
July 28, 2011 Time: 10:52am prelims.tex

Solid Biomechanics
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

i



July 28, 2011 Time: 10:52am prelims.tex

ii



July 28, 2011 Time: 10:52am prelims.tex

Solid
Biomechanics
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Roland Ennos

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
PRINCETON UNIVERSITY PRESS PRINCETON AND OXFORD

iii



July 28, 2011 Time: 10:52am prelims.tex

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Copyright c© 2012 by Princeton University Press

Published by Princeton University Press, 41 William Street,
Princeton, New Jersey 08540
In the United Kingdom: Princeton University Press, 6 Oxford Street,
Woodstock, Oxfordshire OX20 1TW
press.princeton.edu

All Rights Reserved

Library of Congress Cataloging-in-Publication Data

Ennos, A. R.
Solid biomechanics / Roland Ennos.

p. cm.
Includes bibliographical references and index.
ISBN 978-0-691-13550-2 (hardcover : alk. paper)
1. Biomechanics. I. Title.
QH513.E56 2012
571.4′3–dc22 2011010837

British Library Cataloging-in-Publication Data is available

This book has been composed in Din PRO and Warnock PRO
Printed on acid-free paper ∞

Typeset by S R Nova Pvt Ltd, Bangalore, India
Printed in the United States of America

10 9 8 7 6 5 4 3 2 1

iv



July 28, 2011 Time: 10:52am prelims.tex

To Yvonne
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v



July 28, 2011 Time: 10:52am prelims.tex

vi



July 28, 2011 Time: 10:52am prelims.tex

CONTENTS
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Preface xi
Acknowledgments xiii

PART 1 Understanding Elasticity

CHAPTER 1 The Properties of Materials 3
Forces: Dynamics and Statics 3
Investigating the Mechanical Properties of Materials 4
Determining Material Properties 7
Loading, Unloading, and Energy Storage 8
The Effect of Direction 11
Changes in Shape during Axial Loading 11
Shear 12
Performing Material Tests 14
Failure and Breaking 17
Stress Concentrations and Notch Sensitivity 17
Energy Changes and the Work of Fracture 19
Measuring Work of Fracture 21
Comparing the Properties of Materials 24

PART 2 Biological Materials

CHAPTER 2 Biological Rubbers 29
The Problem of Raw Materials 29
Biological Polymers 30
The Shape and Behavior of Random-Coil Chains 32
The Structure and Mechanical Properties of Rubbers 32
Biological Protein Rubbers 35
Resilin 35
Abductin 37
Elastin 38

CHAPTER 3 Complex Polymers 42
The Mechanics of Polymers 42
Investigating Polymer Behavior 44
A Typical Polymer: Sea Anemone Mesoglea 46
Mucus and Gels 48



July 28, 2011 Time: 10:52am prelims.tex

viii CONTENTS

Making Protein Polymers Stiffer 51
Silks 53

CHAPTER 4 Polymer Composites 59
Combining Materials 59
The Behavior of Soft Composites 59
Natural Soft Composites 62
Rigid Composites 66
Keratinous Structures 68
The Theory of Fillers and Discontinuous Composites 74
Insect Cuticle 75
The Plant Cell Wall 79
Wood 80

CHAPTER 5 Composites Incorporating Ceramics 83
The Advantages of Incorporating Minerals 83
Spicule-Reinforced Connective Tissue 83
Bone 84
Tooth Ceramics 88
Mollusk Shell 89

PART 3 Biological Structures

CHAPTER 6 Tensile Structures 95
An Introduction to Structures 95
Ropes and Strings 95
Using Multiple Ropes 97
Membranes, Skins, and Plates 98
Resisting Out-of-Plane Forces 102
Stresses in Pipes, Cylinders, and Spheres 103
The Design of Arteries 105
The Design of Lungs 107
The Design of Swim Bladders 108
The Design of Gas Vesicles 109

CHAPTER 7 Hydrostatic Skeletons 111
The Advantages of Being Pressurized 111
Cartilage 111
The Hydrostatic Skeletons of Plants 112
Cylindrical Pressure Vessels 113
Pressure Vessels with Orthogonal Fibers 113
Muscular Hydrostats 115
Helically Wound Cylinders 115
Helical Fibers to Control Growth and Shape 116
Helical Fibers as Muscle Antagonists 119
Fibers as Limits to Movement 121



July 28, 2011 Time: 10:52am prelims.tex

CONTENTS ix

CHAPTER 8 Structures in Bending 123
The Complexity of Bending 123
Simple Beam Theory 123
The Four-Point Bending Test 125
The Three-Point Bending Test 126
The Consequences of Simple Beam Theory 128
Fracture in Bending 134
Shear in Beams 135
The Consequences of Shear 138
Biological Trusses 139
Optimal Taper and the Scaling of Cantilever Beams 143

CHAPTER 9 Structures in Compression 147
Material Failure in Compression 147
Structural Failure in Compression 147
The Buckling of Struts 148
Buckling within Structures 152
Cork 157

CHAPTER 10 Structures in Torsion 159
Torsional Stresses and Strains 159
Torsion Tests 160
The Effect of Cross Section 162
Designs That Resist Torsion 162
Designs That Facilitate Torsion 163
The Mechanics of Spiral Springs 165
The Torsional Rigidity of Plates 166

CHAPTER 11 Joints and Levers 170
Support and Flexibility 170
Passive Movement in Plants 170
Active Movement in Plants 171
Hinges in Animals 172
Moving Joints 175

PART 4 Mechanical Interactions

CHAPTER 12 Attachments 183
Holding On 183
Hooking On 183
Attachments to Soft Substrates 184
Attachments to Particulate Substrates 185
Attachments to Hard, Flat Surfaces 189

CHAPTER 13 Interactions with the Mechanical Environment 198
Optimizing Design for Strength 198



July 28, 2011 Time: 10:52am prelims.tex

x CONTENTS

Factors of Safety 198
How Optimization is Achieved 201

CHAPTER 14 Mechanical Interactions between Organisms 206
Biotic Interactions 206
The Mechanics of Climbing Plants 206
The Mechanics of Fungal Hyphae and Appressoria 209
Plant Defenses against Fungi 210
Food Processing by Animals 210
Adaptations of Potential Food 212
Other Biotic Interactions 215

PART 5 Looking Forward

CHAPTER 15 The Future of Structural Biomechanics 219
Successes 219
Limitations and Future Developments 219
New Frontiers for Biomechanics 222

Glossary 223
References 231
Index 247



July 28, 2011 Time: 10:52am prelims.tex

PREFACE
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Organisms, like everything else, have to obey the laws of physics, and
biomechanics is the science that seeks to understand how the adaptations
of animals and plants are constrained to their mechanical environment. It
is a science that has a surprisingly long pedigree. Both Leonardo da Vinci
and Galileo considered the mechanical designs of animals and plants even
before Newton developed our understanding of mechanics itself. The early
comparative anatomists, such as Baron Cuvier and Richard Owen, and
the later functional morphologists were also interested in the mechanical
design of the animals they studied. German and Swiss botanists of the
late nineteenth century, such as Simon Schwendener and Wilhelm Pfeffer,
similarly started to relate the form and anatomy of plants to the mechanical
forces they had to withstand (Sachs, 1887; Haberlandt, 1914).

Further impetus was provided to biomechanical study by D’Arcy Thomp-
son’s 1917 book On Growth and Form, which sought to emphasize the role
of physical laws as an important determinant of the form and structure of
organisms. However, it was not until the 1940s that modern biomechanics
research truly got going, with a particularly strong group in the Department
of Zoology at Cambridge University, who began to investigate how animals
move (Gray, 1953). Since then there has been a great deal of research on
animal locomotion and many excellent books in this area (Alexander, 2003;
Biewener, 2003). Terrestrial animals are mostly influenced by the force
of gravity, so much of the research in this area has concentrated on the
dynamics and energetics of movement and of collisions between bodies.

Swimming and flying involve interactions of animals’ bodies with the
surrounding water and air, whereas sessile organisms have to withstand the
movements of these fluids. Most multicellular organisms also have to power
flows of air and water to maintain their physiology; therefore, much has also
been written on the subject of biological fluid dynamics (Vogel, 1994).

In recent years there has been a great explosion in the study of the
mechanics of biological materials (Currey and Vincent, 1980; Vincent,
1990b; Currey, 2002), both within biology departments and departments
of materials science and engineering. There is great excitement at the
prospect of applying this research to develop biomimetic materials and grow
replacement body tissues. Research on the biomechanics of plants has also
expanded rapidly (Niklas, 1992) with possible spin-offs for agriculture and
biomimetics.

However, despite the recent advances, there is no one place where a
student can find an integrated account of structural biomechanics, although
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Gordon’s marvelous books on engineering (Gordon, 1968, 1978) did have
a strong biomechanical bias, and Vogel included excellent chapters on
materials and structures in his books on comparative biomechanics (Vogel,
1988, 2003). I seek to redress the balance and aim to draw the reader
through all aspects of the field. The book begins with an introduction
to the science of the mechanical properties of materials and shows how
they can be determined. The first main section of the book then examines
how organisms have developed such a wide range of structural materials
using only the few building blocks that are available to cells. This is
followed by the second section, which looks at how these materials are
arranged into structures that are able to resist the many different sorts
of loads to which they are subjected and how some structures facilitate
controlled deformation and flexibility. The third section addresses an area
of biomechanics that has recently been the subject of the fastest growing
attention but that has been little commented on or reviewed: mechanical
interactions. It examines how organisms interact with the mechanical
environment around them: how they make attachments; how they respond
to mechanical stress; and how they mechanically exploit or attempt to avoid
being exploited by other organisms. Finally, I look into the future and make
an attempt to identify areas in which structural biomechanics could, or
should, provide new insights for biology, medicine, and engineering.
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CHAPTER 1
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The Properties of Materials

FORCES: DYNAMICS AND STATICS

We all have some intuitive idea about the mechanics of the world around
us, an idea built up largely from our own experience. However, a proper
scientific understanding of mechanics has taken centuries to achieve. Isaac
Newton was of course the founder of the science of mechanics; he was the
first to describe and understand the ways in which moving bodies behave.

Introducing the concepts of inertia and force, he showed that the behav-
ior of moving bodies could be summed up in three laws of motion.

1) The law of inertia: An object in motion will remain in motion
unless acted upon by a net force. The inertia of an object is its
reluctance to change its motion.

2) The law of acceleration: The acceleration of a body is equal to
the force applied to it divided by its mass, as summarized in the
equation

F = ma, (1.1)

where F is the force; m, the mass; and a, the acceleration.
3) The law of reciprocal action: To every action there is an equal

and opposite reaction. If one body pushes on another with a given
force, the other will push back with the same force in the opposite
direction.

To summarize with a simple example: if I give a push to a ball that is initially
at rest (fig. 1.1a), it will accelerate in that direction at a rate proportional to
the force and inversely proportional to its mass. The great step forward in
Newton’s scheme was that, together with the inverse square law of gravity, it
showed that the force that keeps us down on earth is one and the same with
the force that directs the motion of the planets.

