoms in its densely
packed structure enables a metal to deform plastically and prevents it from
being brittle."

Metals are commonly alloyed together in the liquid state so that, upon
solidification, new solid metallic structures with different properties can
be produced. In addition, metals are typically manufactured in their nearly
final shape (e.g. sheet ingots or extrusion billets) through a casting process
in which metals and alloys are cast into desirable geometries.'®

Products in this form are commonly called castings and they can
be subsequently worked using common processes such as rolling and
extrusion into fashioned or wrought products (e.g. sheets, plates and
extrusions).

Metals are also good electrical conductors, as shown in Fig. 7.6. They
are also good thermal conductors, as will be seen in Chapter 8. The high
electrical and thermal conductivities of simple metals are best explained
by reference to the free-electron theory,"* according to which the individ-
ual atoms in such metals have lost their valence electrons to the entire solid
and these free electrons, which give rise to conductivity, move as a group
throughout the solid. In the case of complex metals, conductivity is better
explained by the band theory, which takes into account not only the
presence of free electrons but also their interaction with the so-called d
electrons."*!®

7.4.2 Ceramics

Ceramic material is essentially a combination of one or more metals and
non-metallic substance chemically bonded together."* For this reason, they
are often defined as inorganic non-metallic materials and classified accord-
ing to a non-metallic element such as oxides, carbides, nitrides and hydrides
depending on whether the metal is combined with oxygen, carbon, nitrogen
or hydrogen. In contrast with most metals, ceramics can be crystalline,
non-crystalline or mixtures of both. They exhibit high hardness and high
strength at elevated temperatures (see Fig. 7.5). However, the biggest flaw
that hinders their widespread use in various applications is brittleness and
a propensity to crack propagation.' They also have medium to high electri-
cal insulation, as shown in Fig. 7.6. Furthermore, their melting points are
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significantly higher than those of metals and they are much more resistant
to chemical attack. These features make ceramics useful for electrical and
thermal products with high insulation.

Ceramic materials can generally be categorized into three main catego-
ries:'*'® (a) conventional ceramics, (b) advanced or technical ceramics
and (c) glasses. Conventional or traditional ceramics consist of three basic
components: clay, silica and feldspar. Clay is a form of ceramic before
hardening by a firing process and it makes up the major body of material.
It consists mainly of hydrated aluminum silicates (Al,05-SiO,-H,0) with
smaller amounts of other oxide impurities. Silica (SiO,) has a high melting
temperature and provides the refractory component of traditional cer-
amics. Feldspar (K,0-Al,05;:6H,0) has a low melting temperature and
produces a glass when the ceramic mix is fired; it bonds the refractory
components together. Advanced or technical ceramics are typically pure
or nearly pure ceramic components or mix of components. They are nor-
mally a higher price because of the necessary control required to produce
them. Examples of advanced ceramics include aluminum oxide (Al,O3),
zirconia (ZrQ,), silicon carbide (SiC), silicon nitride (Si;N,) and barium
titanate (BaTiO;3). Common applications for advanced ceramics include
alumina for auto spark-plug insulators and substrates for electronic cir-
cuitry, dielectric materials for capacitors, tool bits for machining and high-
performance ball bearings. The third category of ceramics is glasses, which
are different from all other ceramics in that their constituents are heated
to fusion and then cooled to a rigid state without crystallization.” The solid
form of silica is a glass with SiO, being the main glass ingredient, but it is
still a non-crystalline ceramic material.

7.4.3 Polymers

Polymers are mainly carbon-containing long molecular chains or net-
works.” Interestingly, they are known to the public as plastics, a term
that typically defines materials that can be easily molded. Although
most polymeric materials are non-crystalline or partially crystalline, some
can be made of highly crystalline structures. As a result, some polymeric
materials can be found that demonstrate a wide range of strength and
toughness which overlaps with some metals, as shown in Fig. 7.3 to Fig. 7.5.
In addition, some are highly ductile and many are moisture absorbent.
As shown in Fig. 7.2, most polymers have lower densities than metals
and ceramics. They also have relatively low softening or decomposition
temperatures and many are good thermal and electrical insulators
as, shown in Fig. 7.6.

In general, polymeric materials can be classified into three classes:
(a) thermoplastics, (b) thermosets and (c) elastomers. Thermoplastic

12,19
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polymers consist of very long chains of carbon atoms strongly (covalently)
bonded together, sometimes with other atoms, such as nitrogen, oxygen
and sulfur, also covalently bonded in the molecular chains. In addition,
weaker secondary bonds bind the chains together into a solid mass. It is
these weak bonds that make thermoplastic polymers soften under heat,
forming a viscous state that allows geometrical and shape manipulation of
this material.

Solidifying or setting these conditions via cooling into rigid solid states
will result in them retaining their shapes and geometries. Examples of
thermoplastic polymers include” polyethylenes, polyvinyl chlorides and
polyamides or nylons. Products generated from these polymers include
plastic containers, electrical insulation, automotive interior parts, appli-
ance housings and, of course, fibrous materials.

Thermosets are polymeric materials that do not have long-chain mole-
cules. Instead a network of mainly carbon atoms covalently bonded together
to form a rigid solid. Again, nitrogen, oxygen or other atoms can be cova-
lently bonded into the network. Thermosets are typically manipulated to
form shapes and geometries, then cured or set using chemical processes
that involve heat and pressure. Once they are cured or set, they cannot be
re-melted or reshaped into other forms.""” The common product applica-
tion for thermosets is as a matrix substance for fiber-reinforced plastics
(e.g. epoxy).

Elastomers are long, carbon-containing molecular chains with periodic
strong bond links between the chains. As the name implies, elastomers
(commonly known as rubbers) can easily deform elastically when subjected
to a force and can recover perfectly to their original shapes upon removing
the force. They include both natural and synthetic rubbers, which are used
for auto tires, electrical insulation and industrial hoses or belts.

7.4.4 Composites

Composite material is not inherently a single category of material as it is
made from a mixture of two or more materials that differ in form, structure
and chemical composition, but are essentially insoluble in each other.?
Most composites are produced by combining different types of fiber with
different matrices in order to meet specific performance criteria such as
strength, toughness, light weight and thermal stability. The basic idea is
simple; while the structural value of a bundle of fibers is low, the strength
of individual fibers can be boosted if they are embedded in a matrix that
acts as an adhesive that binds the fibers and lends solidity to the overall
structure. The matrix also plays a key role; it protects the fibers from envi-
ronmental effects and physical damage, which can initiate cracks. Both the
fibers and the matrix combined act together to prevent structural fracture.'
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In contrast to composites, a monolithic (or single) material suffers frac-
tures that can easily propagate until the material fails.

Materials considered for composite matrices include'®" polymers, metals
and ceramics. The most common type is the polymeric-matrix composites.
These can be found in applications at temperatures not exceeding 200—
400°F (100-200°C). One of the earliest types of polymeric-matrix compos-
ites is glass-fiber composite in which short glass fibers are embedded in a
polyester plastic matrix to form a lightweight structure suitable for many
applications including appliances, boats and car bodies. In addition to light
weight, this type of composite also exhibits a number of important features
such as ease of fabrication into different shapes, corrosion resistance and
moderate cost.'® Other polymeric-matrix composites include carbon and
aramid fibers embedded in heat-resistant thermoset polymeric matrices."
These have been used in many applications such as aircraft surface
material and structural members. Metal-matrix composites are fabricated
by embedding fibers such as silicon carbide and aluminum oxide into alu-
minum, magnesium and other metal alloy matrices. The role of fibers here
is to strengthen the metal alloys and increase heat resistance. These types
of composite are commonly used for automotive pistons and missile
guidance systems. Ceramic-matrix composites include the reinforcement
of alumina with silicon carbide whiskers. These are used to enhance the
fracture toughness of ceramics.

The structure and shape of fiber composites vary greatly depending on
the application and the direct purpose for which the material is used."? In
general, the most effective approach to form composite structures is by
using long fiber strands employed in the form of woven structures, non-
woven structures, or even layers of unidirectional fibers stacked upon one
another until a desired laminate thickness is reached. The resin may be
applied to the fibrous assembly before laying up to form the so-called pre-
pregs, or it may be added later to the assembly. In either case, the structure
must undergo curing of the net assembly under pressure to form the fiber
composite. The way different components in a composite structure con-
tribute to its properties is simply realized using the familiar rule of mix-
tures, which expresses the composite stress, o, as follows:

Gc = Gfo + Gme (71)

where o; is the strength of the fiber component, V; is the volume fraction
of fibers, G, is the strength of the matrix component and V,, is the volume
fraction of the matrix.

The rule of mixtures is analytically associated with a number of key
criteria. The first criterion is that fibers must be securely bonded to the
matrix in the sense that atoms of each component react and bond together.
Obviously, different components also interact and bond together. In this
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case, the rule of mixture will still hold as long as the potential failure of
the composite is unlikely to occur at the interface between the different
components.” This assumption can be gross in some situations in which the
interface represents the weakest region of the fiber composite. This is obvi-
ously a design issue that must be handled through selection of appropriate
materials and optimum fiber orientation. The second criterion is that the
fibers must be either continuous or overlap extensively along their respec-
tive lengths. The third criterion is that there must be a critical fiber volume,
Vi.eriticar fOT fiber strengthening of the composite to be effective. The fourth
criterion is that there must be a critical aspect ratio or a fiber length/diam-
eter ratio for reinforcing to occur. Detailed analysis of the rule of mixtures
is outside the scope of this chapter but they can be found to a great extent
in the literature."

From a design viewpoint, engineers should realize that for optimum
composite performance not only is the choice of appropriate fibers impor-
tant but also the way fibers are oriented and incorporated in the matrix.
The latter is directly cost associated. One way to avoid expensive hand
lay-up operations is to use nonwoven structures or chopped fibers that are
arranged in mat form, or use loose fibers that may be either blown into a
mold or injected into a mold along with the resin. In choosing matrix
materials, other challenges, or design problems, can be faced. These
include' the choice of appropriate material (e.g. epoxies, polyimides, poly-
urethanes and polyesters), processing cost, processing temperature (curing
temperature if using a thermoset polymer and melting temperature if using
a thermoplastic), flow properties in the molding operation, sag resistance
during paint bake out, moisture resistance and shelf life. These multiple
factors require full collaboration between fiber and polymer engineers, and
engineers of various fields in which composite structures are utilized.

7.5 Basic criteria for the material

In order to make an appropriate decision about which material to select
for a specific application, engineers should understand the basic criteria
for the material as well as the specific criteria required for the intended
product. For existing products that require modification, this may be a
simple task. For newly developed products, this task can be more complex.
As G. T. Murray describes,' ‘Often, more questions are raised than are
answered and the engineer is not always aware of all the parameters
required in the material selection process’.

As indicated in the basic steps discussed earlier, engineers should begin
by searching for a set of appropriate materials in view of the problem
statement established and both manufacturing and performance criteria.
Material candidates should be selected on the basis of a careful trade-off
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between many factors. Obviously, cost is a critical factor in selecting the
appropriate material. However, this factor should not be considered as the
first one in selecting the best material required for a specific design applica-
tion. Only after a list of candidate materials is selected on the basis of their
technical criteria should cost be considered. For most design applications,
these criteria include:"*™'®" temperature, strength, and corrosion or
degradation resistance. Key points associated with these criteria are
discussed below.

7.5.1 Temperature

For applications where changes in temperature are inevitable, temperature
will represent the most critical criterion in determining which material to
select. For most materials, strength may deteriorate with the increase in
temperature. In addition, oxidation and corrosion of the material are likely
to increase with temperature. Some categories of material are eliminated
in applications involving elevated-temperature usage (above 500°C). These
may include most polymers and low-melting point metals.'® On the other
hand, design applications under room temperature or lower (e.g. —10 to
+50°C) can be associated with thousands of potentially useful materials
including polymeric materials."

The importance of temperature in selecting a certain material has
resulted in some materials being categorized as high-temperature materi-
als. These are materials that serve above about 1000°F (540°C). Figure 7.5
illustrates plausible ranges of strength and maximum-service temperature
for the major categories of material. As can be seen in this figure, some
metals and ceramic materials dominate in high-temperature applications.
Specific materials known for their high-temperature applications include'
stainless steel, austenitic superalloys, refractory metals, ceramics or ceramic
composites, metal-matrix composites, and carbon or graphitic composites.
Even among these materials, the first three are well-established in indus-
trial applications and the other materials are still under extensive research
to determine whether they can be used as substitutes or extensions to the
capabilities of austenitic superalloys in high-temperature applications such
as aircraft jet engines, industrial gas turbines and nuclear reactors.

When fiber is the material of choice, most conventional fibers decompose
at temperatures below 300°C. The only inherently temperature-resistant
fiber is asbestos (naturally occurring mineral fibers). This fiber does not
completely degrade at high temperature. However, its extreme fineness
makes it a health hazard as it can be breathed into the human lungs. Glass
fibers have been used as a substitute for asbestos fibers because of their
high heat resistance (up to 450°C). Unfortunately, these fibers have poor
aesthetic characteristics, high densities and can be difficult to process.***
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Another fiber type that can be used for high temperature applications is
aramid fiber (e.g. DuPont Nomex and Teijin Conex). These are highly
thermally resistant fibers as they char above 400°C and may survive short
exposures at temperatures up to 700°C. The key characteristic of this
type of fiber is that they can resist temperatures of up to 250°C for 1000
hours with only 35% deterioration in breaking strength of that before
exposure.”’?! This makes them good candidates for fire protection or
flame retardant applications. Another fiber type that is basically a high-
performance aromatic fiber made from linear polymers is the so-called
PBO, or poly(p-phenylene benzobisoxazole). This type of fiber exhibits
very high flame resistance and has exceptionally high thermal stability,
with the onset of thermal degradation reaching 600-700°C. They also have
very good resistance to creep, chemicals and abrasion. However, they
exhibit poor compressive strength (they kink under compression), which
restricts their use in composite structures.

7.5.2 Strength

Material strength is perhaps the most critical criterion in all design applica-
tions, as most products must have minimum acceptable durability to be
able to perform properly and to prevent structural failure. In this regard,
it is important to identify the specific type of applied stress that a product
will encounter during use and the level of this stress. In most design appli-
cations, yield strength, stiffness and toughness represent the key material
strength parameters determining the product performance. In addition,
the mode of stress should be realized including tension, compression,
torsion and bending. Figure 7.2 to Fig. 7.5 clearly demonstrate the differ-
ences in strength parameters between different material categories. In
Chapter 8, more discussion on the mechanical behavior of these material
categories in comparison with fibers will be presented.

Typical questions related to strength in a design project include: (a) What
is the maximum applied stress that is likely to be encountered during the
manufacturing or the use of a product? (b) Can some plastic deformation
or permanent set be tolerated? (c) Is the applied stress static or dynamic?
and (d) What is the pattern of dynamic stress (random or periodic)? In
addressing these questions, engineers should have good knowledge of the
strength properties of the specific material used in the design application.
In addition, they should have a good grasp of the basic concepts of material
strength. Table 7.1 provides definitions and criteria of some of the key
strength parameters of material.

When fiber is the material of choice, the importance of strength stems
directly from the type of application or the intended end product.?’?' Most
fibers are essentially polymeric-based materials and they largely share
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Table 7.1 Some strength-related parameters considered in material
Selection1,2,16,18,19

Strength General criteria
parameter
Yield * The most critical strength parameter in design applications.
strength < It is often more critical than the ultimate strength as a result
of the permanent deflection that the material encounters
when it is loaded with stresses exceeding its yield strength.

» Typically, yield strength under torsion is only about one-half
of that under axial tension.

» Cyclic stresses are associated with fatigue behavior that must
be carefully examined in design applications.

» Variability in material strength can be the most dominant
factor influencing structural failure, as failure often occurs at
the weakest point of material structure.

