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Abstract Biological materials such as skins, bones, teeth or seashells boast remark-
able structures and mechanisms, many of them unmatched by engineering materials.
In these materials, fracture toughness is key to achieve high strength, reliability,
robustness, damage tolerance and notch performance, and to fulfil critical structural
functions in the organism. In this chapter, we review and discuss some of the main
strategies found in biological materials to resist the propagation of cracks and to reach
high toughness. We discuss six major groups of natural materials through specific
examples: a uniaxial fiber composite (tendon), a laminated composite (fish scales),
a natural elastomer (skin), a mineralized brick and mortar composite (nacre), three-
dimensional mineralized cross plies (conch shells, tooth enamel) and a complex
hierarchical material (bone). The composition, architecture, mechanics of deforma-
tion and fracture, and overall performance is reviewed for each of these materials.
The chapter concludes with a summary of the broad strategies deployed in biological
materials to manage damage and prevent crack propagation. These lessons are now
inspiring the next generation of structural materials.

1 Introduction

Improving the performance of materials is critical to technological advances as
demonstrated through history (bronze age, iron age...) and by modern technology
(aerospace, biotechnology, computing) (Ashby 2010). In particular, improving the
strength and toughness of materials by manipulating their composition and struc-
ture of structural materials has been a focus for thousands of years. As early as the
3rd millennium BC, builders in the Indus valley incorporated straw into mud bricks
as fiber reinforcements to increase their fracture toughness, strength and reliability
(Lemmen and Khan 2012; Binici et al. 2007). Modern material engineering deals with
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critical issues related to resistance to fatigue cracks, stable crack propagation, tough-
ening mechanisms, damage tolerance, notch performance and reliability (Ashby
2010; Lawn 1993; Anderson 2005). When exploited and optimized systematically,
these concepts have enabled strong, tough and light materials for aerospace, trans-
portation, construction, and energy applications. Despite these impressive advances,
nature is well ahead of engineers in making materials (Fratzl and Weinkamer 2007,
Barthelat 2015). The materials of trees, skeletons, teeth or protective shells are subject
to stringent mechanical requirements. Just like many of our engineering materials,
they must fulfil a variety of functions that include structural support, transfer of
static, dynamic or cyclic forces, and protection against impact. Nature mainly uses
four elements (C, H, O, N), a few building blocks (amino acids, polysaccharides,
biominerals), and does not use metals for structural functions except for a few rare
exceptions (Lichtenegger et al. 2003). In addition, natural materials are generally
processed and fabricated in ambient, “normal” conditions, a severe limitation which
contrasts with the extreme temperatures, pressures and chemistries that are common
in metallurgy, and ceramic or polymer making. In terms of absolute strength and
toughness, biological materials are inferior to our modern steels, largely because of
constraints in raw materials. When these limitations in raw materials and processing
conditions are taken into account, it is clear that nature is way ahead of engineers
and materials scientists in terms of making “more with less”.

Figure 1 shows an Ashby material property map of toughness versus stiffness for
a variety of biological materials. The five biological materials that will be discussed
in more details in this chapter are highlighted in red on the chart (a sixth material—
tendon—is so tough that no data on fracture toughness is available). Biological
materials span 4-5 orders of magnitudes in terms of toughness and stiffness, despite of
the narrow range of composition range described above. Soft proteinaceous materials
such as skin are soft but extremely tough, while at the other extreme biominerals
(calcite, calcium phosphate) are very stiff but also very brittle. Between these two
extremes one finds a large number of biological materials with intermediate stiffness
and toughness, and interestingly most of these materials display high combinations
of these properties. For example, bone, teeth (dentine, enamel) and mollusc shell
incorporate proteins and minerals and achieve simultaneous toughness and stiffness.
The chart also highlights that nature “amplifies” the properties of raw materials to
levels which are not seen yet in engineering materials. For example, nacre from
mollusk shell is made of 95% vol. of aragonite (a brittle mineral which is similar to
calcite), but its architecture is so well adapted to resist fracture that it is three orders
of magnitude tougher (in energy terms).

For comparison the properties of a steel alloy (4340 steel: E ~ 200 GPa, J, ~
10 kJ/m?) are also shown on the chart. The strongest and toughness of biological
material cannot match our engineering materials, largely because of constraints in
raw materials and processing. However, the “amplification” of toughness and stiffness
that hard biological achieve from their fragile ingredients (biominerals, proteins) is
not matched to this day by any engineering materials. Nature is developing these
original solutions through natural selection and evolution, and while whether the
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Fig. 1 Material property chart for modulus-toughness in biological materials (adapted from (?)).
Guidelines show the best materials to resist large displacement, static force and impact. The specific
materials discussed in this chapter (skin, fish scales, bone and nacre) are highlighted