All this is a great help in understanding dynamic situations, such as
billiard balls colliding, guns firing bullets, planets circling the sun, or frogs
jumping. Unfortunately it is much less useful when it comes to examining
what is happening in a range of no-less-common everyday situations. What
is happening when a book is lying on a desk, when a light bulb is hanging
from the ceiling, or when I am trying to pull a tree over? (See fig. 1.1b.) In all
of these static situations, it is clear that there is no acceleration (at least until
the tree does fall over), so the table or rope must be resisting gravity and the
tree must be resisting the forces I am putting on it with equal and opposite
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(a)

F a
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Figure 1.1. Forces on objects in dynamic and static situations. In dynamic situa-
tions, such as a pool ball being given a push with a cue (a), the force, F , results in the
acceleration, a, of the ball. In static situations, such as a tree being pulled sideways
with a rope (b), there is no acceleration.

reactions. But how do objects supply that reaction, seeing as they have no
force-producing muscles to do so? The answer lies within the materials
themselves.

Robert Hooke (1635–1703) was the first to notice that when springs,
and indeed many other structures and pieces of material, are loaded, they
change shape, altering in length by an amount approximately proportional
to the force applied, and that they spring back into their original shape after
the load is removed (fig. 1.2a). This linear relationship between force and
extension is known as Hooke’s law.

What we now know is that all solids are made up of atoms. In crystalline
materials, which include not only salt and diamonds but also metals, such
as iron, the atoms are arranged in ordered rows and columns, joined by stiff
interatomic bonds. If these sorts of materials are stretched or compressed,
we are actually stretching or compressing the interatomic bonds (fig. 1.2b).
They have an equilibrium length and strongly resist any such movement. In
typically static situations, therefore, the applied force is not lost or dissipated
or absorbed. Instead, it is opposed by the equal and opposite reaction force
that results from the tendency of the material that has been deformed
to return to its resting shape. No material is totally rigid; even blocks of
the stiffest materials, such as metals and diamonds, deform when they are
loaded. The reason that this deformation was such a hard discovery to make
is that most structures are so rigid that their deflection is tiny; it is only when
we use compliant structures such as springs or bend long thin beams that the
deflection common to all structures is obvious.

The greater the load that is applied, the more the structure is deflected,
until failure occurs; we will then have exceeded the strength of our structure.
In the case of the tree (fig. 1.1b), the trunk might break, or its roots pull out
of the soil and the tree accelerate sideways and fall over.

INVESTIGATING THE MECHANICAL PROPERTIES OF MATERIALS

The science of elasticity seeks to understand the mechanical behavior of
structures when they are loaded. It aims to predict just how much they
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Figure 1.2. When a tensile force is applied to a perfectly Hookean spring or
material (a), it will stretch a distance proportional to the force applied. In the
material this is usually because the bonds between the individual atoms behave like
springs (b), stretching and compressing by a distance that at least at low loads is
proportional to the force applied.
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Figure 1.3. In a tensile test, an elongated piece of a material is gripped at both ends
(a) and stretched. The sample is usually cut into a dumbbell shape so that failure does
not occur around the clamps, where stresses can be concentrated. The result of such
a test is a graph of stress against strain (b), which shows several important mechanical
properties of the material. The shaded area under the graph is the amount of elastic
energy the material can store.

should deflect under given loads and exactly when they should break. This
will depend upon two things. The properties of the material are clearly
important—a rod made of rubber will stretch much more easily than one
made of steel. However, geometry will also affect the behavior: a long, thin
length of rubber will stretch much more easily than a short fat one.

To understand the behavior of materials, therefore, we need to be able
separate the effects of geometry from those of the material properties. To
see how this can be done, let us examine the simplest possible case: a tensile
test (fig. 1.3a), in which a uniform rod of material, say a rubber band, is
stretched.

The Concept of Stress

If it takes a unit force to stretch a rubber band of a given cross-sectional
area a given distance, it can readily be seen that it will take twice the
force to give the same stretch to two rubber bands set side by side or to
a single band of twice the thickness. Resistance to stretching is therefore
directly proportional to the cross-sectional area of a sample. To determine
the mechanical state of the rubber, the force applied to the sample must
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consequently be normalized by dividing it by its cross-sectional area. Doing
so gives a measurement of the force per unit area, or the intensity of the
force, which is known as stress and which is usually represented by the
symbol σ , so that

σ = P/A, (1.2)

where P is the applied load and A the cross-sectional area of the sam-
ple. Stress is expressed in SI units of newtons per square meter (N m−2)
or pascals (Pa). Unfortunately, this unit is inconveniently small, so most
stresses are given in kPa (N m−2 × 103), MPa (N m−2 × 106), or even GPa
(N m−2 × 109).

The Concept of Strain

If it takes a unit force to stretch a rubber band of a given length by a given
distance, the same force applied to two rubber bands joined end to end or to
a single band of twice the length will result in twice the stretch. Resistance
to stretching is therefore inversely proportional to the length of a sample.
To determine the change in shape of the rubber as a material in general,
and not just of this sample, the deflection of the sample must consequently
be normalized by dividing by its original length. This gives a measure of
how much the material has stretched relative to its original length, which is
known as strain and which is usually represented by the symbol, ε, so that

ε = dL/L , (1.3)

where dL is the change in length and L the original length of the sample.
Strain has no units because it is calculated by dividing one length by another.

It is perhaps unfortunate that engineers have chosen to give the everyday
words stress and strain such precise definitions in mechanics, since doing
so can confuse communications between engineers and lay people who are
used to the vaguer uses of these words. As we shall see, similar confusion can
also be a problem with the terms used to describe the mechanical properties
of materials.

DETERMINING MATERIAL PROPERTIES

Many material properties can be determined from the results of a tensile
test once the graph of force against displacement has been converted with
equations 1.2 and 1.3 into one of stress versus strain. Figure 1.3b shows the
stress-strain curve for a typical tough material, such as a metal. Like many,
but by no means all, materials, this one obeys Hooke’s law, showing linear
elastic behavior: the stress initially increases rapidly in direct proportion to
the strain. Then the material reaches a yield point, after which the stress
increases far more slowly, until finally failure occurs and the material breaks.
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The first important property that can be derived from the graphs is the
stiffness of the material, also known as its Young’s modulus, which is
represented by the symbol E . Stiffness is equal to the initial slope of the
stress-strain curve and so is given mathematically by the expression

E = dσ/dε (1.4)

or by the original force-displacement curve

E = LdP
AdL . (1.5)

Stiff materials therefore have a high Young’s modulus. Compliance is the
inverse of stiffness, so compliant materials have a low Young’s modulus. In
many materials, the slope of the curve changes as the material is stretched.
For such materials one can distinguish between the initial stiffness and the
tangent stiffness, which is the slope at higher strains.

The second important property that can be derived is the strength, or
breaking stress, of the material; this is simply the maximum value of stress,
σmax, along the y-axis. Breaking stress can alternatively be calculated from
the original force-displacement curve using the formula

σmax = Pmax/A. (1.6)

Strong materials have a high breaking stress, whereas weak ones have a
low breaking stress. The yield stress, σyield, can also be read off the graph,
being the stress at which it stops obeying Hooke’s law and becomes more
compliant; this is the point at which the slope of the graph falls.

A third useful property of a material is its extensibility, or breaking
strain, εmax, which is simply the maximum value of strain along the
x-axis. Breaking strain can alternatively be calculated from the original
force-displacement curve using the formula

εmax = (Lmax − L)/L . (1.7)

The yield strain can also be determined from this curve, being the strain at
which the slope of the graph falls.

A further material property that can be derived by examining the shape of
the stress-strain curve is its susceptibility or resistance to breakage. A brittle
material, such as glass, will not have a yield region but will break at the end of
the straight portion (fig. 1.4), whereas a tough material, such as a metal, will
continue taking on load at strains well above yield before finally breaking.

LOADING, UNLOADING, AND ENERGY STORAGE

A final useful aspect of stress-strain graphs is that the area under the curve
equals the energy, We, that is needed to stretch a unit volume of the material
to a given strain. This factor is given in units of joules per cubic meter (J m−3,
which is dimensionally the same as N m−2). Under the linear part of the
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Figure 1.4. Contrasting stress-strain graphs of brittle and tough materials. The
tough material shows appreciable stretching after yield.

stress-strain curve, this energy equals half the stress times the strain, so

We = σε/2.

But strain equals stress divided by stiffness, so

We = σ (σ/E )/2 = σ 2/2E . (1.8)

The elastic storage capability, Wc, of a material is the amount of energy
under the curve up to the point at which yield occurs and is given by the
equation

Wc = σ 2
yield/2E . (1.9)

The amount of energy an elastic material can store, therefore, increases with
its yield stress but decreases with its stiffness, because stiffer materials do not
stretch as far for a given stress. So the materials that store most energy are
ones that are strong but compliant.

In a perfectly elastic material, all of this energy would be stored in
the material and could be recovered if it were allowed to return to its
original length. However, no materials are perfectly elastic; the percentage
of energy released by a material, known as its resilience, is never 100% and
falls dramatically in tough materials after yield, since yield usually involves
irreversible damage to the sample. The resilience of a material can be readily
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Figure 1.5. The results of loading/unloading tests for (a) a perfectly elastic material,
(b) a perfectly plastic material, (c) an elastic-plastic material, and (d) a viscoelastic
material.

measured using a modified tensile test in which the sample is stretched to a
point before yield occurs and then allowed to return to its rest length. The
unloading curve will always be below the loading curve. The resilience is
the percentage of the area under the unloading curve divided by the area
under the loading curve; the percentage of energy that is lost is known as
the hysteresis and is the remainder of 100% minus the resilience.

Loading/unloading tests can be used to differentiate between different
sorts of materials. In a perfectly elastic material (fig. 1.5a), the unloading
curve follows the loading curve exactly, there is no hysteresis, and the
material returns to its original shape after the test. In a perfectly plastic
material, on the other hand (fig. 1.5b), the material will be permanently
deformed by the load, and all the energy put into it will be dissipated. Tough
materials often show elastic-plastic behavior (fig. 1.5c), acting elastically
before and plastically after yield, in which case the sample will return only
part of the way to its original shape and some energy will be dissipated in
deforming it permanently. Finally, even before yield, materials often show



July 28, 2011 Time: 10:54am chapter01.tex

THE PROPERTIES OF MATERIALS 11

viscoelastic behavior (fig. 1.5d), in which energy is lost as they deform, just
as it does in liquids, due to internal friction. The amount of energy lost and
hence the shape of the loading/unloading curve will vary with the speed at
which the test is carried out, as we shall see in Chapter 3, but unlike with
elastic-plastic behavior, the material will eventually return to its original
shape.

THE EFFECT OF DIRECTION

Many engineering materials, such as metals, plastics, and concrete, are
essentially homogenous and have the same material properties in all direc-
tions. These are said to be isotropic. Many other materials, on the other
hand, particularly those with a complex internal structure (including many if
not most biological materials), have very different mechanical properties in
different directions. These materials are said to be anisotropic, and to fully
characterize them, materials tests must be carried out in all three planes.