Flexibility ~ « Flexibility is the ease of deforming or changing in dimension
or under applied stresses.
stiffness ¢ Elastic modulus (Young’s modulus) is used to measure the

stiffness under tension. The higher the elastic modulus, the
less flexible or more stiff the material.

» Stiffness under bending is measured by the flexural rigidity of
the material.

» Stiffness under torsion is measured by the torsion rigidity of
the material.

» All stiffness measurements are largely constant for a certain
material. Material inherent modulus cannot be altered without
altering material composition or using special mechanical
treatments (e.g. mechanical conditioning).

» Flexural rigidity and the torsion rigidity are highly sensitive to
material dimensions; they are proportional to d*, where d is
the diameter of circular material (e.g. rounded fiber or yarn).

» For fibrous materials, specific modulus is typically expressed
in terms of modulus/linear density ratio (e.g. g/denier or
N/tex).

* For metals, the modulus of a soft metal is identical to that of
the same strain-hardened metal.

* For polymers, the moduli are relatively very small and not

well defined.

» Traditional fibers exhibit elastic modulus values in the range

from 10 to 30 g/denier, some industrial fibers can be in the
range from 30 to 100 g/denier. High performance fibers can be
much greater than that (300 to over 1000 g/denier or 50 to

600 GPa).

» Ceramics have the highest moduli under compression

because of their strong covalent-ionic bonds.

+ Composite materials can be made to a wide range of desired

moduli.
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Table 7.1 Continued

Material General criteria
system
Ductility » Ductility is the property of material which allows it to be

Toughness

formed into various shapes (e.g. wires or filaments).

In general, the higher the strength and the lower the
elongation, the lower the ductility of the material.

When both strength and ductility are design requirements,
some compromise must be made.

For metals, the strength can be increased significantly by
reducing the grain size without a significant reduction in
ductility.

For composite materials, volume fraction and component
orientation can be adjusted to provide a wide range of desired
ductility with minimum reduction in strength.

Polymers exhibit wide variation in their ductility and glass
temperature. As a result, more compromises must be made
because of their relative weakness in comparison with other
material categories.

Ductile ceramic hardly exists.

Brittle materials (e.g. cast iron, ceramics and graphite) are
generally much stronger in compression than in tension as
tensile stress can cause crack propagation and compressive
stress tends to close cracks.

Toughness is the resistance to fracture of a material when
stressed.

It is typically defined by the energy (ft-Ib) that a material can
absorb before rupturing.

Toughness can be a temperature/time sensitive parameter,
particularly at elevated temperatures.

It should be highly considered in applications involving shock
or impact loading.

Since this parameter is highly application oriented, no
standard distinction between different material categories can
be easily specified and extensive testing should be made to
realize the effectiveness of a particular material under the
application in question.

many of the inherent characteristics of polymers. However, the unique
structure of fiber being a long molecular chain provides many additional
strength advantages that exceed those of conventional polymeric struc-
tures. This point will be clearly demonstrated in Chapter 8.

7.5.3 Corrosion and degradation

Corrosion resistance is the parameter that describes the deterioration of
intrinsic properties of a material caused by reaction with surrounding
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environments. Corrosion occurs with the help of corrosive chemicals,
solids, liquids or gases that are capable of harming living tissues or
damaging surfaces with which they are in contact. Corrosive chemicals
include' acids, bases (caustics or alkalis), dehydrating agents (e.g. phospho-
rous pentoxide and calcium oxide), halogens or halogen salts (e.g.
bromine, iodine, zinc chloride and sodium hypochlorite), organic halides
or organic acid halides (acetyl chloride and benzyl chloroformate),
acid anhydrides and some organic materials (e.g. phenol or carbolic
acid). In the case of metals, corrosion is determined by the extent of
oxidation of metals reacting with water or oxygen. For example, iron
can be weakened by oxidation of iron atoms, a phenomenon well
known as electrochemical corrosion,'”® or more commonly known as
‘iron rust’. Many structural alloys corrode merely from exposure to
moisture in the air.

Most ceramic materials are almost entirely immune to corrosion owing
to the strong ionic and/or covalent bonds that hold them together, which
leave very little free chemical energy in the structure.'® However, in some
ceramics, corrosion can be realized by the dissolution of material reflected
by obvious discoloration. In other words, and unlike metals, when corro-
sion occurs in ceramics it is almost always a simple dissolution of the
material or chemical reaction, rather than an electrochemical process.

In polymers and fibers, corrosion and degradation may result from a
wide array of complex physiochemical processes that are often poorly
understood. The complexity of these processes stems from the realization
that owing to the large molecular weight of polymers, very little entropy
can be gained by mixing a given polymer mass with another substance,
making them generally difficult to dissolve. In general, polymer corrosion
or degradation can be observed in various forms including® swelling or
volume change, and reduction in polymer chain length by ionizing radia-
tion (e.g. ultraviolet light), free radicals, oxidizers (oxygen, ozone) and
chlorine. Treatments such as UV-absorbing pigment (e.g. titanium dioxide
or carbon black) can slow polymer degradation. One particular example
of a fiber known for its easy degradation is rubber or spandex. This type
of filament, being elastomeric can degrade by exposure to many chemicals
or ultraviolet light. One way to avoid this degradation is to use this filament
as a core in a yarn wrapped in another fiber for protection, as will be dis-
cussed in Chapter 9.

In general, corrosion or material degradation is a difficult parameter to
evaluate owing to the non-standard way of reporting its values for various
materials. In addition, the environment causing corrosion is not always
known. Indeed, corrosion or degradation can also be caused or promoted
by microorganisms that attack both metals and non-metallic materials.
This is generally known as microbial corrosion or bacterial degradation.'
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7.6 Material cost

In many design applications, the cost of material is considered to be the
most critical criterion in determining which material to select. Different
material types will have different costs depending on a number of factors
including’* (a) supply and demand rules, (b) property uniqueness, (c)
availability, as determined by the costs of extracting, fabricating, or modi-
fying material structure, (d) technology cost, as determined by machining,
forming and heat treatments, (e) ease of material handling, as determined
by the cost of assembly, number of components to be manufactured,
storage, retrieval, packaging and transporting, (f) the energy required to
process or handle the material, (g) reliability and (h) material by-products
(derivatives, waste, etc.).

The factors above result in distinct cost differences between different
categories of materials. For example, materials such as composites, cer-
amics and metals could have comparable market prices, particularly if they
are competing for the same market. On the other hand, polymers
and rubbers are generally less expensive than these three categories of
material, followed by wood and porous ceramics. Within the same category
of material, one can find a substantial price difference as a result of the
cost of modifying a material to meet certain performance characteristics.
For example, a galvanized steel sheet is expected to be more expensive
than billets, blooms or steel slabs. In addition, high-modulus pitch-based
carbon fibers are substantially more expensive than low-modulus, non-
graphitized mesophase-pitch-based fibers.

Another important cost factor that can greatly assist in the decision-
making process of material selection is the relative cost contribution of
material with respect to the total cost of manufacturing a product. This
relative cost can range from approximately 20% to 95% depending on the
type of material and the product in question. For example, products such
as expensive jewelry and dental alloy in which precious metals are used
(e.g. gold, platinum and palladium) can be associated with material cost of
up to 85% or 90% of the cost of the final product. Similarly, some elec-
tronic products use metals that are sold as bonding wires, evaporation wire
and slugs, and sputtering targets for the deposition of thin films. This often
results in setting prices largely in accordance with the metal price with a
minor fabrication charge. The other extreme can be found in products such
as precision non-gold watches in which the cost of metals provides a minor
contribution to the final product cost, which is mainly fabrication. For
fibrous products, one can also find a wide range of relative cost contribu-
tions of material, which typically falls between the two extremes mentioned
above. For example, the cost of cotton fiber typically contributes by a range
from 50% to 70% to the total final cost of spun yarn. For some function-
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focus fibrous products, the contribution of raw material cost can vary
widely depending on the type of fiber used and the weight or volume frac-
tion of fibers in the product composition.

In light of the above discussion, the key aspect in evaluating material
cost is how this cost is translated into a product value, reflected in an
optimum product performance, and whether this value is ultimately appre-
ciated by the user of the product. The interrelationships between cost,
value and performance can be visualized using a simple triangle as shown
in Fig. 7.7. This type of demonstration was discussed in an earlier book by
the present author.”” A cost-value—performance triangle is determined by
three basic dimensions, each is scaled from 0% to 100%. These may be
considered as ordinal values used to rank materials according to the three
criteria of the triangle, or as interval values used to rank materials in such
a way that numerically equal distances on the scale represent equal dis-
tances in the criterion being measured. Simply, the scales of the three
dimensions of the cost-value—performance triangle are determined by two
extreme interrelationship scenarios:

1. High cost-high performance-high value (material A). In this case, the
high cost of material is directly translated into high value of the product
in the marketplace, reflected by superior product performance. In other
words, a linear relationship exists between value, performance and cost.
Most liability-oriented products (e.g. aircraft, jet engines, construction
products, tires and airbags) will contain materials of this category.

2. Low cost-low value—poor performance (material B). This category of
material hardly exists in the marketplace.

Material cost

Material C (M,M,M)

Material D (H,H,L)

Material B (L,L,L)
Material A (H,H,H)

100 100
Product value Material performance

7.7 Material cost-value—performance triangle.?



190 Engineering textiles

Between these two scenarios, many materials can be found with a wide
range of cost, value and performance (e.g. materials C and D). The cost-
value relationship is often determined by a complex combination of market
factors that must be considered collectively to establish a reliable relation-
ship.” Cost-performance relationships on the other hand can be estab-
lished during the design process and particularly in the material selection
phase. This aspect is discussed below and examples will be presented later
in this chapter to provide some guidelines on how performance and cost
can be correlated in selecting raw materials for fibrous products.

7.6.1 Cost—performance relationship

Determining the relationship between material performance and cost is a
common engineering practice. This type of relationship assumes that a
certain performance parameter of material has a direct impact on the cost
of fabricating a product or other costs. One common situation is the rela-
tionship between fiber strength and cost. For example, high-tenacity, high-
modulus fibers are naturally more expensive than fibers with moderate
values for strength or elastic modulus. This will result in an increase in the
cost of converting these fibers into yarns or fabrics by virtue of their high
price. This is illustrated in Fig. 7.8 by the increasing trend of the cost-—
performance relationship. In many situations, the use of high-strength fiber
may result in cost reductions in other areas such as the number of fibers
needed and the cost of finishing treatments. This may result in the descend-
ing curve in Fig. 7.8. The net result of these two curves is represented by
a total cost—performance curve for which the optimum performance char-
acteristic is determined at the minimum cost.

Cost

Total cost

B
il S—

Fabrication cost

i Other costs
1

Optimum Strength —
strength

7.8 Material cost-value—performance relationship.
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7.6.2 Cost—performance equivalence

Cost—performance analysis can also be performed using well-developed
relationships between cost and some performance characteristics that
allow a fair comparison between different material types."*”** One of
the key parameters determining the cost of material is material weight
or density. As a result, a cost—property comparison between two
materials should be based on weight or structural equivalence. This
is particularly important when two materials with different strengths
or stiffnesses are compared. In this case, the relative weight of each
material for equal strength or stiffness should be determined. To
illustrate this point, suppose a fiber of cross-sectional area, A, is subjected
to an axial tension, F. This will result in the following equation of
working stress:

.o Oy  _F

" factor of safety A

When two fiber types M and N are compared under the same load, the
condition of equal load-carrying ability in both fibers is given by:

(7.2)

AvOwm = AxOwn

ndy,® ndy?
Owm = c
4 WM 4 WN
or
1/2
dy =(—GWM ) (7.3)
dw OwN

where dy and dy are the diameters of fiber M and fiber N, respectively.
2

The fiber weight isW =pV =pAL=p nj L

where p is the fiber density, V is the volume and L is fiber length.

Thus,

Wu _ pMszLM _ pmOownLum

™ M = (7.4)
Wy pndnLx pnOwmln

For a constant length,
Wt _ uch” _ puSwn (7.5)

Wn deN2 PNOwMm

The above equation yields the weight ratio as a function of fiber density
ratio and working-stress ratio. It indicates that the weight per unit strength
is W= p/o. It also allows for the inclusion of cost comparison provided that
the cost per unit weight of each material (cy; and cy) is known. For weights
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of fibers M and N of W), and Wy, the total costs of fibers M and N are: Cy,
= cy'Wy and Cy = en'Wy. Accordingly,
C_M _ cWu _ cupmOww (7.6)

Cy  oxWn  cnpnOwm

This equation indicates that the cost per unit strength can be generally
expressed by the following formula:

c=L (7.7)
Ow

Similar expressions of cost per unit property can be derived for different
cross sections and loading conditions.” The significance of the above equiv-
alency analysis stems from the fact that it provides an objective comparison
between different material types in relation to weight requirements and
associated costs. To illustrate this point, suppose that materials with two
fibers of the same length are being compared: steel (S) and Kevlar (K). If
the length of the fiber is fixed and the working stresses of the two fibers
are the same, the weight ratio will be:

& _ pKGWS _ p_K _ 1.44
Ws  psOwk ps 7.86

=0.183 (7.8)

This means that the weight of Kevlar required to meet this working stress
is only a fraction (0.183) of the weight of the steel. If the cost of Kevlar is,
say US$20 per pound and that of steel is US$5 per pound then the cost
comparison of these two materials can be expressed by:

C_K _ CkPxOws _ 20x1.44
CS CsPsOwik 5x7.86

=0.733 (7.9)

This means that the cost of Kevlar will also be a fraction of the cost of
steel despite its higher cost per pound.

7.7  Effects of technology on material selection

Understanding the technology involved in making a product can have a
significant effect on the choice of appropriate material for the intended
product. In the area of fiber-to-fabric engineering, numerous examples can
be listed in which the impact of material on the technology used or the
effects of technology on material performance can be demonstrated. The
example of microdenier fibers discussed earlier demonstrated how their
unique characteristics can have adverse effects on their processing perfor-
mance and how the technology should be adjusted to accommodate this
type of fiber. The sizing process mentioned earlier demonstrates how the
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technology may compensate for a deficiency in raw material through chem-
ical treatments that can enhance material processing performance. Indeed,
independent segments of the industry such as finishing, coating and lami-
nating are devoted to providing compensation for some of the deficiencies
in raw material or to add features that cannot be provided by the raw
material alone. This point will be illustrated further in Chapter 11 in the
context of chemical finishing.

In some situations, the choice of raw material should be made in view
of the technology involved, the capabilities offered by the technology and
the cost of manufacturing. The simple example below demonstrates these
situations.

7.7.1 Fiber selection for the design of spun yarns used for
making strong and comfortable fabrics

The product in this example is a ring-spun yarn intended for making strong
and comfortable fabrics that can be used in durable applications (e.g. mili-
tary uniforms or working uniforms). For this product, fiber type and fiber
properties are key aspects in the design analysis. Following the basic steps
of material selection discussed earlier, the design problem established for
this material may be stated as ‘the need for a trade-off between strength
and tactile comfort in the design of the ring-spun yarn’. The term trade-off
is used here as a result of the fact that most efforts to achieve high strength
normally results in a loss of flexibility and poor tactile features of yarns.
Obviously, this may be considered as a sub-problem of a larger one that
will involve other design aspects such as fabric construction and garment
design. However, our focus in this example is strictly on the fibers required
to make the spun yarn.

Following the problem statement, the next step is to establish the manu-
facturing and performance criteria of the product, as shown in Fig. 7.9. In
this case, the manufacturing conditions under which the material is likely
to be processed are those associated with the conventional ring spinning
method.? One key criterion that can be mentioned in this regard is the need
to spin the yarn at low twist to produce a soft yarn while maintaining the
high efficiency of the spinning machinery. Another criterion is compatible
blending when more than one fiber type is used to form the yarn. These
are the areas where the effects of technology can be demonstrated. The
performance criteria for this type of yarn are dictated by the desired com-
bination of strength and tactile criteria required in the fabric made from
the intended yarn. Accordingly, fibers that can provide high strength and
good tactile behavior will be desirable for this application.