structure of these materials is “optimum” is debatable, there is no question that
their properties—including fracture toughness—are remarkably well adapted to their
function. The toughness J¢ is the energy required to generate new fracture areas in
the material. Alternately, Jc can be interpreted as the amount of mechanical energy
the material can absorb without fracturing, and therefore J¢ can be used as a measure
of the impact resistance of the material. By this measure, skin, fish scales, and bone
antlers are the most adapted biological materials, which correlates with the function
of these materials to resist impact loading without fracturing. In terms of resisting
static forces and static stresses, the critical stress-intensity factor provides a better
measure of resistance to crack propagation. This criterion maximizes (E J¢)'/? on the
chart, and nacre, conch shell, and bone are the materials which are the most adapted
to resist static forces without fracturing. Finally, we examine the materials which can
withstand large deformations without fracture, in other words those that maximize
o,/ E, where oy is strength. These materials therefore maximize (J¢/E )!/2, and in
this case natural elastomers such as skin are clearly the best biological materials
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to resist large deformations without fracturing. While considering structure-property
relationships in biological materials, it is important to also consider function, since the
structure and properties of biological materials have evolved for specific functions.

The mechanical properties of biological materials have been of sustained interest
for a long time, mainly for construction materials but also for biomechanics. For
example the mechanical properties of wood have been of interest for a long time
because wood is a construction material (Forest Products 1974). The mechanical
properties of bone, cartilage, tendon, skin, and other connective tissues in the human
body have also been of interest for biomedical applications, for example to guide
optimum therapies, surgical treatments or rehabilitation strategies in orthopedics
(Fung 2004).

Over last three decades there has been a renewed and vigorous effort towards
understanding the mechanics of biological materials using the modern tools of mate-
rials science and mechanics. These powerful approaches let us probe the structure
and mechanics of biological materials down to the nanoscale (Rabiei et al. 2010)
(Gupta et al. 2005). Powerful computer models can now predict how a slight genetic
mutation of the collagen structure at the molecular scale translates into crippling
bone diseases (Gautieri et al. 2009). This “biological material science” (Meyers
et al. 2008) is now largely motivated by bioinspiration and biomimetics (Barthelat
2007; Vincent et al. 2006). This transfer of technology from biology to engineering
requires a precise understanding of structure-properties relationships and property-
relationships in natural materials (Meyers et al. 2008), and this effort also includes
fracture mechanics: Nature has evolved interesting architectures and mechanisms to
prevent and control the propagation of cracks, and duplicating some of these ideas
is a powerful approach that could overcome the inherent brittleness of glasses and
ceramics (Wegst et al. 2015; Barthelat 2007; Espinosa et al. 2009), thereby expanding
their range of applications.

2 Some General Construction Rules for Biological
Materials

The range of compositions in biological materials is remarkably narrow consid-
ering the breadth of mechanical properties that can be achieved. In contrast with
engineering materials, which make full use of most of the elements in the periodic
tables, only four are prominent in nature: carbon, hydrogen, oxygen and nitrogen
(C, H, O, N) account for 95% of the mass of biological organisms on earth. Proteins
and polysaccharides are the “building blocks” of animals and plants. For example,
proteins represent about 17% wt. of the human body, where they perform a wide
variety of functions. The molecular building blocks for proteins are amino acids,
small organic compounds with an amino group, a carboxyl (acid) group, and a radi-
cal group (R-group). The R-group varies in composition and size depending on the
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amino acid, and only 21 amino acids are found in nature. Sequences of amino acids
are assembled by condensation, which can be interpreted as polymerization where
the amino acids form long polymeric chains with a strong covalent backbone. The
process of transcription of DNA into RNA, and translation into a protein chain, is
the fundamental fabrication mechanisms for proteins. This process is precise and
governs the exact sequence of amino acids along the protein chain (also called pri-
mary structure) with high fidelity. Once the primary structure is formed, side groups
along the proteins promote the formation of hydrogen bonds which can induce the
folding of the protein chain into specific configurations. The exact sequence and size
of the side groups will produce repeatable and robust folding patterns which lead
to complex three-dimensional configurations called secondary structures. Common
secondary structures in structural proteins are coiling (alpha helix) and crystallization
(beta sheets). In terms of structural behavior, proteins can be interpreted as a precise
coiling of a strong covalent backbone which is stabilized by weaker hydrogen bonds.
Under the action of a mechanical pull, individual proteins can unfold as the hydro-
gen bonds are broken, which produces large elongations. Structural proteins such
as keratin, elastin, and collagen are critical for the stiffness, deformability, strength
and toughness of skin, nails, tendons, and bones. To illustrate the construction of a
structural protein, we take the example of collagen, which represents about 25% wt.
of all proteins in the human body. Collagen is critical for the mechanical performance
of bones, tendons, skin, and eye cornea. Collagen is therefore a “Universal protein”
found across various structural tissues in the human body, and also across the animal
kingdom (all mammals, fish scales, anemones, sea cucumbers). Collagen is made of
up to 20 different amino acids, the exact composition varying across about 20 types.
The main collagen types are type I (in most human tissues), type II (cartilage), type
III (in blood vessels and repair sites). Here we focus the discussion on collagen type
I. Proteinaceous collagen chains assemble into tropocollagen, which consists of three
left-handed alpha chains twisted in a right-handed triple helix stabilized by hydro-
gen bonds. Alternating between a left and right handed assembly is critical for the
stability of the molecule, just like alternating the twisting direction in multi-stranded
ropes is important to prevent the unraveling of the strands. Every third R-group along
these chains is glycine, the smallest residue in amino acids. This residue faces the
inner side of the coil, making the tropocollagen helix very tight. Individual tropocol-
lagen molecules are 300nm long for a diameter of about 1.5nm. They have a head
and a tail with distinct functionalities, and they tend to assemble so “head” bonds
assemble with a “tail”. This feature leads to the self-assemblies of tropocollagen
molecules into three-dimensional periodic bundles called fibrils (Fratzl et al. 1998),
which contain a periodic gaps and a 67 nm periodicity along the fibril. The resulting
fibril is 20-200 nm thick, and can reach tens of millimeters in length. This fiber
is large enough to be mechanically isolated, handled and tested in tension, using
MEMS based actuators (Eppell et al. 2006) or capacitor-based devices (Poissant
and Barthelat 2012). These tests reveal a relatively stiff fiber (£ = 1 GPa), which is
strong (strength >200 MPa) yet deformable (strain at failure >10 %). As depicted on
Fig. 2, this formidable fiber serves as a basis to form random networks (skin), uniax-
ial composites (tendons, ligaments) or crossplies (fish scales). To add stiffness, these
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Fig.2 Overview of the construction of collagenous tissues, which is typical of biological materials:
a cells produce a sequence of amino acid that reflects DNA’s blueprint; b these primary structures
assemble into more complex, 3D “secondary” structures: protocollagen molecule, collagen fibrils,
collagen fibers; ¢ these fibers are deposited in various ways to form biological tissue with a broad
range of structural properties