CHANGES IN SHAPE DURING AXIAL LOADING

When a typical material sample is put into axial loading, that is, being
stretched or compressed, it does not only get longer or shorter; it also
gets narrower or thicker, necking or bulging under the load (fig. 1.6). As
a consequence, in a tensile test the load will be spread over a smaller area,
and so the actual stress in the sample will be greater than the stress given
by dividing the load by the original area. The shape of the sample will
also be elongated by more than the value given by dividing the change in
length by the original area. In other words, both the stress and the strain
will be underestimated. In most engineering materials, which deform by no
more than 0.1–1% of their original length before they break, this is not a
great problem. Engineers usually do not bother to try and calculate the true
stress and true strain in their samples. Instead they use the convention of
ignoring the change in shape and instead calculating what are known as
engineering stress and engineering strain from the original dimensions of
the sample. With such small changes in shape, the error would in any case
be small.

For many biological materials, on the other hand, strains can be far
greater, reaching values up to 10, meaning stretches of 1000%! In these cases
the differences between true stress and strain and engineering stress and
strain can be very great indeed. However, because it is difficult to measure
changes in shape during the course of materials tests, even biologists usually
use engineering stress and strain, although, as we shall see, measuring
the actual changes in shape can also provide other information about the
material.

The degree to which a material necks or bulges when stretched or
compressed is given by its Poisson’s ratio, which is denoted by the symbol
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tension

compression

Figure 1.6. Shape changes during loading. If a specimen (a) is stretched (b), it will
also tend to get narrower, whereas if it is compressed (c), it will tend to bulge
outwards.

ν and calculated using the equation

ν = − lateral strain
axial strain

(1.10)

For engineering materials that are isotropic, ν is usually between 0.25 and
0.33. The upper theoretical limit for ν is supposed to be 0.5, since at this
value the volume of material will be unchanged as it is stretched; if the length
increases by 1%, both the thickness and width will decrease by 0.5%, and the
total volume will remain the same. If the lateral strain in both directions
were greater than half the longitudinal strain, it would result in the volume
decreasing when a material was stretched and increasing when compressed,
which would seem to be physically improbable.

Many biological materials behave in rather odd ways, however; being
anisotropic they may have different Poisson’s ratios in different directions.
As we shall see later in the book, some biological materials also have very
high Poisson’s ratios, whereas others, such as cork, have values near zero; it
is even possible to design materials with negative Poisson’s ratios, materials
that expand laterally when stretched.

SHEAR

We have seen how the axial stresses of tension and compression deform
materials, but materials can also be deformed by a different kind of stress,
shear stress. Shear stress acts parallel to a material’s surface (fig. 1.7),
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Figure 1.7. Shear stress deforms a square piece of material (a) into a rhombus shape
(b) with shear strain γ .

tending to deform a rectangle into a parallelogram, a deformation known
as shear strain.

Shear Stress

Just as for axial stresses, the shear stress, which is denoted by τ , is a
measurement of the intensity of the shear force and is therefore given by
the expression

τ = F /A, (1.11)

where F is the shearing force that has been applied, and A is the area parallel
to that force over which the force is applied. The units of shear stress are the
same as those of axial stress: newtons per square meter (N m−2), or pascals
(Pa). Note that if a unit of material is put into shear (fig. 1.7b), the right-
hand element being pushed upward, an equal and opposite shear force must
act downward on the left-hand face for the element to be in equilibrium.
However, if those were the only forces on the element, they would form a
couple, spinning the material counterclockwise. Therefore two other shear
stresses are set up, a stress on the top surface acting toward the right, and
one on the lower surface acting toward the left.

Shear Strain

Just as axial stresses cause axial strains, so shear stresses set up shear strains,
which are the change in the angles within the elements, denoted by γ

(fig. 1.7). Shear strains are expressed in radians, which, being ratios of the
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angular displacement relative to a portion of the full circumference, are
dimensionless, just like axial strains.

Determining Material Properties in Shear

The shear properties of a material can be determined by carrying out direct
shear tests or torsion tests (see chapters 3 and 10), the results of which
can be worked up just like the results of axial tests to give a graph of shear
stress against shear strain. The most important shear property, the shear
modulus, G, is determined similarly to Young’s modulus, using the equation

G = dτ/dγ. (1.12)

The Relationship between Axial Forces and Shear

At first glance it seems as if axial and shear forces are quite different,
unconnected forces. However, if we look at what happens during axial and
shear loading, it becomes apparent that they are inextricably linked. In
tensile and compressive tests, a square element at 45◦ to the loading will
be sheared (fig. 1.8a–c), whereas in a shear test, a square element at 45◦ to
the loading will be stretched in one direction and compressed in the other
(fig. 1.8d,e). The amount of shear produced by a tensile test depends on the
Poisson’s ratio of the material: materials with a larger ν will contract more
laterally than those with a smaller ν, so the shear strain caused by a given
tensile strain will be greater. For this reason materials with a high Poisson’s
ratio will have a relatively lower shear modulus, G, compared with their
Young’s modulus, E . It can be readily shown by a geometrical argument
(Gere, 2004) that E and G are related by the expression

G = E
2(1 + ν)

(1.13)

so the shear modulus G is typically between 1/3 and 1/2 of the Young’s
modulus of a material, depending on its Poisson’s ratio. Note that this
expression is valid only for isotropic materials and so should not be used
for biological materials, where it can prove highly misleading!

PERFORMING MATERIAL TESTS

Many of the mechanical properties of a material can therefore be readily
determined by carrying out one of two sorts of mechanical tests in which
materials are put into axial loading: tensile tests and compressive tests. Both
of these are most conveniently carried out in universal testing machines on
specially prepared samples.
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(a)

(c)

(b)

(d) (e)

Figure 1.8. The relationship between axial and shear strains. If a square element at
45◦ (a) is stretched (b) or compressed (c), it will be sheared into a rhombus. Similarly
if a square element at 45◦ (d) is sheared (e), it will be stretched and compressed into
a rectangle.

Tensile Tests

For a tensile test, the test piece typically has a “dumbbell” form (fig. 1.3a)
with a relatively long, thin central portion and broad shoulders at each end.
The sample is gripped firmly at its shoulders by two clamps: the lower one
is mounted in the base of the machine; the upper one is attached via a
load cell to a movable crosshead. To carry out the test, the crosshead is
driven upward at a constant speed, while the force required to stretch the
sample is measured by the load cell. This data is transferred to a computer
that produces a readout of force versus deflection and, given the original
dimensions of the sample, has the ability to calculate its material properties.
It is assumed (fairly accurately) that all the stretching has occurred in the
narrow central section of the sample. The widening at the ends ensures
that the sample breaks in this central section and not at the clamps, where
stresses can be concentrated.

Tensile tests have three main pitfalls. The first is that with relatively thick
samples of stiff materials, the rigidity of the sample may approach that of
the testing machine. When a test is carried out in this situation, the machine
itself will deform significantly, meaning that the readout overestimates the
deflection of the sample and stiffness is underestimated. There are three
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solutions to this problem: you can use a longer, narrower sample to reduce
its rigidity; you can attach an extensometer, which directly measures strain,
to the sample; or you can attach an electronic strain gauge to the sample
(Biewener, 1994). The second problem with tensile tests is the difficulty
in producing the complex shape of the sample. Biological materials can
be prepared by cutting around a machined template, but doing so can
prove difficult, particularly for samples cut from small pieces of tissue. The
third problem is that many biological materials, particularly the soft, wet,
and slippery ones, can prove extremely difficult to clamp. In such cases
biomechanists may resort to a range of techniques: using sandpaper to
roughen the clamps; freezing the clamps to harden the material within the
jaws; gluing the sample to the clamps using a cyanoacrylate glue that binds
to water; or simply wrapping the sample around purpose-built attachments.

Compressive Tests

Some of the problems of tensile tests can be overcome by carrying out
compressive tests, in which a relatively thicker rod of material is squashed
between two plates. The sample is much easier to machine because no ex-
panded ends are needed, but the sample and plates must both be machined
flat. Because the sample is relatively thicker, it will also be more rigid than a
tensile sample, so it is much more likely that strain will have to be measured
with an extensometer. Compressive tests usually give values of stiffness very
similar to those of tensile tests, but as we shall see, materials often have very
different tensile and compressive strengths. Therefore to fully characterize
a material both tests may be needed.

Torsion Tests

The shear properties of materials can be determined using the sorts of
torsion tests we will examine more thoroughly in chapter 10.

Mechanical Testing with Homemade Equipment

Not everyone has access to a materials testing machine or can afford to
buy one. It may also be impossible to transport samples to the laboratory
(for instance, if you want to investigate the properties of wood in a tropical
rainforest). Finally, most commercially available testing machines are just
not sensitive enough to measure the material properties of structures
such as lengths of spider silk, which are very thin and compliant. For
these situations, it is often necessary to construct purpose-built apparatus,
which can work perfectly well. Nowadays, electronic force and displacement
transducers are fairly inexpensive and data logging into laptop computers is
fairly straightforward. However, in certain situations electronic equipment
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may not be practicable or affordable, and good results may instead be
achieved by purely mechanical means, either by measuring force with a
spring gauge or by hanging weights on the end of a sample. Whichever way
the forces are measured, though, it must be remembered that tests can be
divided into two main types. For larger samples, displacement-controlled
tests, in which the length of the sample is progressively altered while the
force required to do this is measured, are recommended. Not only is one
controlling the independent variable of the stress-strain curve, but these
tests are also fairly safe, since when the material breaks the only energy
released is that which is stored in the sample. In contrast, load-controlled
tests, such as those in which weights are hung on the end of a sample,
are very easy to perform, but failure of the sample can result in potentially
damaging deflection of the clamps and of the mechanism that is applying
the load.

FAILURE AND BREAKING

As we have seen, it is relatively easy to explain how and why materials resist
being deformed; one just has to consider the forces set up between their
atoms. The fracture behavior of materials is more difficult to understand. It
might be expected that the strength of a piece of material will be directly
proportional both to the strength of its interatomic bonds and to its cross-
sectional area. Hence its breaking stress should be high and independent of
the sample size. However, most materials have much lower breaking stresses
than would be predicted from the strength of their chemical bonds, and
larger pieces of material often have far lower breaking stresses than small
ones. Brittle materials also tend to be much easier to break than tough ones,
even if they have the same breaking stress.

Throughout the last century, with the pioneering work of C. E. Inglis and
A. A. Griffith (recounted very clearly by Gordon [1968]), it has been shown
that to explain fracture, it is necessary to consider not only the overall stress
in materials but also the distribution of stress within the sample and the
changes in energy involved.