The next step in material selection is to search for the appropriate
material. On the basis of screening category and based on experience with
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existing products, two options may be considered: 100% cotton fibers or
cotton/polyester blends. The use of 100% cotton fibers will provide many
comfort-related advantages (e.g. natural feel and good absorption charac-
teristics) and the use of cotton/polyester blend can provide a combination
of comfort and strength characteristics owing to the relatively high strength
of polyester fibers. On the basis of screening property, fiber properties such
as strength, flexibility and moisture absorption of the candidate fibers are
of critical importance to this application. Typical values of cotton fiber
tenacity may range from 2.7 to 4.0 g/denier in dry conditions and 3.5 to
5.5 g/denier in wet conditions. Corresponding values for polyester fibers in
both dry and wet conditions are 2.8 to 7.0 g/denier. Cotton stiffness, mea-
sured by the flexural rigidity, ranges from 60 to 70 g/denier. Corresponding
values for polyester fibers are 12 to 17 g/denier. The moisture regain of
cotton under standard conditions (e.g. relative humidity = 65 + 2% and
temperature = 70 £ 2°F or 21 + 1°C) is about 8%. Polyester fiber, on the
other hand hardly has any moisture regain (0.4%).

A good design process should aim to entertain all options, not only on
the basis of performance but also on the basis of product value and manu-
facturing cost. For this type of product, the most economical option to use
is 100% cotton, or cotton/polyester blends that can be processed using
conventional spinning techniques. An alternative option would be to use
a core/sheath yarn in which the core is made from 100% polyester fiber
and the sheath is made from 100% cotton fiber. This option may be more
costly as it often requires special spinning systems or additional spinning
accessories and further analysis of the nature of the core/sheath inter-
action.” Accordingly, three specific options can be considered in this
application: 100% cotton, conventional cotton/polyester blends and
core-polyester/sheath-cotton blend.

With regard to the first option, the use of 100% cotton fiber for making
strong/comfortable yarn can impose some challenges. The primary chal-
lenge is to meet the durability requirement of the yarn for this type of
application since cotton fibers are not known for their high strength in
comparison with polyester fibers. As a result, the choice of cotton will be
limited to coarse or medium counts of spun yarns or to fine yarns that will
be used in a high-dense fabric. In considering these options, the key design
criterion will be the level of strength in the yarn. This should be high
enough to provide durability with minimum impact on flexibility and fabric
porosity. This brings up a critical issue that is directly related to both per-
formance and cost, which is the choice of the appropriate level of twist.
Although twist is primarily a technological issue, it has a direct impact on
the choice of fibers and fiber properties. This point is explained below.

The way fibers are conventionally consolidated into a yarn is through
twisting of the fibers together to a certain level of twist, or turns per unit
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length. This is a unique binding mechanism as it does not involve any use
of external adhesives; as a result, fiber flexibility is highly preserved in the
yarn. It is also a challenging engineering approach as discrete elements
or fibers with very short lengths (e.g. 1.0-1.5 inch fibers or 25.4-38 mm)
are twisted together to form a continuous yarn that can virtually have an
unlimited length and exhibit acceptable strength. This challenge is met
through innovative techniques of spinning.** The role of twisting is, there-
fore, to introduce strength to the yarn so that it can withstand the rigorous
mechanical stresses during fabric forming and exhibit the necessary
integrity.

The strength—twist relationship commonly takes the shape of curve A
of Fig. 7.10. As can be seen in this figure, an increase in twist initially
results in an increase in yarn strength. This trend continues to a certain
point beyond which the strength decreases with the increase in twist. This
point is commonly called the optimum twist point.*' Twist also influences
yarn stiffness and fiber compactness in the yarn, with the increase in twist
resulting in an increase in stiffness and fiber compactness. As a result,
excessive twist can lead to stiffer and low-porosity yarn, which can result
in high discomfort to the wearer of the fabric made from this yarn.

In light of the above discussion, it is important that the twist level in the
spun yarn be large enough to provide maximum yarn strength, yet be as
small as possible to provide yarn flexibility and optimum fiber compact-
ness, or good yarn porosity. As a result, the twist level should be optimized
in view of two critical characteristics: strength and comfort. This point is
illustrated in Fig. 7.10 in which the optimum twist level is determined by
the intersection of two curves: curve A, the strength—twist curve, and curve
B, the comfort-twist curve. For simplicity, in both curves the performance
parameter is expressed by an index so that both parameters can be

(B) Comfort—twist relationship (A) Strength—twist relationship

0.8 -

0.6

0.4

Performance index

0.2 { (C) Strength—comfort curve |

0 , , A A , .
0 1 2 /3 4N 5 6
Optimum Optimum  Twist index —
twist for twist for
comfort-strength strength

7.10 Performance-twist/performance—cost characteristic curves.
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superimposed. In the case of the comfort-twist curve, the index ranges
from 0 to 1, with 0 indicating high discomfort and 1.0 indicating the highest
possible comfort level. In the case of the strength—twist curve, the strength
index implies the ratio between the actual strength produced at a certain
twist level and the maximum strength that can be obtained from the spin-
ning system used and the fiber characteristics utilized. The net curve (C)
representing these two performance parameters, is called strength—comfort
characteristic curve.’

Twist is also a major cost factor as the increase in twist level is normally
associated with a decrease in production rate and increase in energy con-
sumption imposed by the increase in spindle speed.’ Thus, the increase in
twist will affect both the yarn performance and the manufacturing cost.
One of the main approaches to reduce twist and, at the same time, main-
tain high strength and optimum comfort is to select an appropriate fiber
material and certain values of fiber characteristics. If 100% cotton is the
candidate material, then the choice of long, strong and fine cotton fibers
can result in lower optimum twist levels (see Fig. 7.11). Since only expen-
sive fibers can exhibit these levels of fiber characteristics, a trade-off should
be achieved between the cost of material and the economical gains result-
ing from using lower twist levels.

If conventional cotton/polyester blends are considered, the addition of
polyester can indeed provide more choices in the design analysis. As indi-
cated earlier, polyester fibers are stronger than cotton fibers and they can
be made in a wide range of fiber length and fiber fineness (including micro-
denier fibers). This allows the use of lower twist levels at acceptable strength
values. Typically, the cost of polyester fibers used for these applications is
compatible with that of cotton fibers. Accordingly, this may seem to be a
more feasible option for this particular application. In addition to strength
and flexibility, polyester fibers also provide key performance criteria such

Long/strong/fine fibers Short/weak/coarse fibers
x
3 i
E 1 Fiber cost Manufacturing costt
© Fiber value !
S 0.8 :
g
5 0.6 (C) Strength—comfort curvés |+
© | |
o 0.44 : :
o 1
02 :
0 : : 66 o, :
0 1 2 3 4 5 6

Twist index —

7.11 Effects of fiber properties on optimum twist.
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as high wrinkle resistance and easy washing. The strength—comfort trade
off can also be achieved by entertaining various blend ratios of the two
fiber types.

The third option, which is the core/sheath yarn, may also be evaluated
provided that the user of the product is willing to pay the additional
cost for the higher value of product made by this option. Typically, non-
conventional spinning techniques such as core spinning or friction spinning
are used for this type of product.® The percent of core-to-sheath fiber ratio
has to be precisely optimized to achieve the target strength at the most
comfortable levels possible. When continuous filaments are used as the
yarn core, sheath/core interface issues have to be resolved to avoid yarn
peeling and poor maintenance.

The above example clearly explains how knowledge of the technology
involved in making a product can have a significant impact on the choice
of raw material. Indeed, the choice of raw material should be inseparable
from the nature of the technology used to avoid unrealistic or very costly
design options.

7.8 Design-direct versus value-impact performance
characteristics

The choice of raw material should also be made in view of two key cate-
gories of performance characteristics: (a) design-direct performance
characteristics and (b) value—impact performance characteristics. The first
category implies the choice of a raw material that can directly yield the
functional performance expected from the product. Typically, many
materials may be suitable to meet the desired levels of this category of
performance characteristics and the choice should be based on an optimum
combination of material properties and cost-related factors. The second
category implies the choice of raw material that can result in a significant
added value to the product that can be felt and appreciated by the user of
the product to such an extent that the user would not hesitate to pay a
premium for the product. In this case, the cost of raw material may be rela-
tively high but the added value can offset this high cost. This point is
demonstrated by the example below.

7.8.1 Fiber selection for carpet piles

This example illustrates a common case where the choice of a certain
material may seem to be economically inappropriate owing to its high
market price in comparison with other competing materials, yet consider-
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ation of cost—performance relationships may indeed result in revealing
other economical advantages that support the appropriateness of the
expensive material. The product under consideration is carpet pile, the
primary component of commercial carpets. The uniqueness of this product
in relation to the subject of this chapter is that it can be made from many
different materials, which makes material selection a key aspect. Most
carpet piles commonly use four fiber types: wool, polyester, polypropylene
and nylon fibers. Each one of these material candidates has strengths and
weaknesses that should be fully recognized prior to selecting the appropri-
ate fiber for this product.

Following the basic steps of material selection discussed earlier (see Fig.
7.12), suppose that the problem statement associated with this fibrous
product is, ‘What is the most appropriate fiber for developing carpet
piles for heavy-traffic carpets that are likely to be subjected to high cyclic
loading, potential stain, appearance-retention problems and possible
flame?’ Based on this statement, it is obvious that material type represents
a core issue for this product. Moving forward to material criteria, one will
find that all material candidates in this example can be manufactured to a
high degree of efficiency as each one has been used in this type of product
for many years and there is great experience of the manufacturing pro-
cedures and the criteria suitable for each type. In other words, the condi-
tions under which any of these fiber types is likely to be processed are
largely well-established. With regard to performance criteria, or the service
and environmental conditions under which the material in this product is
likely to perform, ten primary performance criteria can be listed for most
applications. These are illustrated in Table 7.2.

Obviously, the ten criteria described in Table 7.2 cannot be met using
one type of fiber material. This is evident by the general comparison
between the different fiber types shown in Table 7.3. As a result, the design
engineer should rank these criteria in the order of their importance with
respect to the specific application or the target product. Alternatively, a
weight factor can be assigned for each performance criterion depending
on its value toward product performance. It is also useful to establish a
scaled comparison of different materials to assist in making a decision
about which materials to consider in the initial selection. Table 7.4 shows
a rough scaled comparison on a ranking scale from 0 to 10, with 10 being
excellent performance.

Upon establishing and prioritizing the key performance criteria, the next
step in material selection will be to screen fiber category and fiber property.
This will result in selecting a set of fiber types and fiber characteristics that
have potential for use in this type of product. As indicated earlier, informa-
tion gathering is a critical task in this basic step. The fiber categories in
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Table 7.2 Basic performance criteria of carpet pile fibers*®&824

Performance Contributing factors
criterion
Resiliency Fiber structure, some enhancement modifications and
pile density
Appearance Fiber structure (cross-sectional shape and denier) and
retention pile density

Abrasion resistance Fiber type and the density of face fibers (more tightly
packed yarns will result in high wear resistance)

Pilling and fuzzing Fiber type, yarn structure and finish treatments
Soil and stain Fiber type, fiber surface treatment, color, texture, dyes
resistance and fiber structure
Sunlight resistance Fiber bulk and surface structure and fiber treatments
Static Fiber structure and treatments
Carpet feel or hand Fiber type, surface density and cross-sectional shape
Resistance to Fiber structure and fiber treatments
mildew
Flammability Fiber structure, modification, construction methods,

dyes, padding and even carpet installation methods

Tables 7.3 and 7.4 represent one natural fiber (wool) and three synthetic
fibers. Wool fibers are traditional carpet fibers which have been used for
hundreds of years. They offer a deep, rich look and a special feel that are
desired by the majority of carpet consumers. However, wool fiber has many
limitations, some of which are performance related and others which are
cost related. Wool is inherently staple fiber, making it sensitive to pilling
or fuzzing; it tends to ‘wear down’ or wear away the piles. In some cases,
bald spots may occur as a result of heavy traffic loads. Although it has high
resilience, the fiber is relatively weaker than the synthetic fiber candidates.
It is not easily treatable or modifiable in order to overcome soil and
stain effects. However, it cleans especially well with appropriate cleaning
methods. Since wool can hold ten times its weight in moisture, it is suscep-
tible to shrinking and mold and mildew growth. When cost is an issue, the
price of wool is relatively very high (almost double the price of nylon per
yard) making it out of the reach of most consumers.

As a result of the above performance and cost constraints of wool,
its choice may be restricted to specific applications such as indoor,
infrequently used and luxurious areas. For most commercial carpets,
only synthetic fibers are considered. In this regard, category and
property screening can become very involved as the competition in
this area is strong and developments in all synthetic fibers represent
an ongoing effort to gain a larger market share in this highly profitable
application.
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Table 7.4 Scaled-comparison of performance characteristics of different
carpet pile fibers

Performance Wool Polyester Polypropylene Nylon

criterion

Resiliency 10 5-6 5-6 6-9

Appearance 10 4-5 4-5 10
retention

Abrasion resistance 6-9 6-9 9-10 9-10

Pilling and fuzzing 4-5 4-5 (staple) 7-9 4-5 (staple)

8-10 (filament) 8-10 (filament)

Soil and stain 7-9 7-9 5-6 7-9
resistance

Sunlight resistance 3 5-6 3-4 5-6

Static 4 4 4 4

Carpet feel or hand 8 6 6 6

Resistance to 5-6 8-10 8-10 8-10
mildew

Flammability 4 5 5 5

Excellent = 10, very good = 7-9, good = 5-6, fair = 4-5, poor = 0-3

With wool being eliminated from the list of potential candidates, the
focus should then be shifted to synthetic fibers. Polyester fibers are made
from terephthalic acid and ethylene glycol, offered primarily as a staple
product for carpets. They are mainly used in residential and a few com-
mercial applications. The fiber has good color clarity, colorfastness and
resistance to water-soluble stains. It is also environmentally suitable as
many staple polyester yarns can be produced by recycling plastic bottles.
Indeed, some studies by polyester producers suggested that this ‘food-
grade’ PET polyester fiber may exhibit better quality than ‘carpet-grade’
polyester fiber. Polypropylene fibers are known as olefin. The fiber-forming
substance of olefin is any long-chain synthetic polymer composed of at
least 85%, by weight, ethylene, propylene or other olefin units. Polypropyl-
ene fibers are offered primarily as continuous filaments with some staple
product available. They are primarily sold as solution-dyed or pre-dyed
fiber. Olefin fibers are famous for their resistance to fading, ability to gen-
erate low levels of static electricity, inherent resistance to stains and good
resilience. They are also relatively cheaper than other synthetic fibers.
Nylon fibers were first used for carpet in 1959. Now they are the most fre-
quently used carpet fibers. It is a fiber-forming substance of any long-chain,
synthetic polyamide that has recurring amide groups as an integral part of
the polymer chain. It can be produced in continuous filament form or staple
fiber form. Typically, nylon is produced as a solution-dyed fiber or white
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yarn to-be-dyed. Nylon fibers are highly desirable owing to their excep-
tional durability, versatility and reasonable pricing. They can be dyed in
an endless variety of colors and made into numerous styles and textures
for residential and commercial applications.

Suppose that resiliency and appearance retention is of primary perfor-
mance concern. In this case, nylon fibers will represent the best candidate.
Other fibers should be manufactured in high-density loop pile construc-
tions to overcome crushing effects or pile flattening. If stain resistance is
the primary concern, all fibers will perform equally unless the fiber is
treated with special stain-resistant treatment. Similarly, flame resistance
requires special treatment as no fiber is inherently immune to flame
effects.