proteins may be mineralized, as seen in mineralized tendons (low mineralization),
bone, nacre, and enamel (high mineralization). At the molecular scale, individual
collagen molecules (tropocollagen) bond via coordinated hydrogen bonds (Buehler
2006) and self-assemble into fibrils (Fig. 3a). Specific covalent crosslinks at the ends
of the collagen molecules (telopeptide regions) provide cohesion and mechanical
stability to the fibrils, and govern complex unraveling nano-mechanisms as the fibril
is stretched (Uzel and Buehler 2011). While cellulose is the main structural protein
for many animals (mammals, reptile, fish), polysaccharides are the main construction
materials for insects (chitin) and plants (cellulose). These fiber-like materials follow
the same broad construction rules of collagen: strong molecular backbones, weaker
intermolecular interaction, self-assembly into fibrils and fibers.
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Fig.3 The structure and mechanics of tendon: a Hierarchical bundles of collagen molecules, fibrils
and fibers (Fratzl 2003); b Sinusoidal crimps (Scanning electron micrograph, Herod et al. 2016);
c the fibrils in tendon are extremely long and may span the entire length of the tissue (Scanning
electron micrograph, (Provenzano and Vanderby 2006); d typical tensile stress-stain curve of tendon
(Haraldsson et al. 2005); e notch performance of tendon, adapted from Ker (2007) (tendon is so tough
that crack propagation through its section is not possible); f schematic showing the mechanisms of
crack blunting and delamination

3 A Uniaxial Fiber Composite: Tendon

The simplest way to arrange fibers and to make the most of their high performance
in tension is to arrange them in parallel bundles, as in tendons. Tendons are highly
specialized tissues whose function is to carry and transfer tensile forces between
muscle and bone. Tendons must therefore be stiff in order to accurately and rapidly
convert muscle action into skeletal motion, and strong in order to carry high tensile
forces without failing. Tendons are also used as mechanical energy storage that,
for example, improves the efficiency of running. They are made of collagen type 1
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(60-90% dry weight), elastin (5%) and other extra-collagenous proteins (Shen et al.
2008). Collagen fibrils bundle into parallel fibers or fascicles about 50-300 p in
diameter (Fig.3a). The fibrils are held by a much softer extra-collagenous matrix,
whose shear modulus is three orders of magnitude lower than the modulus of the fibers
(Ker 2007). At rest, the fibers are not completely straight and display wavy patterns
called crimps (Fig.3b). Mechanical models and in-situ X-ray images suggest that
the collagen fibrils have a finite length, which enables them to glide on one another
when tensile forces are applied on the tendon (Puxkandl et al. 2002). However,
direct observations on tendons show individual fibrils with no apparent ends, which
suggests that fibers in fact span the entire length of the tendon (Provenzano and
Vanderby 2006; Svensson et al. 2017) (Fig. 3a).