STRESS CONCENTRATIONS AND NOTCH SENSITIVITY

Let us first examine the distribution of stress within a material that is being
stretched in a tensile test. If the test piece used is perfectly smooth and
free of internal flaws, the stresses will be evenly distributed throughout the
material and the strength of the sample will equal the breaking stress of the
material times its cross-sectional area. However, if there is a small scratch
or ridge in the surface, or a flaw within the material, the stresses will have
to divert around these obstructions, and stress concentrations will be set
up at their sides (fig. 1.9a). The stress concentration factor will depend on
the shape of these imperfections. For a circular hole or semicircular notch,
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Figure 1.9. The effect of stress concentrations on the strength of materials. In a
brittle material, stress concentrations will form at the tip of cracks (a). Therefore the
strength of a piece of brittle material will fall rapidly (b, dashed line) if a notch is
introduced. In contrast, in tough materials the strength will fall only linearly (b, solid
line) in proportion to the length of the notch.

it has been calculated that the stress at the sides will be three times the
mean stress, whereas for an elliptical hole or semielliptical notch, the stress
concentration, C , is given by the formula

C = 1 + (2rpe/rpa), (1.14)

where rpe is the radius perpendicular to the force and rpa is the radius parallel
to it. The longer the crack and the smaller the crack tip, therefore, the
higher the stress concentration. Long, narrow cracks or holes oriented at
right angles to the applied force will therefore increase stress far more than
ones oriented parallel to it.

If a brittle material with a notch cut in its side is stretched, the stress at
its tip will increase more rapidly than in the material as a whole until the
breaking stress of the material is reached and a crack opens up; this opening
makes an even sharper notch, which quickly runs through the material. The
strength of a piece of brittle material will therefore fall rapidly with the size
of any flaws or notches at its surface, which is illustrated by a concave graph
of strength against notch size, such as that shown in figure 1.9b. Such a
material can be said to be notch sensitive. One reason why large pieces of
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glass have a lower breaking stress than small ones is that they are more likely
to have larger, sharper notches.

In contrast, if a tough material with a notch cut into it is stretched,
the material will yield rather than break at the tip of the notch, deforming
markedly and so blunting the crack tip. As a consequence the strength of
a piece of tough material will fall slowly and linearly with notch length
(fig. 1.9b) so that the strength is proportional to the area of intact tissue
at the end of the notch. Materials showing this sort of behavior are said to
be notch insensitive. Tough materials therefore show low notch sensitivity,
and brittle materials show high notch sensitivity.

ENERGY CHANGES AND THE WORK OF FRACTURE

The argument above based on stress concentrations works well qualitatively,
but it is less successful in quantitatively predicting and understanding the
behavior of tough materials. Another, even more useful, way of thinking
about what happens during failure is to look at the energy changes involved.

When an object breaks, interatomic bonds are broken, creating two new
surfaces; this process requires energy, and at first glance it appears difficult
to understand where that energy might come from. Let us examine the
situation shown in figure 1.10, in which a plate of material of thickness t
and with a crack in it of length a is being stretched, producing an overall
tensile stress in the plate, σ . Elastic energy is stored in the plate, but because
the stresses are being diverted around the tip of the crack, small areas above
and below the crack will be unstressed and will store no energy. Here it is
assumed that these areas have the shape of a right triangle, but this is just a
rough approximation. If the crack extends by a distance da, a greater volume
of material will become unstressed. The amount of elastic energy, We, that
this will release is equal to the energy stored per unit volume of material
(which we have seen from equation 1.8 is σ 2/2E ) times the extra volume,
which from geometry can readily seen to be 2t a da.

Extending the crack increases its surface area by the amount 2t da, since
the crack has both an upper and lower surface, and if the surface energy
(in J m−2, the energy required to produce a unit area of new surface) of the
material is g , the surface energy required to extend the crack, Ws, is 2tg da.
For the crack to spontaneously extend, the energy released by unstressing
the material around the crack must at least equal the surface energy required
to extend it, so that

We ≥ Ws

so

σ 2/2E × 2ta da ≥ 2tgda.

Therefore

σ 2 ≥ 2Eg/a.
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Figure 1.10. The effect of increasing crack length on the volume of unstressed
material. If the crack extends a distance da, the material between the dashed and
solid lines becomes unstressed, releasing energy.

More sophisticated and precise analysis gives a slightly different figure
for σ of

σ ≥ (2Eg/πa)0.5 (1.15)

At low stresses a crack cannot extend because not enough energy is released
from the relaxation around the crack tip to open the crack. Once σ exceeds
the critical value, however, the crack can and will extend, and as it lengthens
it becomes more and more energetically favorable for it to do so. The crack
will run very rapidly across the material and break it. Note that the longer
the crack is initially, the lower the stress required to break the material. The
critical crack length acrit can readily be obtained by rearranging 1.15 to give

acrit = 2Eg/πσ 2. (1.16)

It is greater for stiffer materials and ones with higher surface energy and
decreases rapidly with the stress applied.

In fact, the surface energy of most materials, the energy that is required to
break the top layer of interatomic bonds, is very low, approximately 1 J m−2,
so for a brittle material even tiny scratches can make it much weaker.
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In tough materials, the amount of energy needed to make new surfaces, or
the work of fracture, is far higher, because yielding may involve a wide range
of mechanisms that absorb energy; it may involve deforming the material
near the crack tip plastically, as in metals, or creating a rough fracture
surface with a much greater surface area, as in fiberglass and green wood.
Many different fracture tests may be used to calculate the work of fracture,
Wf, which is defined as the energy to produce the crack, e, divided by the
crack’s area, A (not the total new area produced, which would be twice the
area of the crack) giving the expression

Wf = e/A. (1.17)

Work of fracture, like surface energy, therefore has the units J m−2. The
critical crack length for a tough material is derived by substituting work of
fracture into equation 1.16 to give the expression

acrit = E Wf/πσ 2. (1.18)

As we shall see, many biological materials have particularly sophisticated
toughening mechanisms.

MEASURING WORK OF FRACTURE

You might think it should be very easy to measure the work of fracture of a
biological material. All you would need to do would be to perform a simple
tensile test, and the work of fracture could be estimated from the area under
the stress-strain curve up to the point of failure. Unfortunately things are
not that simple. When a tensile piece is broken, some of the energy that was
stored elastically may not be used to break the material but may instead be
released explosively, making a snapping noise and flinging material about.
The area under the stress-strain curve will therefore overestimate the work
of fracture, and the error will be most severe when using long test specimens
that store more energy. The problem could be minimized by using a very
short test specimen, but machine compliance would then become a major
difficulty. Instead, materials scientists have developed a range of tests to
measure the work of fracture, although each of these has its own limitations.

Controlled Cracking

One method of overcoming the loss of stored elastic energy is to carry out
a more controlled test in which the crack grows in a stable fashion. One
way of doing this is to sequentially load and unload a test piece that is
clamped asymmetrically in the testing machine. Examples of such methods
include the compact tension test (Vincent, 1992) and the double cantilever
beam (fig. 1.11a). The specimen may be sequentially loaded and unloaded
several times, driving the crack across the specimen, between which actions
it should return to its original shape. The work of fracture can be calculated
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Figure 1.11. Mechanical tests used to determine the work of fracture of materials:
(a) a double cantilever test, (b) a Tattersall and Tappin notch test, (c) a trouser tear
test, (d) a cutting test, and (e) an impact test.

by dividing the area between the loading and unloading curves by the area
of new crack formed. One problem with this test is that it can prove difficult
to drive the crack in the right direction, though this can be overcome by
cutting notches and guide slots to weaken the material in the required
direction. Another, more intractable problem is the difficulty in machining
and clamping suitable samples. A similar test method is to carry out a
Tattersall and Tappin notch test (fig. 1.11b; Tattersall and Tappin, 1966),
very slowly bending a sample that is cut in such a way as to drive a crack
gently through a beam.

Tearing and Peeling

Another method, which is useful for thin flexible material samples, is to
carry out a trouser tear test (Vincent, 1992), in which two legs of a thin
specimen are pulled apart (fig. 1.11c). The work of fracture is the area under
the force-deflection curve divided by the area of the new crack formed.
A similar test can also be used to peel a narrow sliver of a material from the
rest. Unfortunately, although they are easy to perform, these tests are only
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really useful for materials that have preferred lines of failure, such as plant
tissues, in which longitudinal fibers constrain the cracks to run between
them; otherwise the tears are all too readily diverted in the wrong direction.

Cutting Tests

To overcome the problem of cracks moving in the wrong direction, several
different kinds of cutting test have recently been devised. Materials may
be cut through with a sharp blade (fig. 1.11d), whether it be that of an
instrumented microtome (Atkins and Vincent, 1984), a guillotine (Atkins
and Mai, 1979), an inclined razor blade (Ang et al., 2008), or nail clippers
(Bonser et al., 2004). Alternatively, one can use the double blades of
a sharp pair of scissors (Darvell et al., 1996). In all of these cases the
fracture is constrained to run in the desired direction. All of these tests are
straightforward to perform, and the work of fracture is found by dividing
the energy needed to cut through the specimen by the area of the fracture
surface produced, although in scissor and guillotine tests, the friction of
the devices also must be taken into account. The tests can also detect
particularly tough regions of the material, such as fibers or veins, since the
force needed to cut through them is greater and allows their toughness to be
calculated separately. However, because the cuts constrain the direction of
the crack very precisely, these tests measure the minimum work of fracture
of the material and cannot detect how much toughening is given to the
material by the sorts of mechanisms that involve diverting the crack.

Impact Tests

A final series of tests to measure work of fracture involves specimens being
struck by the impact of a moving pendulum and measuring the energy
required to snap them (Vincent, 1992). Typically a notched bar or rod of
material is mounted in one arm of the apparatus and is hit by the other
swinging pendulum (fig. 1.11e). The specimen is broken transversely, the
energy required being supplied by the kinetic energy of the pendulum, which
consequently does not rise to so great a height after the impact as before.
The work of fracture is the change in potential energy of the pendulum
before and after the test divided by the cross-sectional area of the bar. This
test works well for many stiffer materials, but since the precise conditions
of loading are usually unknown, it is often hard to relate the results from
this test to those of the other tests. In particular, the impacts tend to be very
rapid, so less energy is used to break viscoelastic materials than in the other
slower methods, and the work of fracture is consequently underestimated.

Other Measurements of Work of Fracture

The work of fracture of a material is usually regarded as being the same thing
as its toughness. However, other, quite different definitions of toughness
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Table 1.1
Properties of Some Man-Made and Biological Materials.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Material Stiffness Tensile Extensibility Strain Resilience Work of

(MPa) Strength energy (%) fracture
(MPa) (MJ m−3) (J m−2)

Steel 200,000 400 0.008 1 100,000
–1,000,000

Glass 70,000 170 0.002 0.2 1–10
Concrete 100,000 5 0.00005 0.0001 3–40
Rubber 3 7 3 10 90
Resilin 2 4 2 4 93
Abductin 4 75–90
Elastin 1.2 2 1 0.8 75
Mucus 0.0002 0.0005 5 55
Mesoglea 0.001 1,200
Moth Silk 4000 2000 0.3 200 35
Tendon 2000 100 0.1 3 93
Keratin 3000 300 0.2 15,000
Cuticle 5000 60 0.01 0.3 2,000
Unlignified 3,000 100 0.05 3,000
plant
cell wall
Wood 4,000 40 0.01 0.5 30,000
Bone 17,000 200 0.006 0.6 2,000
Dentine 15,000 50 0.003 0.1 500
Enamel 50,000 35 0.0005 0.02 200
Shell (nacre) 30,000 50 0.006 0.15 1600

are sometimes presented in papers. Some authors (see, for instance, Gosline
et al., 2002) present values for toughness with the units J m−3. These values
were actually derived from the area under the stress-strain graphs and so
are more correctly measurements of the energy-storage capabilities of the
materials. It is better, therefore, to use the term work of fracture.