The general comparison above gives the design engineer some ideas
about the differences between potential fiber candidates. Obviously,
further comparative analysis should be made in which the basic steps
of material selection may be repeated to narrow down the choices in
view of the specific objectives and the performance criteria required.
In this regard, more information about the candidate materials may
be needed. For example, nylon fibers are available in two different
types: nylon 66 and nylon 6. The former has a tighter molecular structure
than the latter owing to a higher level of hydrogen bonding and maximum
alignment between molecular chains. Nylon 6 does not have this level
of internal bonding, resulting in a more open structure. In addition,
nylon 66 has unsurpassed resilience properties. When subjected to 24
hours of compression at 100,000 psi, it demonstrates up to 100% recov-
ery.>** Accordingly, these two fiber types can present a considerable
cost difference depending on performance, brand (producer) name and
other supply and demand conditions. As a result, a nylon 66 carpet
can have a substantial price difference of up to 30% over a comparable
nylon 6 carpet.

Another type of nylon, which is a derivative of nylon 66, is the so-called
Antron®, a four-hole hollow filament developed by DuPont.?* This fiber
enjoys superior performance in three key carpet criteria: resistance to dry
soil and liquid stains, pile height retention and resistance to matting, crush-
ing and abrasive wear. Soil resistance can also be enhanced by a treatment
called DuraTech® soil resistant. Obviously, this fiber is more expensive
than other nylon fibers.

The performance characteristics associated with the example above
belong to the design-direct category mentioned earlier. These characteris-
tics suggest that both conventional nylon 66 and Antron® represent good
candidates for the raw material of carpet piles. The fact that Antron® is
more expensive than conventional nylon 66 may represent a concern to the
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Conventional nylon 66

Antron®
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Material value Material performance

7.13 Material cost-value—performance triangle for carpet pile nylon
fibers.

design engineer as the high cost must be translated into a true value that
can be felt and appreciated by the user of the product. This is where
value—impact performance characteristics are necessary to justify the
higher cost. These may include longer lifecycle, minimum maintenance,
lower cost of energy, easy installation, minimum water use, minimum air
and land emission and easy cleaning.

According to DuPoint publications* based on a case study in which
Antron® fibers were used in commercial carpets to cover the David L.
Lawrence Convention Center in Pittsburgh, the use of Antron®resulted in
significant savings in energy expenditure that are beneficial to the environ-
ment. The reported characteristics are different from the design-direct
characteristics. With this value—impact information, a better comparison
between nylon 6, nylon 66 and Antron® fibers can be established using
an appropriate decision-making analysis as discussed in Chapter 5 which
may yield a cost-value—performance triangle similar to that shown in
Fig. 7.13.

The above example demonstrated how value—impact characteristics can
be of critical importance in justifying the use of expensive and high per-
formance fibers. Later in Chapters 12 to 15, many examples will be intro-
duced to illustrate the differences between design-direct and value—impact
performance characteristics of various fibrous products.
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Structure, characteristics and types of fiber for
textile product design

Abstract: This chapter is devoted to the discussion of fibers in the
context of fiber-to-fabric engineering and product design. Basic
differences between fibers and non-fibrous materials are discussed with
respect to key aspects such as fiber structure, fiber deformation
behavior, fiber strength parameters, fiber thermal conductivity, fiber
aspect ratio and fiber surface characteristics. In addition, a review of
different fiber types is presented, again from a design viewpoint. These
include natural fibers, regenerated synthetic fibers, synthetic fibers and
fibers for high performance applications.

Key words: degree of polymerization, degree of order, degree of
orientation, elastic limit, cold drawing, viscoelastic behavior, Maxwell
model, Voigt model, thermal conductivity, aspect ratio, surface
morphology, gel spinning.

8.1 Introduction

Although fiber is the basic component of any fibrous product and this tiny
component has altered the circumstances of human existence in many ways
and made a huge contribution to the world in terms of its enormous number
of applications, it is not a stand-alone component as it must be represented
in a clustered form or in an assembly to play a significant role in the making
or in the performance of a product. Fibers can be compacted and bonded
into nonwoven structures, consolidated into a yarn, or converted into a
woven or knit fabric via yarn structures. In a fiber-to-fabric engineering
system, it is important to understand the potentials of these fiber assem-
blies in different applications and the effects of their characteristics on
various fibrous products. These aspects will be discussed in the next four
chapters. In this chapter, the focus will be on fibers.

8.2 Basic differences between fibers and
other materials

Most fibers are essentially polymeric-based materials and they largely
share many of the inherent characteristics of polymers. For example, the
Cambridge charts' shown in Fig. 7.2 of Chapter 7 indicated that polymeric
materials exhibit bulk density ranging from about 900 to 2800 kg m™ (0.9
to 2.8 g cm™). Carbon-containing fibers exhibit bulk density falling within

208
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this range as shown in Fig. 8.1. However, fibers are uniquely different from
other polymeric and non-polymeric materials by virtue of their molecular
structures and the innovative techniques used to produce them. These
aspects are discussed below.

8.2.1 Fiber structure

The internal structure of a polymeric fiber consists of small molecules or
monomers joined together to form a long molecular chain. As shown in
Fig. 8.2, this structure can be described by three basic parameters:** (1)
the degree of polymerization, (2) the degree of order and (3) the degree
of orientation. The length of the molecular chain depends on the number
of molecules connected in a chain, which is generally known as the ‘degree
of polymerization’. This is typically determined by the ratio between the
molecular weight at a certain point of time during polymerization and the
molecular weight of one monomeric unit. Molecular chains may be arranged
in a predominantly random order, commonly known as amorphous struc-
ture, or in a predominantly organized order, commonly known as crystal-
line structure. Most fibers exhibit structures that are partially crystalline
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8.2 Basic structural features of fibers.

and partially amorphous. This is commonly known as the degree of order,
with highly crystalline fibers having high molecular order. In addition,
fibers can be made at different levels of molecular orientation by stretching
the molecular chains to different levels of draw ratio; this is known as the
degree of orientation.

8.2.2 Fiber deformation behavior

In order to understand the unique strength characteristics of fibers, it is
important to provide a few comments on the nature of their mechanical
behavior in comparison with other materials. In general, crystalline metals
and ceramics will typically deform by a very small amount (often unnotice-
able) at small levels of applied stress. Typically, small loads will result in
small displacement of the metal atoms, less than 10% of their inter-atomic
distances. As fibers are a polymeric material they will respond easily to
external loading even at very low levels. Within elastic limits, polymer
molecules recoil almost immediately from the load, but some polymers
may exhibit a slight delay in elastic recoil.*> When the applied stress exceeds
the elastic limit, polymeric materials undergo the phenomenon of polymer
yielding, which is the onset of a permanent or irreversible deformation. For
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non-crystalline (or amorphous) polymeric materials, polymer yielding
results from molecular uncoiling, leading to a neck forming at the yield
point, which is followed by an overall drop in stress. At the neck region,
the folded chains become aligned. The microscopic thinning down in
cross-section results in a local increase in the stress and any deformation
occurs preferentially there. This helps the neck propagate crosswise under
a steady load, in a process known as cold drawing. Any deformation pro-
duced beyond the yield point is not recoverable. In a crystalline polymer,
the unfolding of chains begins in the amorphous regions between the
lamellae of the crystals. This is followed by breaking-up and alignment
of crystals.*

When time is a factor in rationalizing the mechanical behavior, metals
and ceramics behave differently from fibrous materials. Typically, crystal-
line metals and ceramics deform plastically by dislocation motion, which
is in step timewise with the applied stress. Fibers, after passing the elastic
region, also deform plastically under stress when long-chain molecules
slide past one another via the breaking of the weak secondary intermolecu-
lar bonds. The difference is that plastic deformation can increase with time
without an increase in stress. Another difference is that the deformation
is not purely plastic, particularly at the initial stage; it is a mix of plastic
and elastic deformation. With further time, deformation can be purely
plastic. This deformational behavior is uniquely described as a viscoelastic
behavior, implying a combined behavior of fluid and solid.*”

Theoretically, the viscoelastic behavior of fibers and polymeric materials
has been simulated by conceptual models such as the so-called Maxwell
and Voigt models which consist of a series of springs and dashpots.”? In
this regard, two common time-dependent phenomena should be realized:
creep and stress relaxation. In simple terms, creep occurs when a constant
force is continuously applied to a component, causing it to deform gradu-
ally with time. The result is a strain—time relationship with an increasing
strain over time. The extent of creep will largely depend on the constant
force applied. For thermoplastic polymers, creep will also depend on the
temperature, with the increase in temperature leading to faster deforma-
tion. A classical model of the creep behavior of a material has three stages
of strain versus time. The first stage consists of the initial elastic and plastic
effects of loading and an initially high, but rapidly decaying creep rate.
This is followed by steady state creep in stage two, where the rate is linear
with time, and concludes with tertiary creep where the creep rate rapidly
accelerates and ends in failure. Stress relaxation is almost exclusively a
characteristic of polymeric materials under constant strain over time. It is
typically manifested by a reduction in the force (stress) required to main-
tain a constant deformation. In classic polymer relaxation theory, the time-
dependent behavior is governed by highly developed equations often based
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on Maxwell or Voigt models and governed by a spectrum of relaxation
times for the material.

The effect of temperature on the deformational behavior of fibers is also
well documented. Fibers may be subjected to high temperatures during
processing and during chemical or thermal finishing. A polymeric fiber
that melts, softens, or deteriorates under detergent treatment or hot water
would make an unacceptable fabric. Fibers made from thermoplastic poly-
mers can be manipulated during processing by raising their temperature
above the softening or glass transition temperature (7,), texturizing or
deforming them and cooling them again below the 7, to set the intended
textured structure.®” Non-thermoplastic fibers can be treated using chemi-
cal cross-linking to reduce the loss of energy of deformation and provide
better dimensional stability and shape recovery after deformation. For
cotton fibers, this type of treatment is commonly known as permanent
press finish and it functions by forming cross-links between adjacent cel-
lulose polymer chains. These give cotton some elastic and resiliency
properties.

8.2.3 Fiber strength parameters

Although most fibers belong to the category of polymer material, their
molecular structure and deformational behavior provide them with unique
values for strength parameters. In this regard, it will be useful to divide
fibers into two main categories: conventional fibers and speciality fibers.
The first category represents fibers that are commonly used for traditional
fibrous products. These include natural fibers and common synthetic fibers
(e.g. nylon, polyester, polypropylene and acrylic fibers). The second cate-
gory represents fibers that are commonly used for function-focus fibrous
products (e.g. aramid fibers, carbon fibers and glass fibers). Values for
strength-related parameters of conventional fibers are listed in Table 8.1
to Table 8.3, and those of speciality fibers are listed in Table 8.4. The units

Table 8.1 Values of some strength parameters of natural fibers®®’

Fiber Tenacity Breaking Flexural Elastic Elastic

type (g¢/denier) elongation rigidity recovery  recovery
(%) (gi/denier) (%) at 1% (%) at
Dry Wet 3%

Cotton 2.7-4.0 3.5-5.5 4-6 60-70 50 35

Wool 1.8-2.0 1.3-1.4 25-45 4-6 60

Flax 6-7 7-9 1.5-3.5 160-180 80 65

Silk 4-5 3-4 20-25 50-120 45 40
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Table 8.4 Values of strength parameters of some specialty fibers®®

Fiber type Specific Tenacity Initial Breaking
gravity (N/tex) modulus elongation
(g/cc) (N/tex) (%)

Kevlar®29 1.44 2.030 49 3.6

Kevlar®49 1.44 2.080 78 2.4

Kevlar®149 1.44 1.680 115 1.3

Twaron® 1.44 2.100 60 3.6

Nomex® 1.46 0.485 7.5 35

HPPE (Dyneema® 0.97 2.800 91 3.5
SK60)-1 dpf

HPPE (Dyneema® 0.97 3.100 97 3.6
SK65)-1 dpf

HPPE (Dyneema® 0.97 3.500 122 3.7
SK71)-1 dpf

Spectra 900-10 dpf 0.97 2.600 75 3.6

Spectra 2000-3.5 dpf 0.97 3.400 120 2.9

PBO poly(p-phenylene 1.56 2.54 177
benzobisoxazole

Carbon fiber-PAN® (Toray) 1.80 2.0-6.0 180-450 0.7-2.0

E-glass 2.55 1.5-2.5 54 1.8-3.2

S-glass 2.50 2.0-3.0 62 4.0

Steel wire 7.85 0.18 26 1.5

used in these tables are those used commonly among fiber and polymer
engineers.

Examination of the values of strength-related parameters reveals a

number of important points:

As shown in Fig. 8.3, tenacity values of conventional fibers range
from about 140 to 850 MPa (0.1 N/tex to about 0.65 N/tex). Some high-
tenacity fibers can reach up to about 1200 MPa (0.9 N/tex). Note that
synthetic fibers such as nylon and polyester can be produced in a wide
range of tenacity depending on the intended applications.

As shown in Fig. 8.4, some specialty fibers exhibit very high tenacity
values that easily fit within the range of metals and ceramic materials.
The level of tenacity of this category of fiber will depend on the empha-
sis of the application. For example, Nomex fiber, which is essentially a
flame retardant meta-aramid, has a tenacity of 0.7 GPa. Kevlar fiber,
which is a strength-oriented product, can have a tenacity of about
3 GPa.

Most conventional fibers, except cotton and flax, have high breaking
elongation values (exceeding 15%). Speciality fibers, on the other hand,
exhibit low breaking elongation as shown in Fig. 8.5.
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e Asindicated earlier, the most unique characteristic of fibers is flexibil-
ity. This is the characteristic that yields the comfort and fit of traditional
fibrous products and the easy assembly and shape manipulation of
function-focus fibrous products. The most common measure of flexibil-
ity is the initial modulus, known as the Young’s modulus. Figure 8.6
shows another one of the Cambridge material charts' in which values
of Young’s modulus for polymers range from about 0.08 to 10 GPa.
These values are clearly below those of metals, ceramics and composite
materials. Most conventional fibers exhibit values within this range, as
shown in Fig. 8.7. Only flax fibers can exceed this range.

e Specialty fibers exhibit Young’s modulus values approaching those of
metals and ceramic materials. This is clearly illustrated in Fig. 8.8.

8.2.4 Fiber thermal conductivity

Another parameter that distinguishes fibers from other materials is thermal
conductivity. This is the ability of material to conduct heat. The general
expression for thermal conductivity is as follows:

AQ X

k= X — 8.1
AXAr AT
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AQ . . .
whereygls the rate of heat flow, A is the total surface area of conducting

surface, AT is temperature difference and x is the thickness of conducting
surface separating two temperature levels.

The above expression indicates that thermal conductivity is a direct
function of the quantity of heat, AQ, transmitted during time, A¢, through
a thickness, x, in a direction normal to a surface of area A, owing to a
temperature difference, AT, under steady state conditions and when the
heat transfer is dependent only on the temperature gradient. In SI units,
thermal conductivity is therefore expressed in W m™ K™.

Figure 8.9 shows typical values of thermal conductivity for some conven-
tional and specialty fibers. Figure 8.10 shows thermal conductivity values
for other common materials. Values in both figures should be taken only
for general comparative purposes. Figure 8.11 shows values of thermal
conductivity for highly conductive materials. In general, most fibers exhibit
low thermal conductivity, which makes them useful in many heat insulation
applications. Specialty fibers such as carbon and glass fibers can have
exceptionally high thermal conductivity.
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8.7 Typical values of Young’'s modulus for conventional fiber
types.??