Figure 3d shows the tensile response of tendon (tensile stress-strain curve Haralds-
son et al. 2005). The “toe” and “heel” region of low stress corresponds to an initial
regime where the crimps in the collagen fibers are straightened. This process requires
little tensile force, but once the crimps are straightened the material is much stiffer. In
the linear region, the fibers are straight and aligned along the direction of pulling, and
the strong and stiff covalent backbones of the collagen molecules carry an increasing
amount of tensile stress. He linear region is therefore relatively stiff (E =1-2 GPa).
At tensile stress of about 50-100 MPa the material reaches its maximum carrying
capability and strength. The tendon softens because of defibrillation and progressive
rupture of the fibers (Fung et al. 2009). In uniaxial tension, tendons are among the
stiffest and strongest non-mineralized biological materials. Figure 3e shows a tendon
containing a deep cut and subjected to tension (Ker 2007). The initial deformability
of tendon blunts the tip of the cut, turning the sharp slit into a rounded notch with the
direct effect of reducing the stress concentration. In addition, since the shear modulus
of the fascicle interfaces is much lower that the fibers, large shear deformations take
place along these interfaces. The interfaces then fail in shear and channel “delamina-
tion” mode II cracks along the direction of pulling. This mechanism blunts the crack
further into a Cook-Gordon type configuration (Cook et al. 1964), further preventing
propagation into the fibers. The delamination of the fibers has also two effects: (i)
behind the crack tip a large volume of material becomes stress free (Fig. 3f); (ii) In
front of the crack tip, the tensile stresses become uniformly distributed. In the labora-
tory test, the mode II crack reach the grips of the loading machine before the ligament
fails in tension (Ker 2007). This powerful mechanism therefore turns tendon into a
notch insensitive material. The cut decreases the strength because of the reduction in
nominal cross section, but the stress concentration at the tip of the cut is completely
suppressed. Instead, the delaminating crack proceeds into the grips of the machine. In
this configuration it is therefore impossible to propagate a crack in model I across the
fibers, and therefore estimates for the fracture toughness of tendon are not available
(Szczesny et al. 2015). Interestingly, the construction and mechanisms of tendon are
identical to the design guidelines for modern fiber reinforced engineering compos-
ites: High concentration of stiff and strong fibers in a weaker matrix to provide high
combinations of stiffness and strength. The strength of the interface between matrix
and fibers is critical: The interfaces must be strong enough to provide cohesion to the
material, yet weak enough to interact with propagating cracks in order to trigger pow-
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erful toughening mechanisms (Zok 2006) (Cook-Gordon blunting mechanism, crack
deflection, crack bridging). The construction of tendon is perfectly adapted to carry
large tensile forces, even in the presence of partial tears or local damage. However,
it is a highly specialized tissue that can provide stiffness and stress along only one
direction (tendons are very weak in the transverse direction). The next two examples
discuss collagen fibrils in crossplies (fish scales) or random networks (skin). These
different architectures produce different mechanisms and properties, but when stress
concentrations are present fibers align locally, generating a “tendon-like” barriers to
crack propagation.

4 A Natural Composite Laminate: Fish Scale

Tendons are rope-like tissues specialized in carrying tensile forces along a single
direction. For other structural elements where biaxial stiffness and strength are
required, crossply architectures are more adapted. In crossplies, the alignment of
the fibers is uniform only within one layer (or “ply”) of the material, and adjacent
layers have a rotated arrangement. Simple cross plies have a (0-90) degree arrange-
ment, while more complex crossplies such as the Bouligand structure of arthropod
cuticles (the hard shell of insects and crustaceans) only vary by a few degrees from
one layer to the next (Raabe et al. 2005). The immediate benefit of cross plies is
that the tensile strength and stiffness of individual fibers are available along differ-
ent pulling direction within the plane of the plies. In effect, crossplies increase the
isotropy of fibrous material, the main drawback being that along each of these direc-
tions the stiffness and the strength is reduced compared to the uniaxial composite
(Nikolov et al. 2010). Cross plies are well adapted for hydrostatic skeletons, which
are essentially pressurized reservoirs: the body of sea anemones, soft-shelled turtles
(Scheyer et al. 2007), and human annulus fibrosus (?). In arthropod shells (cuticles)
and fish scale, crossplies are well adapted to resist multiaxial stresses from sharp
contacts (impacts, attacks from predators). For example, localized surface forces
generate flexural stresses in the shell, which must be resisted along direction in the
plane of the shell.