COMPARING THE PROPERTIES OF MATERIALS

All the complexity of the properties of materials and of materials testing
means that it is surprisingly complicated to compare the properties of
different materials. They can differ in their stiffness, their strength, their
ability to store and release energy, and in their toughness. Some materials
are also better at resisting tension, whereas others resist compression better;
and some materials have the same properties in all directions, whereas
with others, their performance depends on the direction in which they are
stressed.

A good way to get an instinctive idea of how to compare materials is to
think of some everyday objects familiar even to children. Jell-O has very
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low stiffness and strength and is also very brittle, making it easy for even
very young children to cut up and eat. Cookies, in contrast, are stiff but
not very strong, so a child can carry one around without breaking it yet
still readily bite into it. Toffees are both stiff and strong, although they can
be smashed to smithereens when hit by a hammer, showing that they are
brittle. To eat them a child has to put them whole into their mouth, before
softening them and dissolving them with their warm saliva. Pencils are stiff,
strong, and extremely tough, so they can take a lot of punishment without
breaking, although the brittle leads are easy to snap off. Rubber bands have
low stiffness, but they are very stretchy, so they are reasonably strong and
can store a lot of energy, which makes them ideal for use as slingshots.

What about “grown-up” materials? Well, steel is one of the most popular
materials in engineering because it is stiff, strong, and tough and so is ideal
for taking loads and resisting impacts. This is why it is used to make the
shells of cars. Glass is far less useful, because although it is almost as stiff and
strong as steel, it is extremely brittle and so shatters on impact. Concrete is
widely used to build walls and floors because it is stiff and extremely strong
in compression, but because it cannot take tension, it cannot be used to
make the roofs of buildings without being reinforced with steel.

The properties of some important man-made materials and those of the
natural materials we will encounter in the next few chapters are shown for
ease of comparison in table 1.1. Perhaps the material that acts as the best
single benchmark is rubber, since we can deform it fairly easily by hand
and so get an intuitive feel for its properties. Most of its properties also,
have small integer values for stiffness and strength (in MPa), strain energy
(in MJ m−3), and maximum strain. Some materials, such as mucus and
mesoglea, are more compliant than rubber, but most “rigid materials” are
thousands of times stiffer and tens of times stronger but many times less
extensible.

As we shall see in the next few chapters, it is practically impossible to
produce materials in which all the properties are maximized; in general,
the stiffer and stronger a material is, the less it can be stretched. There
is therefore no one “super” material that is ideal for all purposes, and
the mechanical design of organisms consists of making materials that are
suitable for a particular role and arranging them in the right way within the
body. That topic is what most of the rest of this book is about.
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Biological Rubbers

THE PROBLEM OF RAW MATERIALS

At first glance it appears extraordinary that organisms made up of cells could
produce large structures that rival those of human technology. After all,
cells are just simple bags of chemicals surrounded by a flexible double layer
of lipid molecules that are held together by nothing more than hydrogen
bonding. Typical lipid membranes are approximately 10−8 m thick, with
a Young’s modulus of about 10 MPa and a breaking stress of 0.5 MPa
(Lingard, 1977). We can calculate the mechanical properties of animal cells
with the typical radius of 10 µm surrounded by such membranes using the
analysis developed in chapter 7 for hydrostatic skeletons (Money et al.,
1987). This calculation will show that such cells would have an effective
Young’s modulus of only about 5 kPa and a compressive breaking stress of
no more than 1 kPa. These properties would make cells tens of thousands
times weaker than materials such as wood or steel. The cells would be far
too weak to build into a multicellular organism, since a column of cells more
than 10 cm thick would be crushed by its own weight!

Some strength and stiffness can be provided by the cell’s internal skele-
ton, but it has to be able to move to allow cell division to take place; the
internal skeleton would therefore have to continually break and reform
chemical bonds to keep itself stiff, just as the bonds between actin and
myosin in our muscle cells are broken and reformed to keep them tensed.
Such a process would take up a huge amount of a cell’s energy. It is
therefore far better for cells to produce extracellular tissues. It is these
that for the most part have provided organisms with the stiffness, strength,
and toughness that have enabled them to grow so large. Yet it must have
been extremely difficult for organisms to evolve such tissues, because they
had few raw materials available to them, and none of those had useful
mechanical properties. Organisms cannot make pure metals, which have
long been humans’ favorite technological materials. All that organisms have
at their disposal are mineral salts, proteins, and sugars. These substances
have no strength at all when they are held in solution within the cell and
are far too brittle when dry; imagine trying to make useful structures out
of salt, dried egg white, sugar cubes, or pasta! It is one of the miracles
of life, therefore, that out of these unpromising raw materials nature has
been able to craft a bewildering variety of structural materials. Many of
them outperform the best products of human technology and reveal far
greater sophistication. This achievement is all the more remarkable because
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Figure 2.1. Proteins are composed of amino acids (a), each of which has a different
side group R on its α carbon atom. These are joined at the amide link to form
polymers (b), which are free to rotate each side of the α carbon.

skeletal materials are rarely fully formed inside the cell. Organisms have
had to develop techniques to secrete the necessary materials through the
cell membrane into the extracellular space, where they undergo a final self-
assembly.

BIOLOGICAL POLYMERS

The key to understanding the mechanical behavior of the majority of
biological materials is to recognize that they are made up of polymers.
Just like some man-made polymers, such as polystyrene, polyethylene, and
nylon, the biological structural polymers—proteins and sugars—are made
up of repeating units of molecules joined end to end by bonds that can rotate
more or less freely. Unlike most man-made polymers, however, they can be
far more complex and they are invariably found in association with water.

Proteins

Proteins are composed of amino acids joined end to end via the peptide
bond or amide link to form a single long chain (fig. 2.1). However, although
the single bonds each side of the central α carbon are free to rotate, the
molecule may be held in a secondary structure that is largely the result
of hydrogen bonding: bonds form between the positively charged hydrogen
attached to the nitrogen (NH) of one peptide link and the negatively charged
oxygen of the carboxyl group (C O) of another. The ability to form such
bonds and the strength of this bonding will depend on the identity of the
side groups, which can also interact to help proteins such as enzymes form a
more complex, folded tertiary structure. Individual protein molecules may
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Figure 2.2. Polysaccharides are composed of hexoses, such as β-glucose (a), which
are joined via one of the several –OH groups to form polymers, such as cellulose (b).

also be attached to their neighbors, at single points or along their entire
length, by such bonding to form solid materials.

Polysaccharides

Polysaccharides are composed of hexoses (fig. 2.2a) joined via an –O–
bond. Since each hexose has several –OH groups, each of which may
react with the –OH group of another hexose, polymerization may result
in the formation of branched as well as single-chain molecules. In storage
molecules such as starch and glycogen, the units are joined by α linkages,
and the molecules can be well branched. This makes them easy to break
down but not structurally useful. In contrast, in the structural molecules we
will examine, such as cellulose (fig. 2.2b) and chitin, the units are joined by
β linkages. These molecules are generally unbranched and hard to break
down. Sugars, like proteins, may also be held in a secondary structure or at-
tached to each other by hydrogen bonding and other molecular interactions.

Factors Affecting the Properties of Polymers

The extent of hydrogen bonding and the resulting form of both types of
polymer are influenced by two other factors: the presence of other modifying
side groups in the amino acids and hexoses, and the presence of water
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and dissolved ions. As we shall see, the mechanical behavior of biological
polymers is strongly dependent on their molecular structure. Therefore,
their mechanical performance depends ultimately both on their molecular
sequence, or primary structure, and on the aqueous environment in which
they are held.

In this and the following chapters we will examine the relationship
between the structure and mechanical properties of rubbers, gels, silks, and
fibrous composite materials and look at how these materials are constructed
and used.

THE SHAPE AND BEHAVIOR OF RANDOM-COIL CHAINS

If individual parts of the polymer molecules do not interact with each
other or with other polymer molecules, they form random-coil chains,
which writhe around because of the heat, somewhat like snakes in a
snake-charmer’s basket. This movement of the long molecules is driven
by the same molecular oscillations and collisions that cause the shaking
movements of small particles that is known as Brownian motion. Each
molecule may be free to move randomly, but the overall distance between
the two ends of any single molecule is not random. It is very unlikely indeed
that at any one time each alternate bond in a molecule is bent in the opposite
direction to its neighbor, so that the molecule forms a straight line. It is also
very unlikely that all the bonds will be bent in the same direction, so that
the molecule is curled up into a tight circle. The most likely shape is one in
between those extremes, with the distance, D, between the two ends of the
molecule equal to the expression

D = a√N, (2.1)

where a is the length of each link in the chain and N is the number of links
in the chain. The situation is, in fact, analogous to the so-called drunkard’s
walk describing the rate of diffusion of fluid molecules: the distance a mole-
cule has diffused equals the mean free path between collisions multiplied by
the square root of the number of collisions.

THE STRUCTURE AND MECHANICAL PROPERTIES OF RUBBERS

Rubbers, or elastomers as they are also known, are polymers in which there
is little interaction between the molecules over almost their entire lengths,
but in which they are joined every now and then by strong, usually covalent
bonds known as cross-links. Natural rubber, for instance, is composed of
isoprene chains that are obtained from the latex, or sap, of the rubber tree
Hevea brasiliensis. This liquid, which the tree produces as a defense when
it is damaged, can be turned into a useful solid material by cross-linking
the chains by sulphur-to-sulphur (S–S) bonds, which are introduced in the
process of vulcanization.
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(a)
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Figure 2.3. Changes in the molecular structure of a rubber when it is stretched. The
original disordered arrangement (a) is changed to one where the molecules are more
aligned along the direction of stretch (b) and therefore more ordered.

In an unstressed piece of rubber, the molecules are free to move around
between the cross-links, which are typically separated by a distance D=a√n,
where n is the number of links between cross-links (fig. 2.3a). Most of the
chains between cross-links in a block of unstressed rubber will at any one
time be in this intermediate state, and the rubber will have a more or less
constant shape, despite the movements of the molecules within it. If the
rubber is stretched, however, the molecules will be pulled in the direction
of stretching and on average displaced into a more ordered arrangement
(fig. 2.3b), one with greater distances between cross-links in the direction
of stretch and shorter distances between cross-links at right angles to that
direction. Such an ordered arrangement is vastly less likely to maintain itself,
so the molecular movements tend to return the rubber to its original shape.
The restoring force therefore depends on the resistance of nature to the
decrease in entropy, or “muddled-upness,” that would be caused by this
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ordering of the molecules. The stiffness of a rubber is greater when the
distance between the cross-links is shorter, and so when each chain is less
free to move.