8.2.5 Fiber aspect ratio

A key characteristic that distinguishes fibers uniquely from other materials
is the high aspect ratio (length/diameter ratio). Typical values of aspect
ratio for fibers may range from 200 to several thousands. From a design
viewpoint, fibers with a high aspect ratio should result in stronger yarns
than those with a low aspect ratio by virtue of the long inter-fiber contact
and the possibility of placing more fibers in the yarn cross-section.!” More
importantly, high aspect ratio can result in a significant improvement
in fiber flexibility by virtue of the fact that the bending rigidity of
fiber is proportional to d*, where d is the fiber diameter. As discussed
in Chapter 7, material options should be entertained in view of the
design problem statement as well as both the performance and the manu-
facturing criteria associated with the material. When flexibility is the
main performance criteria, a design engineer can have multiple options for
producing high flexibility, as shown in Fig. 8.12. At the fiber level,
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8.12 Main factors determining flexibility of fibrous products.

high flexibility in fibers should result in high flexibility in end products
provided that the methods used to bind the fibers together into a yarn
or fabric can preserve this flexibility or at least minimize its inevitable
reduction. In this regard, the material choices will be an inherently
flexible fiber, natural staple fibers with high aspect ratios or continuous
filaments cut to various lengths, each associated with a different aspect
ratio. At the yarn level, fiber flexibility can be transferred into yarn
flexibility using an appropriate spinning method or low twist levels in the
yarn. Similarly, fabrics with open constructions using flexible yarns can
produce flexible end products.”” When manufacturing criteria are con-
sidered, optimum values of fiber flexibility have to be used to avoid
manufacturing problems as explained in Chapter 7 using the example of
micodenier fibers.

8.2.6 Fiber surface characteristics

Different material categories are expected to have different surface
structures by virtue of their atomic structure. For example, metals, being
largely crystalline structures, are characterized by surfaces in which
atoms are arranged in a largely regular manner."! Ceramics, being essen-
tially a combination of one or more metals and a non-metallic substance
chemically bonded together, are expected to exhibit different surface
textures.”” For composite products, surface characteristics of both the
matrix and the reinforcing components represent a key structural
aspect as they determines both the integrity and the protection of
these products. In recent years, a great deal of development of surface
physics has been witnessed as a result of the development of vacuum
technology, new surface sensitive probes, atomic microscopes and
powerful analytical methods.
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The surface morphology of fibers represents a key design aspect in many
product development applications. Different natural fibers exhibit different
inherent surface morphologies. For example, cotton fiber has a twisted-
ribbon shape along the length of the fiber and a kidney-shaped cross-
section.”” Wool fibers on the other hand exhibit a scaly surface, similar to
that of human hair, leading to directional frictional effects.'* Synthetic
fibers stem their surface characteristics from various sources including"
(a) the polymeric surface structure, (b) molecular orientation, (c) fiber
cross-sectional shape, (d) fiber crimp and (e) surface finish treatments.
This provides a wide range of key characteristics such as surface cohesion,
surface morphology, roughness, moisture management and cleanability. In
addition, the processing performance of most fibers is influenced by surface
friction and fiber cohesion. During processing, fibers are subject to repeated
rubbing between each other and against machine parts (wires, rollers, etc).
As a result, an optimum cohesion level should be determined for each fiber
type. In this regard, high enough cohesion may be required to maintain
the bulk integrity of the fiber strand. Meanwhile, too low fiber cohesion
may not be desirable as it can result in an uncontrollable flow of material
during manufacturing. In the end product, fibers may be blended with
other fibers, or they may be bonded with non-fibrous materials. This
requires an optimum surface cohesion of fibers. In Chapter 12, more dis-
cussion of fiber surface characteristics will be presented in the context of
the performance of sportswear.

In closing this section, it is important to point out that the fiber-related
aspects discussed above represent key design factors that should be taken
into consideration in any product development project involving fibrous
products. Understanding these aspects can assist a great deal in exploring
possible solutions to design problems. In addition to these aspects, design
engineers should refer to the plausible ranges of various fiber characteris-
tics available in the literature or in fiber producer documents. Figure 8.13
provides a summary of the key fiber attributes that can influence the
performance characteristics of fibrous products. In recent years, nano-
technology has introduced a new category of fibers called ‘nanofibers’.
In comparison with the microdenier fiber, which has a diameter of few
micrometers, a nanofiber will have a diameter of less than one micrometer.
This three to four atoms thick fiber will add new dimensions to the unique-
ness of fiber attributes in comparison to those of other categories of
material. In addition, it will allow a dominant use of fibers in critical appli-
cations such as precision medical products, electronics, precision filters,
smart garments, composite, insulation, aerospace, capacitors, transistors,
drug delivery systems, battery separators, energy storage, fuel cells and
information technology.'®'” More discussion of nanotechnology will be
presented in Chapter 11.
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8.13 Common performance-related fiber attributes.

8.3 Review of different fiber types

Reviews of fiber types and their associated properties can be found in
numerous literatures sources. For conventional fibers, the author recom-
mends the classic book entitled Physical Properties of Textile Fibers by
Morton and Hearle.” This book covers many of the fundamental aspects
associated with both the internal structure and the properties of conven-
tional fibers. For publications focusing on synthetic fibers, technology and
properties, there are many sources of information including the ones listed
in the references of this chapter.®”'®° For information regarding specialty
fibers, producers’ technical reports obtained from their websites are rec-
ommended. In addition, new books have been published that deal specifi-
cally with speciality fibers.*® In this section, only a brief review of different
fibers is presented as a quick reference for the reader.

8.4 Natural fibers

Natural fibers are those from natural sources, vegetable or animal. Exam-
ples of the former include cotton, flax and jute. Examples of the latter
include wool and camel hair. Key points in dealing with these fibers in a
product development project are as follows:
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e Owing to the nature of this category of fibers, high inherent variability
in their properties should be expected. As a result, they should be
described by both average values and associated variability measures,
such as range or variance.

e Inherent variability cannot be eliminated except by extracting fibers
that have extreme values (e.g. carding or combing to remove short
fibers).

e Inherent variability can be manipulated through many techniques of
fiber selection and appropriate blending methods.* The purpose of this
manipulation is to produce a consistent fiber mixture exhibiting a con-
sistent pattern of inherent variability.

8.41 Cotton fibers

Cotton is a natural cellulosic fiber made from long chains of natural cellu-
lose (carbon, hydrogen and oxygen). It exhibits a long linear molecular
chain of over 10000 cellulosic units held together by strong intermolecular
forces.® As a result, it is reasonably strong within its use boundaries. The
length to diameter ratio of the fiber is in the order of several thousand,
which provides a great deal of flexibility, processing ease and good wearing
performance.'”?' A typical cotton fiber length may range from 0.90 to 1.5
inch (23-38 mm) and fiber fineness may range from 100 to 200 millitex (0.9
to 1.8 denier). Most cotton fibers exhibit a range of fiber bundle tenacity
from 25 to 35 gy/tex (or 2.7 to 3.9 gi/denier). However, some cotton varieties
exhibiting up to 40 gi/tex (4.4 gi/denier) tenacity can be found particularly
in the extra long staple (ELS) category. Cotton fiber elongation typically
ranges from 4 to 6%.

The majority of cotton fibers are used in traditional fibrous products,
particularly apparel. This is due to their natural appeal and aesthetic
properties.?! Cotton fibers are also used widely for household and interior
products such as towels, sheets, pillowcases, bedspreads, tablecloth and
upholstery. In recent years, efforts have been made to use cotton in
function-focus fibrous products such as fire-resistant clothing and com-
mercial carpets. In these applications, cotton fibers are treated with chemi-
cals to enhance their performance. For example, chemical treatments such
as Proban and Pyrovatex are used to make cotton fire-retardant products.?
In addition, cotton may be blended with wool and low-melt polyester fiber
for utilization in carpets without the need for any topical finish.

8.4.2 Bast fibers

Another group of cellulosic fibers is bast fibers or long-vegetable fibers.
These include® flax, hemp, jute and ramie. These fibers are relatively
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coarse and they exhibit high levels of durability. Flax (also called linen) is
the most commonly used fiber of this group. It is used to make a variety
of apparel products including dresses, skirts, blouses, suits, coats and hats.
It is also used in interior and home furnishing products such as draperies
and upholstery fabrics. Although flax exhibits approximately the same
degree of polymerization as cotton, it is stronger than cotton as a result of
its higher molecular orientation and higher crystallinity (see Table 8.1 and
Fig. 8.3). It has a tenacity of about 6 gi/denier and elongation at break from
1.5 to 3.5%. Like cotton, flax is stronger in wet conditions than in dry
conditions (approximately 20% stronger).

Hemp is another long-vegetable fiber that was once the principal fiber
used for marine cordage until replaced by abaca and sisal. It is still used
extensively for twine and for many of the same products as linen. The fiber
is usually about 4-7 ft (1-2 m) in length, and 22 micrometers diameter. It
is typically spun into coarser and strong yarns. The ends of the fibers are
blunt and very thick-walled, and show some branching. This branching
distinguishes hemp from linen under the microscope.

Jute fiber is commonly used for making strong and bulky fabric or twine
that is used in wrapping or bag materials (e.g. hessian, known as burlap in
the USA and a heavier-weight fabric known as sacking). Jute fiber is
usually 5-10 ft (1.5-3 m) or more in length and 20 micrometers in diameter.
Synthetic fibers, especially polypropylene, have made substantial inroads
into the markets for jute. Polypropylene bags and prime back for tufted
carpeting have displaced large quantities of jute. Also, bulk handling has
eliminated much of the former market for grain bags, especially in the
USA. Another fiber competing with jute, particularly in products such as
sacks, bags and paper, is kenaf. This is a long-vegetable fiber that has a
similar appearance to jute, although the fiber is somewhat lighter in color.
It also has similar or slightly lower strength than jute.

Ramie fiber is produced in length ranges from 28-60 inch (70-150 cm)
and it can be up to 50 micrometers in diameter. Ramie fabrics are typically
very strong and stiff. They also gain strength when wet and are highly
resistant to mildew and rot.

8.4.3 Wool fibers

Wool fiber is another common type of fiber used in traditional fibrous
products. It is typically more expensive than cotton and also in more
limited supply as it primarily comes from the fleece of sheep. As an animal
fiber, the main component of wool is protein (called keratin), which has a
polypeptide chain with amino acid side chains. Keratin has a helical chain
structure with strong hydrogen bonding.” The surface of the fiber has a
very unique surface morphology characterized by overlapping scales
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extending lengthwise from the cuticle. These scales provide a ‘differential
frictional effect’ with friction against the scales being significantly higher
than that in the direction of the scales. Wool fibers may have fineness
(diameter) ranging from 10-30 micrometers and fiber length ranging from
1-3 inch (2.5-7.6 cm). Coarse wool fibers can be very stiff, causing irrita-
tion and a prickling effect when projecting from the fabric against human
skin. When wool fibers are used in carpets, this stiffness may provide a
positive effect. The tenacity of wool fibers can vary significantly depending
on the type of wool used; a typical range may be from 1.8-2.0 g¢/denier.
Fiber elongation also varies from 25-45%. This high extensibility has a
positive effect on its comfort characteristics. Like cotton, wool fibers are
mostly used in apparel products such as men’s suits, women’s suits and
dresses, coats, casual shirts, and scarves or hats. More than 10% of the
wool fibers are used for carpets and rugs. It also holds a solid place in
household products such as blankets and upholstery.

8.4.4 Silk fibers

Silk is another protein natural fiber used in making traditional fibrous
products, particularly luxury apparel products. It is produced by the silk-
worm and is the only naturally produced continuous filament fiber but it
can be used in staple form. In the context of durability, silk is stronger than
wool but is also stiffer. This strength is a direct result of high degree of
polymer orientation and high crystallinity enhanced by strong hydrogen
bonding. Although silk has long-chain molecules as its backbone, there are
various sorts of side chains attached to these. One of the major problems
of silk, which directly influences the performance criteria of silk products,
is its low crease resistance. This problem is typically handled by epoxide
treatments.**

8.5 Regenerated synthetic fibers

Another series of fibers used in traditional fibrous products are regenerated
fibers. These include rayon and acetate fibers. In Chapter 2, the story of
rayon development was presented; it marked the beginning of unlimited
development of synthetic fibers. In comparison with cotton, conventional
viscose rayon exhibits inferior physical properties as a result of its lower
degree of polymerization and lower crystallinity. Regular viscose rayon
fibers have medium strength, low modulus and high elongation. New devel-
opments resulted in many derivatives of regenerated fibers with better
physical properties (e.g. high tenacity and high wet modulus viscose).
Acetate fibers are made from cellulose acetate polymer solution. This fiber
is relatively less durable than other fibers as it exhibits poor strength and
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poor abrasion resistance. Regenerated fibers are mostly used in apparel
products such as blouses, shirts, dresses, shirts and slacks, and lining fabrics
for suits and coats.

8.6 Synthetic fibers

Finally, a wide range of synthetic fibers (oil and coal based) are used in
making traditional fibrous products.®” The most commonly used fibers are
polyester, nylon, acrylic and polypropylene fibers. These fibers offer a wide
range of values with different measures of durability giving unlimited
opportunities for designers of traditional fibrous products to select desir-
able levels of mechanical properties and other important characteristics.
For example, melt-extruded fibers such as nylon 6.6 and nylon 6 are made
in a wide variety of fiber fineness and cross-sectional shapes that are suit-
able for different types of traditional fibrous products. These fibers can be
drawn at different draw ratios leading to different levels of strength and
elongation. They are superior in elastic recovery and dimensional stability
to many of the natural or regenerated fibers. A significant amount of nylon
fiber is used for carpet and rug products; a relatively small amount is used
for apparel products such as hosiery and socks, underwear and nightwear.
Nylon fibers can be made with a regular tenacity suitable for apparel
products or a high tenacity suitable for the carpet market (see Tables 8.2
and 8.3).

Another popular synthetic fiber, also produced by melt spinning, is poly-
ester, defined as any long-chain synthetic polymer composed of a least 85%
by weight of an ester of a substituted aromatic carboxylic acid, including
but not restricted to substituted terephthalate units and parasubstituted
hydroxybenzoate units. Again, this fiber enjoys excellent strength and good
elongation properties. The fact that this fiber can be effectively and effi-
ciently blended with cotton provided a great market share in apparel and
household products. Polyester has lower elastic recovery than nylon when
elongated at 3%. As a result, nylon is more appealing for products such as
women’s sheer hosiery and polyester is more appealing in durable
clothing.”

Acrylic fibers exhibit wool-like properties which make them attractive
in the apparel market. They are known as manufactured fibers in which
the basic substance is a long-chain synthetic polymer composed of at least
85% by weight of acrylonitrile units. These are spun into fibers by dry or
wet spinning methods.®” Acrylic filaments are commonly converted into
staple fibers for apparel products. They exhibit slightly higher tenacity and
higher toughness than wool fibers. They also exhibit higher elastic recov-
ery, which adds to their appeal in the apparel market. Indeed, over 75%
of acrylic products are in the apparel market (e.g. sweaters, high-pile fleece
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for coats and hosiery). Acrylic fibers also hold a solid place in the house-
hold and interior markets with products such as blankets, draperies and
upholstery.

Polyolefin fibers are commonly known as manufactured fibers in which
the basic component is any long-chain synthetic polymer composed of at
least 85% by weight of ethylene, propylene or other olefin units.” They
include polyethylene and polypropylene made by addition polymerization
of ethylene and propylene and subsequent melt extrusion, respectively.
Polyethylene did not perform well in the traditional market owing to its
low tenacity and low melting point (110°C). They are available in coarse
deniers for particular applications such as blinds, awnings, curtains and
car interiors. Polypropylene fibers, on the other hand, are widely accepted
in the traditional market. They have a high melting point of about 170°C,
an average tenacity of 4 g¢/denier and high breaking elongation. These
properties enhance the polyolefin position in the carpet and rug industry
and in many industrial applications.®”*

Finally, a special category of fibers that has received increasing popular-
ity in recent years is the elastomeric fiber. This is defined as a material
which at room temperature can be stretched repeatedly to at least twice its
original length, and upon immediate release of the stretch, will return to
its approximate original length.” With at least 85% segmented polyure-
thane in their structure, elastomeric fibers are never used as the sole com-
ponent of a product; instead they typically play a supporting role by adding
elastic features to fancy yarns and apparel products. The most common
type of elastomeric fiber is spandex (commercially known as Lycra®). This
fiber is typically in a filament form with deniers ranging from 20 to 5400
denier. In the context of durability, spandex has a lower tenacity than most
fibers but its high elongation and superior elastic recovery compensate for
its low strength.