The structure and mechanics of natural scaled skin, and more particularly fish
scales, have recently been the subject of several studies (Yang et al. 2013a, b; Bruet
et al. 2008; Ikoma et al. 2003; Garrano et al. 2012; Lin et al. 2011; Meyers et al.
2012; Zhu et al. 2013; Browning et al. 2013; Zimmermann et al. 2013; Vernerey
and Barthelat 2010). Figure4 shows the hierarchical features of fish scales. At the
macroscopic level, the scales are staggered and cover most of the body of the fish,
providing a continuous barrier from penetration combined with flexural compliance.
At the mesoscale level, individual scales are polygonal thin plates composed of
type-I collagen fibrils partially mineralized with hydroxyapatite (16-59% mineral
content in weight (Ikoma et al. 2003; Liu et al. 2008; Torres et al. 2008; Schonborner
et al. 1979; Seshaiya et al. 1963). The outer layer of the scale is significantly more
mineralized and often referred to as the “bony layer”. Bony and collagen layers
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Fig. 4 The hierarchical structure of typical teleost fish scales (shown here for a striped bass Zhu
et al. 2012)

have approximately the same thickness (~100wm). These layers are both cross-
ply layered composites, each ply being made of parallel collagen fibrils rotated
across layers by angles that can vary across species (Bigi et al. 2001; Meunier 1984;
Zylberberg et al. 1988; Meunier and Castanet 1982; Meunier 1981). The scales of
striped bass, consist of a basal layer formed of 20-25 plies about 4-5 pm thick each
(Fig.4d), where the collagen fibrils are rotated by 90 °C from one ply to the next
(Fig.4e, f). Natural scaled skins have remarkable mechanical properties: compliance,
resistance to penetration, lightweight, and ultra-thin structure (Yang et al. 2013a).
Tensile tests on natural teleost fish scales confirmed the scale as a stiff, strong, and
tough material with extensive inelastic deformation and energy dissipation including
pullout, defibrillation, sliding and ply rotation (Ikoma et al. 2003; Garrano et al.
2012; Lin et al. 2011; Zhu et al. 2012; Zimmermann et al. 2013). Fracture toughness
is a critical property to resist puncture or lacerations from predators or collisions
with other fish or obstacles. Early tests revealed that fish scales are so tough that
they could not be fractured, even after immersion in liquid nitrogen (Currey 1999).
Figure 5a,b show a set of tensile test results on plain and notched scales. The curves
have a bell shape, with an initial linear response followed by large tensile strains
and tremendous energy absorption. As expected, the notched samples were weaker
than the intact samples because of the presence of the notch and the associated
reduction in the nominal cross section (i.e. minimum load bearing cross section).
However, when the nominal stresses are calculated, the stress strain curves for the
notched and intact scales are nearly identical. Individual fish scales from Morone
saxatilis are therefore notch insensitive. At the early stage of loading, the bony
and collagen layer delaminated because of the mismatch between their mechanical
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Fig. 5 Mechanical tests on individual scales: a tensile tests on intact and notched samples with
b resulting nominal stress-displacement curves; ¢ Fracture involves extensive delamination and
bridging by collagen fibers (adapted from Dastjerdi and Barthelat 2015)

properties (Zhu et al. 2012) (Fig.5b). Further increase of loading resulted in the
fracture of the bony layer while the collagen layer was still deforming, with extensive
defibrillation of the collagen cross plies up to the ultimate failure at around 0.8 mm
displacement. The notched sample also showed crack blunting (Fig. 5b, 3¢), a potent
toughening mechanism for metals and polymeric materials. Instrumented fracture
tests on individual fish scales are extremely difficult because of their small size
and very high toughness. Recently a new miniature setup was used to measure the
toughness of the scales along three crack propagation orientations (Dastjerdi and
Barthelat 2015). Crack propagation was always stable, and the results confirmed that
fish scales are among the toughest biological materials (work of fracture ~ 40J/m?,
Fig. 1). Fracture models suggest that inelastic deformations of the collagen fibrils,
which operate over regions on the order of 1-2 mm around the crack tip is the main
contributor to toughness (Dastjerdi and Barthelat 2015), a process similar to nacre
(Barthelat and Rabiei 2011) and to advanced engineering polymers (Evans et al.
1986). The fibers also rotate towards the direction of pulling (Yang et al. 2014),
providing a local “tendon” like structure to resist crack propagation. Delamination
of the collagen fibers also produces a small bridging stress across the crack faces,
but this mechanism can operate over large crack openings so that its contribution to
toughness is not negligible (Dastjerdi and Barthelat 2015). For these mechanisms
the interfaces between the fibers and the plies must be much weaker than the fibers.
Delamination experiments indicated that these interface are indeed 400 times weaker
than fish scale as a whole (Dastjerdi and Barthelat 2015).