Stiffness is also greater at higher temperatures, when the writhing of
the chains is more powerful. This is in marked contrast to almost all other
materials, which tend to get softer when heated. A major way of determining
that a material is a rubber, and that it relies on entropy to provide its stiff-
ness, therefore, is to see if it gets stiffer at higher temperatures. Theoretical
analysis in fact shows that the shear modulus, G of a rubber is given by the
expression

G = ρ RT/M (2.2)

where ρ is the density of polymer in the material, R is Boltzmann’s constant
(8.3 J K−1 mol−1), T is absolute temperature, and M is the mean molecular
mass between cross-links, which has SI units of kg mol−1. Since the Poisson’s
ratio of most rubbers is close to 0.5, the Young’s modulus of a rubber may
be approximated by the equation

E ∼= 3ρ RT/M. (2.3)

The stiffness of a rubber will increase with the volume fraction and density
of the polymer chains it contains, which is important because many natural
protein rubbers also contain large quantities of water.

As a consequence of their polymeric structure and the entropic mech-
anism that causes the long mobile molecules to return to their resting
length, rubbers have several unique properties. First, compared with most
materials, in which length changes are prevented by resistance of their bonds
to being stretched or bent, rubbers are extremely compliant. Both natural
and man-made rubbers typically have a Young’s modulus on the order of
1 MPa, compared with the values for such crystalline materials as metals and
glassy materials (including glass itself) of approximately 1 GPa, a difference
of three orders of magnitude. Second, rubbers can stretch much further than
other materials because of the large-scale deflections of their molecules; they
typically have a breaking strain greater than 1, compared with 0.01 for most
metals and glass. Third, because rubbers can be deformed so much, they
can store relatively large amounts of energy, and most of that energy can be
released when the rubber is allowed to return to its resting shape; rubbers
typically have an energy storage of 1–5 kJ m−3 and a resilience of over 90%,
so they can store and release much more energy than the equivalent mass
of steel! These properties have proved extremely useful to humans, hence
the economic importance of rubber. Rubber tires and springs make good
use of the compliance of rubber to give vehicles a smoother ride and are
much lighter than steel springs. Elastic straps and rubber bands make good
use of the high breaking strain to hold up our clothing and clamp stationery
together. More annoyingly, children’s slingshots make use of rubber’s high
energy storage and resilience to cause mischief.
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BIOLOGICAL PROTEIN RUBBERS

Nature has not been slow to take advantage of the benefits of polymeric
materials with these useful rubbery properties. Although rubber itself is not
used as a mechanical material by rubber trees, three protein-based rubbers
have evolved and are extensively used by three very different groups of
animals. In some ways the rubbers are all very similar. Each has evolved
with covalent cross-links that join the molecules together, and the strands
between the cross-links contain a large percentage of the amino acid glycine.
This amino acid lacks a side chain and is nonpolar, characteristics that
prevent the formation of the sort of electrostatic bonds that would otherwise
constrain the shape of the molecule. This freedom from constraint allows
the molecules to form random-coil chains. Each of the rubbers also contains
a high proportion of water, whose molecules separate the side chains of
other, more polar amino acids and so plasticize the rubber. As we shall see
in the case of elastin, water may also contribute toward the rubberiness of
the material itself.

RESILIN

Perhaps the best understood and characterized biological rubber is resilin,
which was discovered by Weis-Fogh (1960) during his studies of the flight
systems of desert locusts and dragonflies. Weis Fogh showed that this
material was composed of protein chains joined by covalent cross-links
between tyrosine residues to produce di- and trityrosine. He also found
that it contained about 50% water in its natural state and was soft and
rubbery. Given the material’s composition and behavior, Weis-Fogh and his
colleagues subjected resilin to a classic series of investigations to determine
whether it did in fact show rubbery elasticity, to measure its mechanical
properties, and to determine its function in these insects. Using the drag-
onfly Aeschna, he first measured the mechanical properties of the elastic
tendons that join a minor wing muscle to the wing. Despite the fact that they
were only a millimeter long, he managed to stretch them with a purpose-
built testing apparatus and measure the force required. He showed that the
stiffness of the tendon was approximately 1.8 MPa, and the breaking strain
about 2, properties similar to those of man-made rubbers. The material also
showed the high resilience of a typical rubber, releasing more than 90% of
the energy needed to stretch it when it was vibrated at frequencies of 50 Hz
(Jensen and Weis-Fogh, 1962). To demonstrate that this was due to rubbery
elasticity, Weis-Fogh (1961) also carried out tests in which the resilin was
stretched by different lengths at different temperatures and held at those
lengths while the restoring force was measured. The material behaved in
just the way a rubber should, the force required being proportional to the
temperature, as predicted by equation 2.3.

So why do these large insects have resilin in their flight systems? Manipu-
lations of the wings of locusts showed that there are resilin pads in the wing
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Figure 2.4. Location and action of natural rubbers. (a) Resilin pads in the wing
hinges of locusts (redrawn after Jensen and Weis-Fogh, 1962). The pads (clear
material) stretch, storing energy at the top of the upstroke of its wingbeat (lower part
of figure). (b) The abductin inner hinge of a bivalve stores energy as it is compressed
when the animal closes its shell.

hinges (fig. 2.4a) and in the prealar arm which are strained when the wings
are raised, making up a substantial fraction of the stiffness of the wing joint
(Jensen and Weis-Fogh, 1962). Consequently they store energy at the top
of the wingbeat, powering the downstroke and reducing the energy needed
to flap the wings. This role therefore makes use of the high elastic storage
and high resilience of the rubber. The elastic tendons of the dragonfly, on
the other hand, are too small and are linked to such minor flight muscles to
have such an important role, but they may act as shock absorbers.

The Distribution, Comparative Function, and Exploitation of Resilin

Following this initial work, the distribution and function of resilin in insects
and other arthropods have been quite extensively studied. This research is
worth looking at in its own right, and also because it presents a good example
of how initial discoveries may be exploited in biomechanics. One obvious
stage is repetition. Scientists looked for other examples of the use of resilin
by insects, helped by the fact that it exhibits UV fluorescence and so is easy
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to detect. Essentially they repeated Weis-Fogh’s research, but in different
organisms and on different structures. Resilin was found to be present in
the sound-production organs of cicadas (Young and Bennet-Clark, 1995),
where it helped maintain their vibrations, just as it helps locusts flap their
wings. The energy-storage capability of resilin was also exploited in the
catapult jumping apparatus of both fleas and froghoppers (Bennet-Clark
and Lucey, 1967; Burrows, 2003). The jumping muscles of a flea do not
directly straighten its legs. Instead, they slowly compress a resilin pad via
a ratchet mechanism, storing energy. Only when the flea wants to jump is
the ratchet released, allowing the pad to recoil, which it does in under a
millisecond, straightening the insect’s legs, and flinging the insect into the
air. Research has also revealed the use of resilin in structures where its ability
to cope elastically with large deformations is more important than high
energy storage or resilience; for instance, it has been found in the flexion
lines of folding insect wings (Haas et al., 2000) and the complex stinging
apparatus of bees (Hermann and Willer, 1985).

Repeating other people’s work but on different organisms can show
differences between and within species. Much can therefore be learned
about the functions of materials or structures from comparative studies.
For instance, investigations have shown that resilin does not appear to be
present in the wing hinges of small insects such as beetles, flies, or bees,
suggesting that they must use other structures to store the kinetic energy
of their wings. Further research has shown that these insects store kinetic
energy in their stiff flight muscles as well as in the cuticle of the thorax.

Finally, research may attempt to exploit the discovery. The purpose
of the science of biomimetics is to imitate the mechanical properties of
biological materials and structures. Because resilin has a higher resilience
than man-made rubbers and also because it has more evenly spaced cross-
links, there might be an advantage in copying it, attempting to cross-link
man-made rubbers more evenly, or even in synthesizing artificial resilin
(Elvin et al., 2005). However, the high resilience of resilin may instead be
due to the water it contains and that acts as a plasticizer, preventing the
chains from interacting between the cross-links. In an attempt to make a
more efficient rubbery material, artificial resilin has recently been produced
from recombinant pro-resilin molecules synthesized within Escherichia coli
bacteria and subjected to photochemical cross-linking (Elvin et al., 2005).
The resulting material does have a resilience of well over 90%, but it contains
much more water than natural resilin and is nowhere near as stiff; it has a
Young’s modulus of just 2.5 kPa, making it about 700 times more compliant.

ABDUCTIN

Another natural protein rubber is abductin, which is found in the hinges
between the two halves of bivalve shells. The outer hinge is composed of
a fairly inextensible strap of protein; the abductin is found in a block, as
the inner hinge, and its resistance to compression acts as an antagonist
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to the adductor muscle that closes the shell (fig. 2.4b). In many ways the
structure and properties of abductin are similar to those of resilin. Like
resilin, the abductin found in scallops acts as a true rubber (Alexander,
1966), with the protein chains separated and lubricated by water and
joined by tyrosine cross-links, although in the case of abductin, these form
3,3-methylene bistyrosine. Experiments in which shells were closed while
the force required to do this was monitored showed that the stiffness of
scallop abductin is similar to that of resilin, with values ranging from 1 to
4 MPa (Kelly and Rice, 1967). Tests were also carried out to determine the
resilience of abductin: the muscles were removed and the shells were set
swinging, opening and closing with gradually reduced amplitude because of
energy loss in the hinge. Such experiments produced an early value for the
resilience of scallop hinges of 91% (Alexander, 1966). The hinges of scallops
are also capable of deforming to a great extent, with compressive strains of
about 0.45 when their shells are closed (Trueman, 1953), but because of the
geometry of the hinges, the breaking strain of abductin is not known.

Bivalve hinges have also been the subject of a range of comparative
studies. Scallops are very unusual bivalves in that they actively swim by
jet propulsion, rapidly opening and closing their shells and expelling a jet
of water behind them. Maintaining the reciprocating movement requires
energy, so there should be strong selection pressure for scallop abductin to
have high resilience to reduce energy losses. Measured values of resilience
of up to 95% have been recorded (Bowie et al., 1993). Such high values allow
swimming scallops to greatly reduce the energy they use to swing their shells
and reduce transport costs by up to 30% (DeMont, 1990). In contrast to
scallops, high resilience in sessile bivalves might be a disadvantage, because
it means that the adductor muscle will have to work hard continuously just
to keep the shell closed. Studies have shown that the resilience of the hinges
of sessile bivalves such as mussels is far lower, about 70% (Trueman, 1953);
this value is lower because the composition of the protein is somewhat
different, and also because the hinges contain more calcium carbonate than
protein (Kahler et al., 1976). There has even been a study that compared the
resilience of the abductin hinges of scallops from different climates (Denny
and Miller, 2006). The resilience of rubbers tends to decrease at lower
temperatures, for reasons we will examine in the next chapter, and so should
pose a problem for Antarctic scallops. The authors, however, showed that
the resilience of abductin in the Antarctic scallop, Adamussium colbecki,
is 3% higher than that of its temperate relative at any given temperature,
although how it achieves this enhanced performance is not known.