8.7 Fibers for high-performance applications

High-performance fibers represent a special category of fibers that is pri-
marily made for function-focus products, but can be used for some tradi-
tional fibrous products (e.g. some apparel support, upholstery and floor
coverings). From a design viewpoint, high-performance fibers provide
unlimited design-oriented criteria that can promote fibers to virtually any
field from ground transportation to aerospace and from biotechnology to
computer and communication applications. Some of these applications are
discussed later, in Chapter 13. The key criteria of high-performance fibers
are®’?7" extremely high strength, exceptionally high temperature resis-
tance and unique geometrical characteristics (surface morphology and
cross-sectional shapes). These superior criteria have been a result of major
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advances in polymer and fiber technology. Examples of high-performance
fibers are discussed below. The reader should refer to Table 8.4 and Figures
8.1, 8.4, 8.5, 8.8 and 8.10 to support this discussion.

8.71 Aramid fibers

Aramid fibers are polyamides, where each amide group is formed by the
reaction of an amino group of one molecule with a carboxyl group of
another. However, the presence of aromatic rings makes them more stable
than with the linear arrangements of atoms. This provides great strength
and heat stability. Two of the traditional aramid fibers are Kevlar®, a high-
strength fiber, and Nomex®, a heat-resistant fiber.

Kevlar® was first produced by E.I. Du Pont de Nemours & Company, in
the early 1970s as a candidate fiber for reinforcing tires and some plastics.
Shortly afterwards, this light weight, strong and tough fiber was incorpo-
rated into many products including composites, ballistics, tires, ropes,
cables, asbestos replacement and protective apparel.”” Some radial auto-
mobile tires reinforced with Kevlar® cords are similar to those reinforced
with steel. Over the years, other Kevlar-like fibers have been introduced,
such as Twaron by Accordis BV and Technora by Teijin, Ltd.

Kevlar® is commonly called para-aramid or poly(p-phenylene tereph-
thalamide). It belongs to a class of materials known as liquid crystalline
polymers.**>2¢ In contrast with conventional flexible polymers, which in
solution can easily bend and entangle (forming random coils), Kevlar
polymers are very rigid and rod-like. As a result, in solution they aggregate
to form ordered domains in parallel arrays. Figure 8.14 shows a comparison
of fibers from conventional flexible polymers and rigid polymers. When the
polymer solution (in concentrated sulfuric acid solvent) is extruded through
a spinneret and drawn through an air gap during fiber production, the
liquid crystalline domains are oriented and aligned in the direction of flow,
yielding an exceptional degree of alignment of long, straight polymer
chains parallel to the fiber axis. The final structure is an anisotropic, high
strength, high modulus along the fiber axis. It is also fibrillar, which has a
profound effect on fiber properties and failure mechanisms. Subsequent
high-temperature processing under tension can further increase the orien-
tation of the crystalline structure and result in a higher fiber modulus.
Kevlar® fiber can be in a continuous filament form or staple fiber form.
This makes it formable into spun yarns, woven or knit fabric forms, tex-
tured yarn, needle-punched felts, spunlaced sheets and wet-laid papers.

Nomex® is the registered brand name of a flame retardant meta-aramid
material. This m-aramid or poly(m-phenylene isophthalamide) was first
discovered by DuPont in the 1970s. The DuPont scientist responsible for
discoveries leading to the creation of Nomex® is Dr Wilfred Sweeny. This
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8.14 Comparison of fibers from conventional flexible polymers and
rigid polymers.®*

unique material can be made in either sheet or fiber form. Nomex® sheet
is actually a calendered paper commonly used for electrical insulation
applications such as circuit boards and transformer cores as well as fire-
proof honeycomb structures where it is saturated with a phenolic resin.®
These honeycomb structures, as well as mylar—-nomex laminates are used
extensively in aircraft construction. In addition, both the firefighting and
vehicle racing industries use Nomex® fibers to design clothing and equip-
ment that can withstand intense heat.

Although Nomex® belongs to the class of aramid fibers like Kevlar® and
both are largely heat and flame resistant, Kevlar® has a para-orientation
that can be molecularly oriented and aligned to provide exceptionally high
strength. Meta-aramid, or Nomex®, on the other hand, cannot be aligned
during filament formation. As a result, it has a lower strength and modulus
than Kevlar® (see Table 8.4). Under exposure to extreme heat, Nomex®
structures consolidate and thicken. When blended with a small percentage
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of Kevlar®, a combination of high temperature resistance and strength
enables these swollen fabrics to remain intact. This is referred to as non-
break-open protection.®’ Another key attribute of Nomex® is its light sheet
weight (as low as 1.5 oz per square yard or 48 g m™). This makes it possible
to design fabrics and protective garments and gloves for various applica-
tions. It also extends its applications to areas such as reinforcement fabric
in diaphragms and hose constructions. The fiber is also highly resistant to
hydrolysis, alkali and oxidative substances. This makes it an excellent can-
didate for a premium class of fabrics used for rubber reinforcement. Addi-
tional good attributes of Nomex® are low shrinkage and good dye
affinity.

Examples of Nomex® products include Nomex® hoods used as a common
piece of firefighting equipment. This piece is typically placed on the head
on top of a firefighter’s face mask to protect the portions of the head not
covered by the helmet and face mask from intense heat and fire. Racing
car drivers use a similar hood to protect them in the event of fire engulfing
their cars. Military pilots and aircrew wear one-piece coveralls (or flight
suits) made of about 90% Nomex® to protect them from the possibility of
cockpit fires. The remaining 10% is usually Kevlar thread used to hold the
fabric together at the seams. The US space program also used its share of
Nomex® and Kevlar®, particularly for the extravehicular mobility unit and
ACES (advanced crew escape suit) pressure suit. These items require high
fire resistance and high protection against extreme environmental condi-
tions such as water immersion to near vacuum. Other Nomex® products
include thermal blankets on the payload bay doors, fuselage and upper
wing surfaces of the space shuttle orbiter.

8.7.2 Gel-spun polyethylene fibers

This category of fibers represents ultra-strong and high-modulus material
derived from the simple and flexible polyethylene molecule. They are com-
monly called high-performance polyethylene (HPPE) fibers, high-modulus
polyethylene (HMPE) fibers, or sometimes extended chain polyethylene
(ECPE) fibers.”” The molecular structure of this category of fibers is dif-
ferent from that of para-aramid fibers in that it is not a rod-like structure
which needs to be oriented in one direction to form a strong fiber. Instead,
polyethylene has much longer and flexible molecules which, by physical
treatments, can be forced to assume straight (extended) conformation and
orientation along the fiber axis.”®

In the real world, polyethylene is probably the most commonly used
polymer (or plastic) that humans use in daily life. This is the polymer that
is used to make grocery bags, shampoo bottles and children’s toys. For such
diverse applications, the normal polyethylene polymer has a very simple
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structure, the simplest of all commercial polymers. It is nothing more than
a long chain of carbon atoms, with two hydrogen atoms attached to each
carbon atom. In this simple form, the molecules are not oriented and can
easily be torn apart. As a result, the formation of a high-strength polymer
requires stretching, orienting and forming a highly ordered (crystalline)
structure from a long molecular chain. Accordingly, the starting substance
should be polyethylene with an ultra-high molecular weight (UHMW-PE).
This, in turn, creates a problem in spinning since extrusion of a very high-
viscosity melt is extremely difficult. Drawing the filaments for high orienta-
tion is also difficult as a great deal of entanglement of the molecular chains
is to be expected with this type of polymer. These two problems were
solved using so-called ‘gel spinning’.’

In principle, gel spinning operates on the basis of dissolving the mole-
cules in a solvent prior to extrusion through a spinneret.””?® This only
allows smooth extrusion, but molecular entanglement has to be resolved
through super-drawing of the gel material after spinning. Figure 8.15 shows
the basic difference between normal PE and HPPE.

The most common types of high-performance polyethylene fibers are
Dyneema® and Spectra®. These are produced as multifilament yarns with
a wide range of denier per filament (dpf) from 0.3 to 10 dpf. The tenacity
of a single filament can be greater than 3 N/tex and the modulus can be
greater than 120 N/tex (see Table 8.4). Since fiber density is less than one,
the fiber can float on water. The combination of high tenacity and low
density makes the specific strength of this fiber higher than steel (10 to 15
times that of good quality steel). The modulus of high-performance poly-
ethylene fiber is second only to that of special carbon grades. Elongation
at break is relatively small, which is common in most high-performance
fibers. However, the high tenacity makes these fibers extremely tough, as
indicated by their high values of energy to break.”® The fibers are also
highly resistant to abrasion, moisture, UV rays and chemicals.

The Dyneema® fiber, developed by the Dutch company DSM, has been
used in many high-strength, low-weight applications. These include
bulletproof armor and protective clothing for law enforcement and military

Regular polyethylene High-performance polyethylene
- Low orientation - Orientation > 95%

- Crystallinity < 60% - Crystallinity up to 85%

) =

4{ Gel-spinning and super-drawing }—»

8.15 Comparison of molecular structures of normal PE and HPPE.?6%’
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personnel. Some body armors have been designed from a combination of
Dyneema high-performance polyethylene fiber and Steelskin steel cord
material to provide stab protection against edged weapons, an application
that traditionally required heavier and stiffer outfits which were uncom-
fortable to use. The underlying design principle of this product is based on
blunting and damaging a blade with each thrust, using the steel wire, while
further absorbing the impact energy by the super-strong fiber to stop the
damaged knife and minimize trauma.

The Spectra® fiber produced by Honeywell has also been used in protec-
tive clothing (or shield technology). Shield technology lays parallel strands
of synthetic fiber side by side and holds them in place with a resin system,
creating a unidirectional tape. Two layers are then cross-plied at right
angles (0°/90°) and fused into a composite structure under heat and pres-
sure. The pre-consolidated cross-plied material is then packaged as rolls
to make a ready-for-use product. This technology can use Spectra® fiber
or other fiber types such as aramid fiber. The distinct advantage of shield
technology, especially in armor applications, is that it preserves the strength
of the Spectra® fiber or any other fiber encased within the resin matrix.
Because the fibers are not crimped as they are in a traditional weaving
process, the energy of the projectile is allowed to dissipate rapidly along
the length of the fiber. Normally, the weaving process induces a great deal
of bending and flexing, which reduces the characteristic molecular align-
ment of the high-performance polyethylene fiber.

8.7.3 Carbon fibers

Carbon fibers contain at least 90% carbon by weight. They are commonly
derived from several organic polymers, such as rayon and PAN (polyacry-
lonitrile). The first commercial carbon fiber was rayon-based and was
introduced in 1959. This fiber found its applications primarily in military
products. Since 1970, PAN-based fibers have largely replaced rayon-based
fibers in most applications. This was attributed to their superior tensile
strength. PAN-based carbon fibers are now used in a wide array of applica-
tions such as aircraft brakes, space structures, military and commercial
planes, lithium batteries, sporting goods and structural reinforcement in
construction materials.*** They can be woven into sheets, tubes, or other
desired structures and they are often used in making carbon-fiber compos-
ites using epoxy resins or other binders.

Another more advanced carbon fiber is the so-called pitch-based carbon
fiber. This is relatively very expensive, but it is unique in its ability to
achieve ultra high Young’s modulus and thermal conductivity. The high
cost of this type of fiber has restricted their use to some specific military
and space applications. A lower modulus, non-graphitized mesophase-
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pitch-based fiber, at lower cost, was also introduced for extensive use in
products such as aircraft brakes. In addition to strength and modulus char-
acteristics, it also exhibits good thermal and electrical conductivity.

PAN-based carbon fibers are made using many different methods.?’ The
polymer is made by free radical polymerization, either in solution or in a
solvent-water suspension. The polymer is then dried and redissolved in
another solvent for spinning, either by wet spinning or dry spinning. Melt-
spinning PAN plasticized with water or polyethylene glycol is another
spinning possibility that is under development. The preferred method for
high-strength carbon fiber (i.e. 80% strength improvement over conven-
tional carbon fibers) is wet spinning using clean room conditions followed
by heat treatment. Examples of carbon fibers produced by these methods
include Toray® T800 and T1000. To make carbon fibers, the polymer is
stretched into alignment parallel to what will eventually be the axis of the
fiber. Then, an oxidation treatment in air between 200 and 300°C trans-
forms the polymer into a non-meltable precursor fiber. This precursor fiber
is then heated in a nitrogen environment. As the temperature is raised, vola-
tile products are given off until the carbon fiber is composed of at least 90%
carbon. The temperature used to treat the fibers varies between 1000°C and
2500°C depending on the desired properties of the carbon fiber. Under
these high temperatures, carbon fibers with diameters ranging from 6 to
10 um can be produced. With a fiber density ranging from 1.75t02.0 g cm™,
fiber strength can range from 3-7 GPa, modulus from 200-500 GPa, com-
pressive strength from 1-3 GPa and shear modulus from 10-15 GPa. Carbon
fibers made from pitch can have modulus, thermal and electrical conductivi-
ties as high as 900 GPa, 1000 W m™ K™ and 106 S m™, respectively.

Graphite fibers can be considered as derivatives for carbon fibers. If
during the treatment process for carbon fibers, the temperature is raised
above 2500°C, graphite will be formed instead of carbon fibers. However,
most of the graphite used in industry is manufactured by heating petroleum
by-products to about 2800°C. The petroleum by-products are similar to
the polymers used in the carbon fiber process in that both contain chains
of carbon atoms. One may consider graphite as a soft form of carbon, which
exhibits a unique combination of very low density and high elastic modulus
with mechanical strength increasing with increasing temperature. Indeed,
this unique material is capable of mechanical service at temperatures of
2200°C (4000°F) or higher. The main problem with graphite is its vulner-
ability to oxidation since it is essentially a form of carbon.

8.7.4 Glass fibers

The art of heating sand and limestone to form a molten liquid has been
known from the time of the ancient Egyptians. Since the 1930s, glass has
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been spun into a fiber that is sufficiently pliable to be woven into fabrics.
Some believe that Napoleon’s funeral coffin was decorated with glass fiber
textiles.” Glass fibers are prepared by melt spinning previously formed
glass marbles, and the molten filaments are drawn down to very fine dimen-
sions. Glass fibers are inherently stiff, but their flexibility stems from fiber
fineness. Indeed, the fibers are so stiff that when broken they can penetrate
human skin, making them unsuitable for use in apparel or upholstery.
Because of their good resistance to the degrading effects of sunlight and
their flame resistance, they can be used for curtains and drapery. They also
provide a non-rotting, non-settling insulating material for homes and
industrial uses.

In Chapter 7, it was indicated that glass fibers have been used as a sub-
stitute for asbestos fibers in high-temperature applications because of their
high heat resistance (up to 450°C). From a design viewpoint, the thermal
performance of glass fibers is attributed to two key factors: the thermal
conductivity of the glass itself (see Fig. 8.10) and the structural features of
a fiberglass product (structure density, fiber dimensions and air/fiber
volume ratio). Fiberglass is also commonly used for filtration purposes. For
these applications, the surface area of fibers and the structural pore size
represent the key design parameters. In this regard, fiberglass can be made
of super-fine to medium or coarse diameters (0.05-25 wm). For apparel
applications, fiberglass has poor esthetic characteristics, high densities and
is difficult to process. Another critical field of fiberglass applications is
electronics and communication. For these applications, optical fibers made
from fiberglass are extremely effective.