5 A Rubber-Like Material: Skin

Human skin is the largest organ in the body. A thin, deformable and tough layer, skin
fulfills a wide range of critical functions that include protection against mechani-
cal threats, pathogens or water loss, but also temperature regulation, sensing and
excretion (sweat) (Fung 2004). Skin is composed of several layers: stratum corneum
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(outermost layer), epidermis, dermis, subcutaneous tissue (innermost skin layer)
(Silver et al. 2003). The dermis layer is the thickest layer, and it is also the layer
that governs the mechanical response of skin (Oxlund et al. 1988). The dermis is a
three-dimensional network of cross-linked collagen and elastin fibers embedded in
proteoglycans (Silver et al. 2003). The network of collagen fibrils largely dominates
the mechanical response of the dermis, elastin providing recoil and “elasticity” to the
skin once it is unloaded (Oxlund et al. 1988). Individual collagen fibers within the
network are primarily parallel to the surface of skin (Fung 2004) (Fig.6a). Within
the plane of the dermis, the fibers follow a mostly random orientation, although
preferred orientations are observed locally along lines which were first mapped by
Langer (Ridge and Wright 1966a). Skin tends to be stiffer and stronger along these
Langer lines (Ridge and Wright 1966a, b), and wounds or cuts that disrupt these lines
can take longer to heal (surgeons favor incision parallel to these lines). The dermis
shares many attributes with rubbers and other engineering elastomers in terms of
structure, mechanics and properties (including fracture properties). Both are made
of a random network of cross-linked fibers or molecules, and the elasticity of both
can be captured with entropy-based elastic models (Fung 2004; Bischoff et al. 2000).
Both materials are very soft and can undergo large deformations in tension. The high
level of hydration of skin maintains the high mobility of the elastin and collagen
components. Figure 6b shows a typical stress-strain curve of skin in tension. Up to
about 30% strain, the collagen network offers only a small resistance to deforma-
tion as entropic elastic dominates. At larger strains skin enter a much stiffer, linear
region where the collagen network progressively aligns and stiffens along stretch
direction. Eventually the cross links break, fibers slip, and the overall collagenous
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network weakens which generate a “yield point” on the curve. Complete defibrilla-
tion follows with progressive tear of the skin. Skin provides a mechanical barrier to
bites, scratches and small tears, so that fracture toughness is critical. Tear fracture
tests reveal toughness in the order of 10 kJ/m? (Purslow 1983), which is towards the
high end for biological materials (Fig. 1). Figure 6¢ shows a strip of skin containing
a through cut in tension. Skin is easily deformed at low stresses, so that the initial
slit immediately turns into a rounded ellipse as a tensile force is applied, which sup-
presses the stress singularity at the tip of the notch. In addition, the alignment of the
collagen fibers in these deformed regions form a region of aligned collagen fibers
which are transverse to the direction of crack propagation (Fig. 6d). Skin therefore
“recruits” random collagen fibers with high deformations, to toughen the material
locally with fiber reinforcements in a “tendon-like” material.

6 A Densely Mineralized Brick and Mortar Composite:
Nacre

Minerals are widely used by living organisms for structural purposes, mainly for
increasing the stiffness and hardness of otherwise relatively soft proteins. The ten-
sile modulus of collagen, the most common structural protein, in a unidirectional
material such as tendon is 1-2 GPa. This is relatively stiff for a protein, but too
soft to fulfill skeletal functions or heavier protection. Structural biological materials
therefore often incorporate stiff minerals to increase stiffness and hardness. Calcium
carbonate (mollusk shells) or hydroxyapatite (human bone, teeth) are the most com-
mon minerals found in natural materials, although there are many others (Weiner
and Addadi 1997). The general strategy for incorporating these minerals is for the
organism to grow a scaffold of proteinaceous materials first, which is then mineral-
ized over time. This process is highly regulated by complex biochemical processes
combined with physical confinement to control the deposition sites, shape, size, and
growth rate of mineral crystals (Weiner and Addadi 1997; Mann 2000). As a general
rule, the minerals are in the form of nanograins (Rousseau et al. 2005), or in the form
of mesocrystals (Colfen and Antonietti 2005): large crystals made of nanograins with
uniform texture and bonded by organic materials. Therefore all mineralized tissues
in nature are composite materials, even seemingly pure biominerals such as urchin
spines (Seto et al. 2012). In general, stiff materials are also hard (Ashby 2010), and
therefore incorporating minerals into soft matrices increases both stiffness and hard-
ness. However, the deformability of the material also decreases and their fracture
toughness also decreases in general, so that this “conflict” between strength and
toughness is prominent in engineering materials (Ritchie 2011). Interestingly, nat-
ural materials alleviate this limitation by remarkable architectures and mechanisms
which ensure high stiffness, hardness and fracture toughness.

Mollusk shells provide remarkable examples of highly mineralized natural mate-
rials. The shells are mostly made of minerals (at least 95% volume) and contain only
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Fig.7 Overview of the structure and mechanics of nacre: a Nacre has a three dimensional brick and
mortar structure and is part of a two layer hard shell in mollusks (Barthelat et al. 2007); b schematic
with dimensions. 20-30 nm thick layers of organic materials bond the microscopic tablets together;
¢ when tension is applied along the direction of the tablets they slide on one another over large
volumes. This behavior generates large strain, turning a brittle biomineral into a tough composite
(Barthelat et al. 2007)