ELASTIN

The rubber that has been subjected to the most study by far, undoubtedly
because it is the one found in humans and other vertebrates, is elastin. At
first it seemed likely that elastin obtains its stiffness from the same con-
ventional entropic mechanisms displayed by resilin and abductin. However,
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Figure 2.5. The structure of elastin. Molecules are arranged in helixes (a), which
in turn are held in larger triple helixes (b). (Reproduced by permission of Informa
Healthcare Solutions from Urry, 1983.)

although x-ray diffraction studies showed little evidence of structure at the
smallest atomic scale, elastin does differ in microscopic structure from both
resilin and abductin: rather than being found in a single amorphous mass, it
is split into ordered fibers on the order of 5 nm in diameter.

Furthermore, the molecular structure of elastin also shows many
repeated sequences that are five and six amino acids long (Urry, 1983; Urry
and Parker, 2002). It now seems likely that elastin has a complex coiled-coil
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Figure 2.6. (a) The results of a tensile test on the ligamentum nuchae from the neck
of a deer (b). The changes in its shape (c) of the ligament (dotted area) as the deer
lowers its head to feed. (Redrawn after Dimery et al., 1985.)
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structure (fig. 2.5). The amino acid sequence allows the formation of β-
turns, which enable the proteins to form tubes (fig. 2.5a), which themselves
then coil up to form the fiber (fig. 2.5b). Water can penetrate into the
tubes, altering its material properties. The flexibility is the result of the
rotational freedom of the bonds in the β-turns that give the protein its
rubberlike elasticity, which is fairly similar to that of resilin and abductin.
It has recently been suggested that these other rubbers may also have
a mechanism of elasticity somewhat like that of elastin and so are not
conventional rubbers. Certainly, molecular evidence suggests that there are
repeated sequences that might produce such a structure.

The properties of elastin can be more difficult to study than those of the
other rubbers, because it is rarely found on its own in the vertebrate body.
The best example of nearly pure elastin is found in the ligamentum nuchae
of ungulates. This ligament runs along the dorsal surface of their necks, from
the neural spines of the thoracic vertebrae to the top of their skull, with
branches to some or all of the neck vertebrae. Dimery et al. (1985) removed
the ligamentum nuchae of a deer and stretched it by simply hanging weights
from it. They found that the ligament had an initial Young’s modulus of
approximately 1 MPa, but that it became stiffer at higher strains, up to a
breaking stress of about 1.5 MPa and a breaking strain of 1 (fig. 2.6a). The
high breaking strain allows ungulates to stretch their necks down to graze
(fig. 2.6c), while the stiffness supplies most of the restoring force that the
animals need to support the weight of their head and neck. One can get a
feel for the softness and stretchiness of this ligament by cutting one out of
an untrimmed neck of lamb, obtainable from a butcher shop.

Similar ligaments are found in the necks of birds such as turkeys (Bennett
and Alexander, 1987) and perform the same job, but in these birds they
are split into many short lengths, which allow them to stretch by similar
amounts even though they are positioned much closer to the centers of the
vertebral joints.

The most extensive use of elastin is in the walls of our large blood vessels,
particularly the arteries. The elastin walls act to equalize the flow of blood
and prevent unduly high peak pressures as the blood is pumped out of the
heart by allowing the vessels to stretch in diameter by about 30%; not only
does this allow us to take our pulses, but it also reduces the cost of pumping
blood by about a third.



July 28, 2011 Time: 04:58pm chapter03.tex

CHAPTER 3
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Complex Polymers

THE MECHANICS OF POLYMERS

Our analysis of the mechanical behavior of rubbers in the last chapter
assumed that the chain molecules were totally free to move about. As we
saw, the protein rubbers that were evolved by nature have large amounts of
glycine and other amino acids between their cross-links that do not interact
with each other and so allow this free movement. But protein rubbers
are unusual in this respect; most polymer units, especially in proteins and
sugars, have nonuniform charge distributions over their length and so will
tend to interact with each other. This will have two results. Individual points
on different molecules may form temporary bonds between themselves,
creating entanglements that mimic the permanent cross-links of rubbers.
And different points on the same molecule may also form bonds with
each other, reducing the flexibility of the molecule and giving it a more
permanent shape. Both sorts of bond will have the effect of reducing the
compliance of the polymer; it will take much longer, or will require more
heat energy in the material, for chance vibrations due to the heat to break
the bonds and so allow the material to change shape. The stiffness of the
polymer will therefore increase as the length of time over which a force is
applied decreases and as the temperature of the material is lowered.

The Behavior of a Typical Polymer

A typical polymer shows a fairly complex pattern of behavior over time
or with temperature (fig. 3.1). Over very short periods of time or at very
low temperatures, no free rotation of the bonds is possible, so the stiffness
of the material is dominated by the resistance of the polymer’s bonds to
being bent. The stiffness and resilience of the material will therefore be
high, but the material will also be brittle because fracture will involve only
the breaking of surface bonds; there will be no deformation of the material
below. Polymers in these conditions are said to exhibit glassy behavior. Over
longer periods of time and at slightly higher temperatures, some rotation
of the bonds is possible, so stiffness decreases. However, deforming the
material requires energy that may not be recovered, so the resilience of the
material decreases and its toughness increases. Polymers in these conditions
are said to exhibit leathery behavior. Over still longer times or at higher
temperatures, the molecules can move fairly freely, but that movement is
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Figure 3.1. The changes in stiffness, E , over time of a typical polymer. Over time, its
behavior changes from glassy through leathery and plateau to eventual equilibrium
behavior. The dashed line indicates the behavior of polymers that lack permanent
cross links.

impeded by the entanglements between the molecules. The material may
reach a plateau in its mechanics, at which it exhibits rubbery behavior.
Finally, over even longer times and higher temperatures, the entanglements
have time to slip past each other. At first not all the entanglements slip, and
those that remain still supply some stiffness to the polymer at the expense of
decreased resilience. The material is said to be showing transition behavior.
Finally, however, the material reaches its equilibrium behavior: if there
are permanent cross-links between the molecules, the material behaves as
a compliant and resilient rubber; if there are no cross-links, the polymer
molecules can slip past each other and it behaves like a viscous liquid.

Factors Affecting Polymer Behavior

Of course, all polymers are different and the magnitude of the changes in
stiffness and the times and temperatures over which these changes occur
will vary greatly; increased bond stiffness will shift the behavior toward the
glassy end of the spectrum, whereas adding water will shift it toward the
rubbery end. The complete spectrum of behavior is rarely seen in the course
of everyday temperatures and time. However, one material, the so-called
Potty Putty, or Silly Putty, which is sold in toy stores, does show it. If hit
with a hammer, it smashes like glass; if rolled into a ball and dropped on
the floor, it bounces like rubber; and if pulled slowly, it stretches and flows
like a piece of soft toffee. No biological material shows quite this range
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of behavior. The biological rubbers we examined in the last chapter, for
instance, have such free-moving molecules that they exhibit equilibrium
rubbery behavior and consequently have high resilience. But we also saw
in the last chapter that the resilience of the rubber abductin decreases at
lower temperatures, suggesting that it is then working in the transition zone.
There is also evidence that the resilience of elastin declines rapidly at higher
frequencies; this precludes its use as a store of elastic energy to help reduce
power consumption in the flapping flight of hummingbirds.

INVESTIGATING POLYMER BEHAVIOR

There are, in fact, a range of other biological materials that make extensive
use of the changes in behavior with time. These changes can be examined us-
ing two different sorts of transient mechanical tests—creep tests and stress
relaxation tests—to examine the change of stiffness over time, whereas the
change in resilience over different time periods can be investigated using
dynamic tests.

Performing Transient Tests

Transient tests involve applying an instantaneous change to the material and
examining its response over time. In a creep test, a material is subjected to
a sudden load and its resulting deflection is noted over time. There is an
initial deflection, due to the instantaneous compliance, and the deflection
then increases, more or less exponentially over time, to the equilibrium
compliance. The results are best plotted as a graph of the logarithm of
compliance, the inverse of Young’s modulus, against the logarithm of time.
Doing so fits the results meaningfully onto a single graph and gives an idea
of the time course of the exponential component (fig. 3.2a). In a stress
relaxation experiment, the material is subjected to a sudden deflection,
and the load required to maintain the deflection is recorded. There is an
initial force due to instantaneous stiffness, which decreases, more or less
exponentially, to the equilibrium stiffness. The results are best plotted as a
graph of the logarithm of Young’s modulus against the logarithm of time
(fig. 3.2b).

In an ideal world, the ratio between the modulus at time zero and
the modulus at an infinite time would be equal to the ratio of the glassy
modulus to the equilibrium modulus of the material and so give the ultimate
relative importance of stiffness and flow within the material. However,
because force or extension cannot be applied literally instantaneously, in
many materials with flexible molecules you are unlikely to be able to catch
their glassy behavior. Conversely, in materials with stiff molecules you are
unlikely to be able to carry on the experiments long enough to catch the
equilibrium behavior. In most cases you will see just a part of the behavioral
spectrum of the material. The slope of the graph of modulus against the
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Figure 3.2. The two types of transient test. In creep tests (a), a force is applied
instantaneously and the deflection is monitored to give a graph (b) of displacement
versus the log of time. In stress relaxation tests (c), the sample is given an instan-
taneous deflection and the restoring force is monitored to give a graph (d) of force
versus the log of time.

log of time, though, should provide information about the retardation
time of the material—in other words, how long it takes the molecules
to reorder themselves in response to force; a steeper slope represents a
shorter retardation time and faster-moving molecules. In fact, few real-
world materials show an exactly linear response with a single retardation
time. In practice, a material will have a wide spectrum of retardation times:
some parts of the material may relax faster than others and some parts
may flow like a liquid. As a consequence, the analysis of creep and stress-
relaxation experiments is quite complex and the results are hard to interpret
(Vincent, 1992).

Performing Dynamic Tests

The time-dependent behavior of materials can also be investigated by
carrying out dynamic tests in which the material is subjected to sinusoidal
cycles of stretching and relaxation while the restoring force is monitored.
From the output, a graph of stress against strain can be plotted (fig. 3.3).
For perfectly elastic and Hookean materials, the result will be an upwardly
sloping straight line, but viscosity in the material will result in added
resistance to the stretching that is proportional to the velocity. In an ideal
fluid with no stiffness, the resistance would lag behind the displacement by
90◦, and the graph would be a circle. In real viscoelastic materials, however,
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Figure 3.3. The results of a dynamic test on a typical viscoelastic polymer. The
greater the viscosity of the material relative to its stiffness, the greater is the
angle δ.

the result will be somewhere in between the straight line and a circle, and
so will give an ellipse (fig. 3.3). The energy loss per cycle is given by the
area inside the ellipse, and the modulus of the material can be separated
into the elastic component—the elastic modulus (G ′)—and the viscous
component—the viscous modulus (G ′′), which are related by the equation

G ′′ = G ′ tan δ, (3.1)

where δ is the angle between the point at which strain is greatest, ε0, and the
point where stress is greatest, σ0 (fig. 3.3).