Since silica is an excellent glass base, inorganic glasses are all made
from silica. The problem is that silica (SiO,,),, being a three-dimensional
network, cannot be converted into a liquid form easily. It fails to exhibit a
sharp melting point and starts to soften at 1200°C but even at this point is
not fluid enough for extrusion into filaments; this requires a higher tem-
perature of up to 2000°C. Some additives may be used to reduce the
melting point of silica.*® The majority of continuous glass fibers are spun
from the so-called E-glass formulation. E-glass fibers can be used as rein-
forcing materials for resins, rubber or polymer composites. Some E-glass
fibers are used for fire-resistant applications. Another type of glass fiber is
the so-called A-glass. This is more economically attractive as it utilizes
plate glass scrap, made in a re-melt process rather than difficult direct
melting. A-glass normally exhibits half the strength of E-glass and it is
commonly used as an insulation material in many thermal or acoustic
applications.”® Another glass formulation is the so-called C-glass, which
commonly used to be substituted for the deficiency of E-glass in applica-
tions requiring better acid and alkalis resistance. C-glass may also be used
in place of E-glass for the reinforcement of bitumen for roofing mats. For
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high strength composite structures, S-glass, developed by Owens-Corning
Fiberglass, is commonly used. Other common applications for glass fibers
include electrical circuit boards, automobile water-pump housings and
durable pipes.

8.7.5 Metallic and ceramic fibers

Metallic and ceramic fibers represent a special category of fibers that aims
to use the outstanding features of metal alloys and ceramic material in a
semi-flexible form to allow easier manipulation of these materials in appli-
cations requiring their precise and directed incorporation in various struc-
tures. Metallic fibers of silver and gold have been used for millennia to
decorate fabrics. Today metallic fibers serve functional as well as decora-
tive purposes. These fibers are formed by drawing metal wires through
successively finer dies to achieve the desired diameter. Although gold and
silver are the easiest to draw, modern methods have allowed the manufac-
ture of steel, tantalum and zirconium fibers.® Because they are electrical
conductors, metal fibers have been blended into fabrics to reduce the ten-
dency to develop static electrical charges.

The idea of developing ceramic fibers was largely driven by the need to
reinforce ceramic matrix composites in applications where temperatures
can be elevated to above 1000°C. This type of application required ceramic
structures that are fine and flexible for easy manipulation and directed
functions. Now, many ceramic fibers (oxide and non-oxide) are available
in the market with diameters ranging from 10-20 um. In addition, larger
diameters ceramic fibers (over 100 um) are also available for applications
such as gas turbines, heat exchangers and contaminant walls for fusion
reactors.’

In comparison with organic fibers or even glass fibers, ceramic fibers are
uncontested in withstanding high temperature applications. In comparison
with carbon fibers, ceramic fibers will prevail on the basis of the oxidizing
and corrosive issues associated with carbon fibers. Carbon fibers will also
degrade at temperatures above 300°C. The inherent stiffness of ceramic
fibers can limit their formation into fabrics as they must be woven to meet
this requirement. However, this manufacturing limitation can be largely
overcome by using finer ceramic fibers (about 10 um) to allow enough flex-
ibility for fabric formation.
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Structure and types of yarn for
textile product design

Abstract: In the design of fibrous products in which fabrics are made
from yarns, the choice of appropriate yarn type and yarn characteristics
is critical. Commonly, design engineers focus more on fabric
construction and finishing techniques to meet the performance
requirements of fibrous products. Despite the benefits of such
approaches, they can be very costly if not coordinated with the choice
of appropriate yarn. This chapter focuses on yarn and yarn structure
from a product-design viewpoint. It begins with the basic structural
features of yarns and moves into detailed discussions on the different
yarn types. The discussion of yarn structure in this chapter is intended
to direct the reader’s attention to yarn structural features which can
result in desired levels of product performance. Accordingly, key yarn
design-related aspects are discussed, including fiber compactness in the
yarn, fiber arrangement and fiber mobility.

Key words: yarn classification; yarn specification; specialty yarns;
compound yarns; ropes; yarn count; yarn twist; wrap spinning; hollow
spindle; idealized yarn structure; yarn hairiness.

9.1 Yarn classification

In classic terms, a yarn may be defined as a long fine fiber strand, consisting
of either twisted staple fibers or parallel continuous filaments, which is
capable of being interlaced into a woven structure, intermeshed into a knit
structure, or inter-twisted into braids, ropes or cords. This definition
implies that there are two main types of yarn: continuous filament yarns
and spun yarns. A continuous filament yarn represents a simple structure
in which multiple filaments are laid side by side in a parallel arrangement.
This type of yarn is typically made by extruding polymer liquid through a
spinneret to form liquid filaments that are solidified into a continuous fiber
strand. As shown in Fig. 9.1, a continuous filament yarn is commonly called
a monofilament yarn when it consists of a single filament or a multifilament
yarn when it consists of many filaments. Continuous filaments can also be
converted into other structural derivatives by deliberate entanglement or
geometrical reconfiguration, using a process called texturizing for the
purpose of producing stretchy or bulky yarns.'? Spun yarns, on the other
hand are produced from staple fibers of natural or synthetic sources using
a number of consecutive processes such as blending, cleaning, opening,

240
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éﬂ — 0 Continuous mono filament yarn
ﬁ:@ N (e.g. nylon, rayon, polyester)
AA L Continuous multifilament yarn
Polymer (e.g. nylon, rayon, polyester)
Spinneret Texturized yarns
N SO
7N C
Bulked yarn Stretch yarn
(a) Continuous filament yarns
PNY 7 4
g % N\J\ : ~
. SN
/d / JW\
* Natural staple fibers * Opening Spun yarn (or staple-fiber yarn)

(e.g. cotton, wool, flax) * Drawing
* Synthetic staple fibers ¢ Consolidation
» Natural/synthetic blends © Twisting & winding

(b) Spun yarns (or staple-fiber yarns)

9.1 Continuous filament yarns and spun (staple-fiber) yarns.

drawing and spinning to align the fibers and consolidate them into a yarn
via twisting or other means.’

In addition to the above main classification, yarns can be classified in
many different ways. They can be classified by structural complexity into
single yarns, plied yarns and cabled yarns as shown in Table 9.1, by the
method of fiber preparation into carded, combed, worsted and woolen
yarns as shown in Table 9.2 and by the method of spinning into ring-spun,
rotor-spun, air-jet and friction-spun yarn as shown in Table 9.3. Details of
the spinning methods used to produce these yarns are outside the scope
of this book and the reader may refer to previous literature dealing with
this subject.'®

The point of classifying yarn into different categories is to emphasize
the fact that there is an infinite variety of yarn structures leading to numer-
ous design options depending on the desired physical properties and per-
formance characteristics required in fibrous products. These structures can
be produced using innovative polymer technologies, special fiber blends,
well-established technologies of spinning preparation and innovative fiber
consolidation techniques. In addition, special yarn types can be produced
to meet highly specific functions as will be discussed later in this chapter.

9.2 Yarn specifications

In practice, yarns can be described by many specifications depending on
the desired yarn performance, fabric type and end product performance.
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Table 9.1 Yarn types: by structural complexity’*

Yarn type General features

Single yarn * A single yarn can be made from continuous filaments,
monofilaments or staple fibers.

» Continuous filament yarn basically consists of a
monofilament or multifilament arrangement.

» Staple-fiber (or spun) yarns are made by twisting fibers or
by a false-twist technique in which other forms of binding
fibers such as wrapping can be used.

Plied yarn * Plied yarn commonly consists of two single yarns twisted
together to form a thicker yarn.
* A ply yarn may be twisted in the same direction as the
single yarn or in opposite direction to add visual and
appearance effects.

Cabled (multi- < Several plied yarns can be twisted together to form cabled
folded) yarn yarns.

* Cabled yarns are typically used for heavy-duty industrial
applications such as mooring and heavy-weight lifting.

Figure 9.2 illustrates different types of yarn specifications. Normally, the
first specification is yarn type. As indicated above, yarns may be classified
as spun yarns or continuous-filament yarns. Within each category, there
are many types that can also be specified, each of which exhibits unique
characteristics in relation to the end product as demonstrated in Tables
9.1-9.3. Any yarn type must be associated with the fiber type used or fiber
content. This may be 100% of a single fiber type (e.g. 100% cotton or 100%
wool), or a blend of two or more fiber types (e.g. 50% cotton/50% polyester
yarn). Yarns may also be made of multiple structures such as ply, cords,
ropes, compound and fancy yarns. Yarn type may also be specified by some
desired chemical treatment such as mercerization and slack-mercerization
in the case of cotton yarns, shrink resistance for wool yarns, degumming
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Table 9.2 Yarn types: by preparation'™

Yarn type

General features

Carded yarn

* A carded yarn is a single yarn made using cotton
processing equipment in which fibers are opened, cleaned,
carded and drawn prior to spinning.

* It may be considered as an economy yarn as a result of its
lower manufacturing cost than a combed yarn (presented
below).

» The yarn lacks good fiber orientation, has possible
moderate to high trash content (when made from cotton),
and relatively high neps.

It is typically used for coarse to medium yarn counts that
can be woven or knitted into a wide range of apparel from
heavy denim to shirts and blouses.

* A combed yarn is a single yarn made using the same cotton
processing equipment for carded yarn, but with the
addition of the so-called combing process.

* The combing process substantially upgrades the fiber
quality and, consequently, the quality of the yarn produced.

* Combing removes short fibers (<0.5 inch; 1.3 cm), removes
neps and reduces trash content to nearly zero. It also
results in a superior fiber orientation in the yarn, leading to
smoother and softer yarns.

* Combed yarns are typically upper medium to fine count
yarns. They are also more expensive than carded yarns.

+ Combed yarns are typically used for high-fashion apparel
with comfort and durability representing a unique
performance combination.

* Woolen yarns are made on the so-called woolen system
using basic steps such as fiber selection, dusting, scouring,
drying, carding and spinning

* Products produced from woolen yarns include blankets,
carpets, woven rags, knitted rags, hand-knitting yarn and
tweed cloth.

» This is a high quality yarn made by a series of operations to
yield stronger and finer wool yarn quality than that of
woolen yarns.

» Operations involved in worsted yarn include sorting,
blending, dusting, scouring, drying-oiling, carding,
combing, gilling operations and drawing.

* Products produced from worsted yarns include high quality
fashionable wool apparel.




Table 9.3 Yarn types: by spinning system'*

Yarn type

General features

Ring-spun yarns

i
\/'/o%/

KW L
Carded Combed

Compact-spun yarn

yarns

Partially k. Truly twisted
twisted core fibers
outer layer

Air-jet spun yarn

P 4
Wrapping
fibers
Core
parallel
fibers

Friction-spun yarn

* Yarns are made by the ring-spinning system.

+ Can be carded or combed

» Fibers in the yarn exhibit largely true twist and
take a helical path crossing the yarn layers.

» Some fiber points can be in the core of the yarn
and others can be in intermediate or outer layers
owing to the phenomenon of fiber migration.

* They can be made in a wide range of yarn
count and twist.

» The strongest yarn of all spun yarns

It can exhibit high hairiness and high mass
variation.

* The most diverse yarn type as it can be used in
all types of fabric from knit to woven.

* Yarns are made by compact spinning which is a
modified ring-spinning system in which fibers
are aerodynamically condensed to reduce
hairiness and improve yarn strength.

* They is commonly used for fine yarns and high-
quality apparel.

* Yarns are made by rotor spinning.

* They can be carded or combed.

« Three-layer structure: truly twisted core fibers,
partially twisted outer layer and belt fibers

* Limited to coarse-to-medium yarn count and
requires higher twist than ring-spun

» Relatively weaker than ring-spun yarns but has
lower mass variation

* They can be used for many knit or woven
apparels, but greatest market niche is denim
fabrics.

* Yarns are made by air-jet spinning, the fastest
spinning system.

* They consist of two layers, core-parallel fibers
and wrapping fibers

* Yarns exhibit no twist and the source of
strength is the wrapping fibers.

* Used for many apparel and home products
particularly sheets and bed products

* Yarns are made by friction spinning.

* Yarn exhibits true twisted fibers but a great
deal of fiber loops are presented.

* They can only be made in very coarse yarn
counts used for industrial applications.

» Largely used for making industrial yarns of
different structures including core/sheath yarns

* They can be made from a blend of raw fibers
and waste fibers.
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Table 9.4 Yarn count systems and units®*®

System Term Common Symbol Unit of Equivalent
used use count tex
Direct Tex Yarns tex g/km 1
Decitex Yarns dtex g/10 km 0.1
Millitex Fibers mtex g/1000 kmm  0.001
Kilotex Slivers ktex g/m 1000
Denier Yarns & den g/9 km 0.1111
fibers
Grains Slivers gr gr/yd 70.8
Indirect  English Yarns & N, 840 yd 590.5
(or slivers hanks/Ib
cotton
count)
Worsted Yarns Ne,, 560 yd 885.5
count hanks/Ib
Woolen Yarns Ny 256 yd 1938
hanks/Ib
Metric Yarns Nm Km/kg 1000

for silk yarns, delustering for synthetic yarns and texturing for continuous-
filament yarns.

Basic structural parameters of yarns must also be specified. The two
structural parameters that are commonly specified for any yarn are count
and twist. Ideally, yarn count, also known as yarn size or yarn fineness,
should be described by yarn diameter or thickness. However, the difficulty
associated with specifying a yarn diameter, owing to the high variability
in yarn thickness and the deviation from complete roundness in yarn cross-
section, resulted in using the yarn linear density as an indirect measure of
fineness. In general, linear density is defined as the mass per unit length
of a fiber, sliver or yarn. In the case of spun yarns, two systems of linear
density (or yarn count) are commonly used (see Table 9.4): the direct
system, which is based on weight per unit length, and the indirect system,
which is based on length per unit weight. Examples of the direct system
are denier and tex. As discussed earlier, the tex system expresses linear
density using the weight in grams of 1000 meters of yarn, and the denier
expresses it using the weight in grams of 9000 meters of yarn. Examples
of the indirect system are the cotton and worsted yarn systems. The cotton
system is based on the number of 840-yard lengths per pound of yarn and
the worsted system uses 560-yard lengths per pound.

The number of filaments in a continuous-filament yarn is typically given
in conjunction with the yarn count. For example, the designation ‘80/32’
can be used to imply a yarn count of 80 dtex consisting of 32 filaments.
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This designation indicates that the dtex per filament is 80/32 or 2.5. The
tex system is considered by the ASTM as the universal yarn count system.
The millitex and the decitex units are extensions of the tex system which
are usually used to describe fiber or filament fineness. For intermediate
heavy products such as slivers, the ‘kilotex’ is commonly used.

Yarn twist is typically described using two parameters: twist level and
twist direction. Twist level is commonly expressed by the number of turns
of twist per unit length. Another way to express twist level is by using the
twist multiplier. These two parameters will be discussed in detail later in
the context of yarn structure. In general, fibers are twisted to produce some
integrity and strength for the yarn. Different yarn types will require dif-
ferent levels of twist by virtue of their desired performance and end use
applications. Continuous filament yarns typically require no twist to impart
strength. Nevertheless, a small amount of twist (one or two turns per inch
2.5 cm) may occasionally be inserted in this type of yarn merely to control
the fibers and prevent them from splitting apart. Twist may also be inserted
in continuous filament yarns to avoid ballooning out as a result of accumu-
lating electrical charges.* In some situations, a fairly high amount of twist
may be inserted in continuous filament yarns to break up luster of the yarn
or to impart some other effect or fancy attribute.® However, high twist
levels in these yarns can result in deterioration of their strength.