a small fraction (at most 5% volume) of organic materials (Currey and Taylor 1974).
Among the different microstructures found in mollusk shells, nacre is the strongest
and toughest (Currey and Taylor 1974). Nacre displays complex micro-mechanisms
of deformation and fracture which generate high stiffness (70-80 GPa), high tensile
strength (70-100 MPa) and a remarkably high fracture toughness (4—10 MPa.m1/2)
(Currey 1977; Jackson et al. 1988; Wang et al. 2001). Nacre has a relatively simple,
brick-wall-like architecture composed of mesocrystals of minerals in the shape of
polygonal tablets (0.2—1 p thick, 5-10 p in diameter, Fig. 7a, b). In tension, the tablets
can slide on one another, which generates relatively large deformations (up to almost
1% strain) accompanied with energy dissipation (Barthelat et al. 2007; Jackson et al.
1988; Wang et al. 2001), Fig. 7c. The sliding and pullout of the tablets are mediated
by the thin (2040 nm) interfaces between the tablets, which are rich in organic
materials (Levi-Kalisman et al. 2001). The relatively large inelastic deformations
and the energy dissipated at the interface translate into a material that can absorb
deformations, deform to reduce the effects of stress concentrations, tolerate damage
and absorb mechanical energy from impact. Figure 8a shows crack resistance curves
obtained from four-point bending tests on single edge notched bend samples of nacre,
prepared so a crack propagates across the tablets. In this configuration crack propaga-
tion in nacre is stable, and the curves display a very strong “R-curve” behavior, with a
resistance to crack propagation (measured in kJ/m?) that is initially low (low initiation
toughness) but which increases significantly as the crack advances. This behavior, a
characteristic of advanced structural materials, imparts the materials with tolerance
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Fig. 8 The fracture mechanics of nacre: a Experimental crack resistance curves for four types of
nacre, together with in-situ optical images. The whitening regions are an indication of tablet sliding
at the microscale (Rabiei et al. 2010); b Schematic showing the main toughening mechanisms
(Barthelat and Rabiei 2011)

to defects and stable crack propagation. This behavior also indicates that powerful
toughening mechanisms are triggered by the stresses ahead of the advancing crack.
The main two toughening mechanisms are both associated with the sliding of the
micro tablets. If the cracks do not penetrate into the tablets, the intrinsic cohesion of
nacre is provided by the interfaces. These interfaces are very weak, with a measured
mode I fracture toughness of only about 10J/m~2 (Currey 1977; Mayer 2005; Dast-
jerdi et al. 2013), which is about 100 times lower than the toughness of nacre across
the direction of the tablets (Rabiei et al. 2010). As noted previously for tendon and
fish scales, weak interfaces are a requirement for the interfaces to deflect and guide
incoming cracks. Mechanical tests on demineralized nacre confirm that the organic
materials have low strength but high deformability (Dastjerdi et al. 2013; Lopez et al.
2014). The low toughness of the interfaces is amplified by two micro-mechanisms,
both associated with tablet sliding (Fig. 8b). A first amplification of the toughness of
the interfaces is provided by crack bridging, with tablets interacting behind the main
crack tip. A second amplification of toughness is more powerful and provided by the
inelastic process zone that develops in front of the advancing crack. The high tensile
stress in this region triggers tablet sliding in a relatively large region, millimeters in
size. As the crack propagates into that inelastic region, the material on either side
of the newly created crack faces unloads, leaving a wake of permanently deformed
material with residual strains. The process of propagating a crack in nacre therefore
involves the loading and unloading of a large volume of material, which dissipates a
large amount of energy. Process zone toughening (Barthelat and Rabiei 2011) make
nacre several orders of magnitude tougher than aragonite (Rabiei et al. 2010; Barthe-
lat 2007; Wang et al. 2001). This critical mechanism is supported by experiments:
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nacres with small process zones have a low toughness (Fig. 8a). It is also supported
by models, that show that transient process toughening can generate extremely large
or even unbounded toughening (Barthelat and Rabiei 2011). High extensibility is
critical to develop inelastic mechanisms over large volumes and generate toughness
at the macroscale (Barthelat et al. 2007). Among other properties for the interfaces
in nacre, it has been suggested that extensibility is the most important for the overall
toughness of nacre (Nabavi et al. 2014). The properties of the interfaces appear to
be fine-tuned to achieve high performance for the material (Nabavi et al. 2014).