A TYPICAL POLYMER: SEA ANEMONE MESOGLEA

Perhaps the best-studied example of time-dependent behavior seen in a
biological polymer is that of the mesoglea, a layer of material in the body
wall of sea anemones. The mesoglea is mostly composed of a polymeric
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Figure 3.4. Stress-strain graph showing creep behavior of the mesoglea of two sea
anemones: the calm water species Metridium (dashed line) and the rough water
species Anthopleura (solid line). (Redrawn after Koehl, 1977).

sugar that is unusual in being constituted of neutral, rather than negatively
charged, polysaccharide chains. Their neutrality allows the chains to move
relatively freely and take on a random-coil conformation. Stress relaxation
tests on the isolated mesoglea of the sheltered-water species Metridium
senile (Gosline, 1971), in which it was stretched to strains of 0.2 to 0.3,
showed that its instantaneous stiffness was approximately 20 kPa, but that
it fell over the course of 28 h to just 0.2 kPa. Creep tests produced similar
results (fig. 3.4; Alexander, 1962; Koehl, 1977). The material appeared to be
in the transition zone between plateau and rubbery equilibrium behavior—it
was stiff during short, initial periods, and then stretched during the course of
anywhere from a few minutes to several hours to reach strains of more than
1, after which the stretching slowed down quickly. Following removal of the
load, the material recovered, albeit slowly, to its original length, showing
that there were permanent cross-links in the material that had given it its
long-term rubbery behavior.

This time-dependent behavior of the mesoglea is quite beneficial for
sea anemones in their slow-motion lives: the high instantaneous stiffness
helps them withstand buffeting by waves, whereas the compliance over
long periods allows them to alter their posture over the tidal cycle. Koehl’s
study (1977) was also a comparative one in that she examined not only the
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calm-water anemone Metridium but also Anthopleura xanthogrammica, a
rough-water species that does not change its shape much. She found that
the mesoglea of Anthopleura not only was stiffer (fig. 3.4) but also exhibited
less creep, even after 28 h, which would allow it to resist the buffeting of the
waves better and return more quickly to its resting shape. Therefore, the
properties of the two anemones’ mesoglea were adapted to the mechanical
conditions in which they live.

MUCUS AND GELS

Despite the fact that the anemone mesoglea behaves like a rubber, the
polysaccharide that gives it its mechanical properties makes up only about
2% of its weight; the mesoglea is mostly water. It could therefore be better
regarded as an example of a group of biomaterials that are composed of
small amounts of polymer that entrap much larger amounts of water and
that include animal mucuses and plant and animal gels. The properties of
such materials depend not only on the amounts of polymer but also on the
interactions of the polymer molecules both between each other and with the
water that surrounds them. In turn, of course, these interactions depend on
the molecular structure of the polymers.

Mucus

If the polymer molecules are not joined by permanent cross-links, they
will form a mucus, which over long periods of time will flow like a fluid.
Intuitively, the more polymer present and the larger the polymer molecules,
the more they should increase the viscosity of the mucus. However, because
their molecules can form temporary entanglements, the mechanical behav-
ior of mucus can be complex.

The best-studied mucus is probably the pedal mucus that covers the
feet of slugs, snails, and other mollusks and that they use in their unique
form of crawling locomotion. Slug mucus is composed of large glycoprotein
molecules—essentially long protein chains with shorter, branched sugar
molecules attached—held within 96–97% water. The properties of the
mucus and the way in which it may be used was investigated in a classic
series of papers by Denny and his coworkers (Denny and Gosline, 1980;
Denny, 1984). Because the feet of mollusks seem to slide over the ground
when they crawl, the mucus must be being sheared, so Denny investigated
the shear behavior of the mucus using a specially designed cone and
plate viscometer (fig. 3.5a). In the tests the plate was spun around as the
torque acting on the plate was measured. The beauty of this apparatus is
that, because the separation distance between the cone and the plate is
proportional to the radius, all the mucus is sheared by the same angle.

What Denny found was that at shear strains up to 5, the mucus be-
haved like a solid, albeit a very compliant one, with a shear modulus of
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Figure 3.5. The shear properties of slug mucus in a rotating plate viscometer
(a) showed that slug mucus behaves as a compliant solid (b) until a shear strain
of approximately 5, after which it behaves like a viscous liquid. Short periods of
rest allow the mucus to reform.
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approximately 100 Pa (fig. 3.5b). This behavior was probably the result
of entanglements between the molecules. At higher strains, however, the
entanglements started to break and the material “shear softened,” with the
shear force decreasing by about 40%. At still higher strains, the material
behaved like a viscous liquid, with the restoring force increasing with
velocity. If the rotation was stopped, however, the material seemed to re-
form over a matter of a few seconds, turning back into a solid and regaining
its stiffness.

So how would this help slugs crawl? It seems that the mucus acts
somewhat like a ratchet. As the slug crawls, a wave of muscle shortening and
lengthening moves forward along its foot. The stationary mucus beneath the
extended part of the foot anchors it, whereas the moving, shortening parts of
the foot are allowed to slide; they are pulled along by shortening immediately
in front of them. Mucus clearly helps slugs move, but it also makes them
horribly messy to pick up, and it can prove almost impossible to remove the
mucus from our fingers. We usually remove sticky substances by rubbing
our fingers together and dislodging them. The mucus, though, merely flows
like a liquid when we do this; it stays bound to the original finger and also
forms a new film on the cleaning finger, so things just get worse!

As well as facilitating movement, mollusk mucus can become a solid
material that is used in dry conditions to attach the animals to the sub-
strate. Different mollusks use different techniques to do this. Limpets stick
themselves to their home rock at low tide by secreting special adhesive
proteins into their pedal mucus. These proteins form cross-links between
the glycoprotein molecules to form a glue (Smith, 2002), which we will
examine further in chapter 12. In contrast, slugs pump salts into their mucus
(Denny and Gosline, 1980), which seems to allow the molecules to line up
with each other, forming a visible “fuzz” of fibers and increasing the stiffness
of the mucus more than 40-fold.

Gels

Many of the jellylike substances in the soft tissues of animals are, like
mucus, also made of polymers that comprise proteins and sugars and are
variously called such names as glycoproteins and mucopolysaccharides.
These materials, which occur in structures such as the cornea, umbilical
cord, and lung, differ from mucus in having permanent cross-links between
the molecules and are often stiffened by fibers of elastin or collagen, as we
shall see in chapter 4. Other common animal gels are pure polysaccharides,
the most notable being the hyaluronic acids that constitute the vitreous
humor of the eye and the gel within our cartilage (Vincent, 1990b). Cross-
links between these molecules are constantly being broken and reformed
in these materials, giving them complex time-dependent behavior. The
molecules are also charged, enabling them to attract and stabilize large
quantities of water. As we shall see in chapter 7, this property makes
them ideal to form the compressive central parts of hydrostatic structures.
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Figure 3.6. Plant gel molecules in solution (a) may be solidified and given their
stiffness and strength by cations (closed circles) that link the polysaccharides and
help them form cage structures (b) that trap large amounts of water.

Animal gels are less commonly made only of proteins—the gelatin that we
use to bind other ingredients together in pies and puddings is composed of
many short cross-linked strands of the protein collagen.

The most common gels in nature are the polysaccharide gels of seaweeds
and land plants, most notably agar, carrageenan, and pectin. These gels are
used to glue cells together and buffer them from changes in the composition
of the surrounding water. The cross-linking between the polysaccharide
molecules is mediated by cations in the water around them, binding the
negatively charged molecules together so that they form straight multiple
lengths of molecules (Rees, 1977). The result is a cagelike structure (fig. 3.6)
that gives the gels useful properties. Apart from holding large amounts of
water, the structure gives them almost as high a stiffness (up to 0.1 MPa) as
rubbers, but they have a much lower breaking strain, of 0.2–0.5, and are very
brittle (Mitchell and Blanchard, 1974). The strength of gels also depends
on the amount of cross-linking, so decreasing the cation concentration or
raising pH tends to weaken them. Many of the plant gels are economically
important. Agar gel is of course extensively used in microbiology as a
convenient culture medium for microbes, and it is also used to make a
wide range of Asian desserts; carrageenan provides texture to ice cream; and
pectin is used to set jams and marmalades.

MAKING PROTEIN POLYMERS STIFFER

As we have seen, gels can be stiffened in various ways: by incorporating
more polymer material, by increasing the number of cross-links between
the molecules, or by using cations to glue lengths of the molecules together
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Figure 3.7. The two main stable structural forms of proteins. (a) The α helix. (b)
The β sheet.

to form a strong molecular cage. However, there is a limit to how much can
be achieved in any of these ways. A better way to increase the strength of
a material would instead be to use polymers that align themselves together
automatically, even without using cations, to form rigid fibers or crystals.
The hydrogen bonding between the active N–H and C O groups in
proteins, which helps stabilize enzymes in their complex shapes, can also
allow materials to form rigid, structurally useful, elongated shapes.

The most stable state for many proteins is, in fact, to curl up into a
helix with hydrogen bonds forming between one peptide link and the third
following link. In this long, straight α helix (fig. 3.7a), the protein curls in
a right-handed helix with quite a steep angle. As we have seen, in rubbers
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Table 3.1
The Helix-Forming Properties of Different Amino Acids.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Helix breaker Helix indifferent Helix former
Glycine Lysine Valine
Serine Tyrosine Glutamine
Proline Threonine Isoleucine
Asparagine Arginine Histidine
Aspartic acid Cystine Alanine

Phenylaalanine Tryptophan
Methionine
Leucine
Glutamic Acid

After Vincent, 1990.

the stability of this configuration is reduced by including large amounts of
“helix breaker” amino acids, such as glycine, serine, and proline (table 3.1);
conversely the α helix is stabilized by the presence of amino acids such as
alanine and glutamine.

Another stable configuration is the β sheet (fig. 3.7b), in which large
numbers of adjacent protein molecules run parallel to each other and are
held together by hydrogen bonds between the active groups to form stable
monolayers or sheets of protein. This sheetlike structure can be stabilized
by incorporating repeating sequences of glycine-alanine and glycine-serine,
all of them hydrophobic molecules. Weaker van der Waal’s forces can then
bind these pleated sheets together into a three-dimensional crystal.

Many arthropods synthesize their very own construction material, in-
corporating lengths of protein that form either β sheets or α helixes that
both stiffen and strengthen it, to produce one of the most remarkable of all
biomaterials—silk.

SILKS

Silks can best be described as fringed micelle materials (fig. 3.8) in which
each protein molecule has regions with very contrasting structure. Just as
in rubbers, there are stretches of protein containing large amounts of the
helix-breaking amino acids, which prevent the strands from attaching to
each other except via occasional covalent cross-links. These lengths form
regions of rubbery material. In between, there are lengths that form crystals
composed of β sheets or α helixes.

This complex structure, in which the rubbery regions are stiffened by the
rigid crystals, gives silks their unique mechanical behavior. When a strand
of silk is first stretched, deformation can occur only by rearrangement of
the short strands between the cross-links (fig. 3.8a). After a strain of a few
percent, however, the cross bridges are broken and the long strands that
this breakage releases are free to straighten up (fig. 3.8b). This breaking