In spun yarns, twist is necessary to maintain yarn integrity and provide
strength. Different spun yarns may require different levels of twist. For
example, warp yarns used for weaving normally have higher twist levels
than weft yarns because of the higher strength required in these yarns.
Knit yarns typically have lower twist than woven yarns to provide better
softness.” Some spun yarns may exhibit very low twist to produce lofty
structures. This is typically the case for weft yarns that are to be napped
by teasing out the ends of the staple fibers to create soft, fuzzy surfaces.
Other spun yarns may exhibit very high twist levels to meet their applica-
tion needs. These include voile and crepe yarns. Voile yarns are typically
made with high twist to create an intentionally stiff feel in the fabric by
plying yarns in the same twist direction as the single yarns to increase the
total twist. This provides a light weight stiff furnishing or curtain fabrics
that can be made from 100% cotton or cotton blends with linen or polyes-
ter. Crepe yarns, also known as unbalanced yarns, have the highest levels
of twist. The idea is to create a yarn with the high liveliness desired in some
apparel products.

In a spun yarn, fibers may be twisted in clockwise or counter clockwise
directions. Commonly, these are described as Z-twist or S-twist. A single
yarn has ‘Z’ twist if, when it is held in the vertical position, the fibers
inclined to the axis of the yarn conform in direction of slope to the central
portion of the letter Z. On the other hand, a single yarn has ‘S’ twist if,
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when it is held in the vertical position, the fibers inclined to the axis of the
yarn conform in direction of slope to the central portion of the letter S.
In practice, the importance of twist direction is realized when two single
yarns are twisted to form a ply yarn. Ply twist may be Z on Z, or Son Z
depending on appearance and strength requirements of the ply yarn. When
the yarn is woven or knitted into a fabric, the direction of twist influences
the appearance of the fabric. When a cloth is woven with the warp threads
in alternate bands of S and Z twist, a subdued stripe effect is observed in
the finished cloth owing to the difference in the way the incident light is
reflected by the two sets of yarns. In twill fabric, the direction of twist in
the yarn largely determines the predominance of the twill effect. For right-
handed twill, the best contrasting effect will be obtained when a yarn with
a Z twist is used; on the other hand, a left-handed twist will produce a
fabric having a flat appearance. In some cases, yarns with opposite twist
directions are used to produce special surface texture effects in crepe
fabrics. Twist direction will also have a great influence on fabric stability,
which may be described by the amount of skew or ‘torque’ in the fabric.
This problem often exists in cotton single jersey knit where knitted wales
and courses are angularly displaced from the ideal perpendicular angle.
One of the solutions to this problem is to coordinate the direction of twist
with the direction of machine rotation. With other factors being similar,
yarn of Z twist is found to give less skew with machines rotating counter-
clockwise. Fabrics coming off the needles of a counterclockwise rotating
machine have courses with left-hand skew and yarns with a Z twist yield
right-hand wale skew. Thus, the two effects offset each other to yield less
net skew. Clockwise rotating machines yield less skew with S twist.
Almost all yarn specifications will involve yarn type, count and twist. In
addition, other specifications may be stated depending on the fabric-
forming system used and the intended application or end product. These
include yarn bulk integrity, described by physical or mechanical para-
meters such as strength, elongation, toughness and flexibility, and yarn
surface integrity described by yarn hairiness, abrasion resistance, friction
and roughness. For function-focus fibrous products, yarn types may also
be specified in terms of special treatments such as hydrophilic finish,
hydrophobic finish, flame-retardant finish, resin treatment and enzyme
treatment. These types of finish will be discussed in Chapter 11.

9.3 Specialty yarns

In addition to the common yarn types listed in Tables 9.1 to Table 9.3, many
specialty yarns can be made to serve particular purposes in both tradi-
tional and function-focus products. These yarns are made through manipu-
lation of the basic yarn structures to produce unique structural features.
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In the following sections, three types of specialty yarns are discussed:
compound yarns, ropes and fancy yarns.

9.3.1 Compound vyarns (function-focus yarns)

A compound yarn typically consists of two or more different fiber strands
in a core—wrap structure with the idea being to get a net effect combining
the characteristics of the core and the cover components.*”® Many core—
wrap yarns consist of core filament(s) wrapped or covered by a yarn. These
may be categorized as covered-spun compound yarns (see Fig. 9.3a to 9.3c).
This type of yarn can be produced using so-called wrap spinning with a
hollow spindle.*” The core being in the inner layer of the yarn typically
provides specific bulk characteristics such as exceptional strength (e.g.
polyester or nylon filament) or high elasticity (e.g. rubber or spandex). The
sheath or the yarn wrap should have a good grip on the core to avoid fiber
separation or core slippage. It should also protect the core filament from
adverse external effects. This is particularly important when the core fila-
ment is elastomeric (e.g. rubber or spandex) as this type of filament can
degrade by exposure to many chemicals or ultraviolet light. In addition,
the wrap, being in contact with the wearer, should exhibit comfort charac-
teristics such as softness, flexibility and porosity. The wrap yarn can be a
spun or filament yarn. In some cases, two wrap yarns may be used with
one twisted in the opposite direction to the other (Fig. 9.3¢c). This results
in special appearance effects as well as a good balance against potential
yarn snarling.

Another type of compound yarn can be made from a readily separable
core surrounded by fibers or fiber strands. These are generally known
as core-spun yarns. Different combinations of this type include’ fila-
ment core/staple-fiber wrap (Fig. 9.3d), staple-fiber core/filament wrap
(Fig. 9.3e) and staple-fiber core/staple-fiber wrap (Fig. 9.3f). Most common
spinning systems such as ring spinning, air-jet spinning and friction spin-
ning can be equipped with accessories to produce these types of yarn.

Among the types of core—spun yarns mentioned above, the most widely
used are the filament core/staple-fiber wrap yarn. In these yarns, the core
consists of continuous filaments surrounded completely by a wrap of staple
fibers. It is often referred to as core/sheath yarn since the untwisted staple
fibers surrounding the filament core act as a sheath or a casing holding the
core. Potential products made from this yarn can range from traditional
apparel and household fabrics to function-focus fibrous products. Exam-
ples of these products are as follows:*”!

e Some bed sheets and knit fabrics made from core—spun yarns with
polyester-filament core and a sheath of combed cotton fibers; the
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obvious advantages of these products are high strength and durability
provided by the polyester filament and comfort characteristics provided
by the cotton sheath;

e Some sewing threads made from polyester core/cotton wrap fibers by
plying and twisting together two core/sheath yarns (see Fig. 9.3g);

e  Woven corduroy fabric and stretchable denim made from elastomeric
core/staple-fiber wrap yarns made from spandex and cotton;

¢ Some cotton-knit swimsuits made from spandex core and cotton fiber
wrap to provide better fit using a very small amount of spandex (as little
as 1%); this yields the traditional performance of fabrics made from
spun yarns with the additional advantages of good elongation and
elastic recovery provided by the spandex component;

e Some secondary carpet backing made from polypropylene split or tape
core/polypropylene fibers wrap;

e Flame-retardant and protective clothing made from fiberglass—filament
core/aramid fibers wrap and carbon core/aramid fibers wrap;

* Protective gloves made with steel wire surrounded by aramid-fiber
blends.

In light of the above examples, it is obvious that the idea that a yarn can
be made from two or more different components has opened up a wide
range of opportunities for creative products in many different fields includ-
ing protective clothing, e-textiles and optical applications.*” ! Now, com-
pound yarns can be made in many different combinations such as
high-performance fibers core/conventional fibers wrap, metallic wire core/
fiber wrap and optical fiber core/conventional fiber wrap.

The design of compound yarns is likely to face many issues and design
problems that should be clearly stated and identified. For example, in the
design of staple-fiber core/filament wrap yarns (Fig. 9.3¢), untwisted paral-
lel staple fibers (typically 80-95% by weight) are wrapped by a multifila-
ment strand. Obstacles facing this design typically result from the difficulty
of maintaining continuous and consistent streams of staple fibers and the
need for precise wrapping.” As a result, it is not as widely used as the fila-
ment core/staple-fiber wrap yarns discussed above. From a functional per-
formance viewpoint, it is yet to be seen whether this type of yarn can
provide better compound criteria than the filament core/staple-fiber wrap
yarns. However, the design concept of untwisted parallel staple fibers
wrapped with multifilament yarns reveals many advantages over the con-
ventional blended yarns. For instance, the absence of twist in the staple
fiber strand should automatically result in a more even yarn diameter than
the conventional yarn. The strength and flexibility of the yarn will primar-
ily depend on the wrapping effect. Other merits such as improved abrasion
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resistance, reduced hairiness and better pilling resistance can also be real-
ized by virtue of the structure of the yarn.

Core—spun yarns made from staple-fiber core/staple-fiber wrap typically
have a strand of parallel, untwisted staple fibers completely wrapped with
another staple-fiber strand. The need for this type of yarn was a direct
result of some of the performance problems associated with filament core/
staple-fiber wrap yarns, particularly when normal filament (not elastomeric
filament) is used. This structure can easily be produced using conventional
spinning systems such as air-jet spinning and friction spinning.

The concept of compound yarn is not restricted to conventional spinning
as many innovative techniques can be used to produce other types of com-
pound structures that may be loosely called compound yarns. For example,
compound structures can be made from laminated fabrics in which a
central core of metal is sandwiched by two layers of plastic films such as
nylon (see Fig. 9.3h). The three layers are then passed through squeeze
rollers that bind the layers together. Strips of thin films or yarn are then
cut and wound onto bobbins.*” This metallic core/plastic cover yarn can
be used in many applications, particularly when static charge buildup is to
be avoided as the core component will easily conduct electricity. In addi-
tion, metallic core yarns with nylon coating have been used in carpeting.

Compound yarns can also be made directly from continuous filament
yarns using multiple polymeric materials that are extruded using different
arrangements. Figure 9.4 shows three examples of these arrangements,
namely side-by-side, sheath-core and matrix arrangement.*>’ Each one of
these arrangements can provide pre-specified functions depending on the

i

() Side-by-side () Sheath-core (1) Matrix

9.4 Heterogeneous compound filament yarns.*%’
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polymeric material used. This design concept can obviously provide unlim-
ited options using different types of polymeric materials, different percent-
ages of each type and innovative polymer arrangements.

In light of the above review of compound yarns, it is the author’s opinion
that this category of yarn should be regarded as ‘function-focus yarn’. This
term is more precise, particularly in view of the fact that another category
of yarn called ‘fancy yarns’, which will be discussed shortly, shares a great
deal of the structural features of compound yarns, except that it is primar-
ily intended for visual esthetic applications and not necessarily for specific
or technical functions. A function-focus yarn is a yarn primarily intended
for specific technical applications via the choice of appropriate fibers or
filament and the formation of structural arrangements that directly serve
the purpose of the technical application in question. This category of yarn
may primarily be driven by the unique functional features of the fibers or
filaments used, or it may represent a combination of fiber type and yarn
structural arrangement targeted toward specific functional performances
such as protective clothing'® or thermoplastic composites."

9.3.2 Ropes

The general structure of a rope is shown in Fig. 9.5a. The basic component
is a single yarn made from staple fibers or continuous filaments; single
yarns are plied and twisted together to produce rope yarns; a number of
rope yarns are arranged in helical layers to produce a rope strand; finally,
groups of strands are laid together to form the finished rope. The term
‘laid’ indicates that the individual strands are not simply twisted together
but rather are revolving in a planetary pattern to form the final rope. Ropes
and cords have gained significant interest in recent years as a result of the
need for lighter, stronger and easier-to-handle rope structures than those
made from metallic wires for heavy-duty applications such as civil and
ocean engineering. In the context of product development, building a pro-
totype rope and testing it to determine its performance, and then building
another rope in an attempt to improve that performance can be very
expensive. In the past, this method was affordable with small conventional
ropes. When very large ropes made of polyester or high-modulus aramids
are to be developed, conventional methods will be too expensive and too
time consuming. Alternatively, computer modeling of the rope mechanical
behavior as a function of construction, fiber type and surrounding condi-
tions can provide great assistance to design engineers.'*™

One of the key design parameters of ropes is the rope construction.
Ropes can take many different constructions that serve different applica-
tions and loading demands."*'* Examples of these constructions are shown
in Fig. 9.5b and 9.5c. The rope construction is commonly defined by the
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9.5 Rope constructions.'*"

number of strands involved and the structures of different rope layers. In
case of wire ropes and some aramid ropes, the 7-strand form shown in
Fig. 9.5b is commonly used. The rope typically consists of a heavy-braided
outer jacket, a light-braided strand jacket and the rope strands. More strand
layers of up to 18 strands can also be used for this type of rope. When
larger ropes are required, up to 36-strand construction can be formed, as
shown in Fig. 9.5c. In this case the rope strands are typically smaller in
size. A compact construction of this type of rope can be achieved by using
the same lay length and direction for all strands. A torque-free rope of this
type can be achieved when the direction of lay of the outer strand layer
opposes that of the inner two layers (see Fig. 9.5¢). A torque-free rope
means that the rope does not tend to rotate when tension is applied.
However, this form of rope is not tolerant to torque and a small amount of
rotation can upset the balance of loads between the inner and outer strand
layers. Braiding is a common approach in constructing fiber ropes as it
typically results in torque-free ropes. But again, they may not be torque
tolerant, because applied rotation will transfer tension to only half of the
strands." However, they are not as easily affected by torque as the above
mentioned 36 strand rope. Other construction forms include the 12-strand
braided rope, which is widely accepted in conventional marine applications
and the 8-strand rope (sometimes called plaited rope), which is less
compact.
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9.3.3 Fancy vyarns

Fancy yarns, also called novelty or effect yarns, represent another category
of yarns in which deliberate irregularities, discontinuities and color varia-
tions are introduced into the yarn structure with the primary intention
being to produce enhanced esthetic and fashionable impressions.*”"
Accordingly, fancy yarns are not necessarily intended for function-focus
fibrous products.

Many fancy yarns are produced using a conventional staple-fiber spin-
ning systems equipped with special accessories. Others are produced using
a special spinning preparation in which blends of various fiber colors
or fiber types that form fancy slivers are used. Texturized yarns made
exclusively from continuous filaments can also be considered as a form of
fancy yarn.

In Chapter 3, a number of important business and marketing issues
related to product development were discussed. In addition, the impor-
tance of stimulating and attracting consumers was addressed. The develop-
ment of fancy yarns represents a model example of how a market can be
dynamically stimulated using creative ideas that can attract consumers and
draw attention to the products with minimum added cost. Indeed, most
fancy yarns merely represent random effects introduced to the traditional
yarns using simple accessories mounted on conventional spinning machin-
ery, such as ring spinning or rotor spinning.” The manufacturing cost that
may be added as a result of using these accessories is largely counterbal-
anced by many other factors that can indeed result in a net cost reduction.
For example, fancy yarns that are a result of induced irregularities and
discontinuities require quality constraints and testing procedures that are
much less than those implemented for traditional yarns. In addition, the
possibility of using a wide range of fibers including low quality fibers
and a variety of fiber wastes also adds to the overall reduction in manufac-
turing cost.

In general, fancy yarns may be divided into two major categories:*""
mono-fancy yarns and compound fancy yarns. The former are made from
a single staple-fiber strand or multifilament yarn in which irregularities are
introduced during the conversion from fibers to yarns; the latter consist of
two or more fiber strands used to provide the desired combined effects.
Figure 9.6a and 9.6b represents two examples of the first type of fancy yarn,
namely slub yarns and thick and thin yarns. A slub yarn is basically a spun
yarn (ring or rotor-spun yarn) in which thickness variations are deliber-
ately induced by variation in the yarn twist combined with control of
the fiber feed so that thick areas will exhibit lower twist than thin areas.
Key structural parameters associated with slub yarns include slub size
with respect to yarn diameter, slub length and slub spacing or frequency.
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Typically, slubs are randomly 