7 A Mineralized Cross-Ply: Tooth Enamel

Tooth enamel is a very hard tissue that covers the surface of teeth. Its extremely high
level of mineralization (~96% vol.) makes it the hardest tissue in the human body
(Nanci and Ten Cate 2013). Surface hardness is a critical property for the functionality
of teeth, to ensure efficient crushing and cutting food particles. Biting forces can be
relatively large (100—1000 N), which involves very high and localized contact stresses
involving teeth and food particles (Yahyazadehfar et al. 2014). Specific architectures
and mechanisms are therefore required to resist surface cracking. The microstructure
of enamel is made of mineral rods about 5 p in diameter, which start at the surface
of the tooth and end at the junction between enamel and the underlying dentin (the
dentine-enamel junction, Fig.9a). Individual rods are made of nano-crystallites of
the mineral hydroxyapatite (Habelitz et al. 2001). The thin interface between the
rods is rich in proteins. While the rods are perpendicular to the surface of the tooth
near the surface (in the outer enamel region), in deeper regions (inner enamel region)
they crisscross complex three-dimensional decussation patterns (Macho et al. 2003).
Cracks emanating from the surface of the tooth are channeled away from the surface
and along the parallel rods, preventing chipping of the enamel surface. Deeper within
enamel, the decussation pattern impedes further crack growth (Yahyazadehfar et al.
2013) by a series of crack deflection and crack bridging (Bajaj et al. 2010) (Fig.9a, b).
The powerful toughening mechanisms at work in the inner region can be quantified
by propagating a crack from the outer layer to the inner layer (Bajaj and Arola
2009). In this “forward” direction (Fig. 9c), the toughness remains about constant in
the outer layer, and the crack is mostly channeled by the proteinaceous interfaces.
When the crack enters the decussated region in inner enamel, the toughness rapidly
increases as crack bridging takes place, up to four times the initial fracture toughness.
Through-cracks in enamel are therefore very stable and are actually considered a
normal aging process for teeth (Lin and Douglas 1994; Bechtle et al. 2010; Espinosa
etal. 2011). More severe stresses may propagate the crack through the enamel layer
where they meet another line of defense: the dentine-enamel junction (Imbeni et al.
2005) and underlying dentin (Kruzic et al. 2003). In contrast, cracks propagated in
the “reverse” direction (from inner to outer enamel) are unstable and propagate more
easily (Bajaj and Arola 2009) (Fig. 10c). Similar mechanisms are found in the shell
of conch, another example of a highly mineralized biological material (>99% vol.).
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Fig.9 Tooth enamel: a microstructure and interaction with a surface crack (Mirkhalaf et al. 2014);
b Scanning electron micrograph of a crack propagated form the outer region (straight rods) to
the inner region (decussated rods) (Bajaj et al. 2010); ¢ Crack resistance curve for tooth enamel
in the “forward” direction shows a pronounced rise in local toughness when the crack enters the
decussation region. In the “reverse” direction the toughness is lower and the crack is unstable (Bajaj
and Arola 2009)

In the outer layers of the shell, mineral plies are perpendicular to the surface, and
proteinaceous interfaces between the plies channel multiple cracks in periodic arrays
(Kamatetal. 2000, 2004). In the middle layer, the layers form a £45° crossply, which
creates large scale crack bridging and amplifies the toughness by two to three orders
of magnitude (Kamat et al. 2000, 2004). In tooth enamel and conch shell the weaker
organic interfaces only represent 1-5 wt%, but they are crucial to the toughness of
these biological ceramics (Yahyazadehfar and Arola 2015).

8 A Complex Hierarchical Composite: Bone

Bone is a high-performance material which fulfills a variety of functions, the pri-
mary of which is mechanical support (Currey 2002). Bone must therefore be stiff
and hard, but it is also surprisingly tough (Wegst and Ashby 2004) considering its
contents of brittle minerals and soft proteins. Bone density and mineral content have
traditionally served as the only predictors of bone strength, but these measures have
limitations (Hui et al. 1988). More recent research has considered the material bone
as a composite material in which minerals, collagen and extracollagenous proteins
contribute to its mechanical performance (Burr 2002; Ritchie et al. 2009). Figure 10
shows the structure of cortical bone, which is the dense, outer layer of long bones
(femur, tibia). The material bone is composed of approximately 60% weight of min-
eral (calcium and phosphate), 10-20% water and 20-30% of proteins. About 90% of
the protein content is collagen type I, the remaining 10% non-collagenous proteins
including fibronectin, osteonectin, sialoprotein, osteocalcin and osteopontin (Young
2003).
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Fig. 10 The hierarchical building blocks that form the structure of cortical (dense bone). The
building blocks are joined by interfaces which are critical to deformation and fracture mechanisms
(Barthelat et al. 2016)

The collagen fibrils in bone they are reinforced by nanocrystals of hydroxyapatite
(Weiner and Wagner 1998; Hassenkam et al. 2004; Buehler 2007). The fibrils bun-
dle into fibers, which form the building block of bone at the next hierarchical level.
Fibers arrange into cross plies and lamellae at the microscopic scale (Fig. 10), and
the lamellae wrap around the Haversian canals concentrically to form the osteons,
which are the microscopic building blocks of mature cortical bone. The deformation
and fracture of bone is complex and involves mechanisms at each of these length
scales (Ritchie et al. 2009; Launey et al. 2022; Ural and Vashishth 2014; Ritchie et al.
2005). This description of the structure and mechanics of bone, based on hierarchical
building blocks (Weiner and Wagner 1998; Rho et al. 1998), has dominated our con-
ception of this material over the last 20 years. More recently however, the interfaces
between these building blocks have been examined in more depth (Fig. 10), espe-
cially in the context of deformation and fracture (Barthelat et al. 2016; Buehler 2007;
Thurner and Katsamenis 2014; Zimmermann et al. 2011; Taylor et al. 2007; Gupta
et al. 2006; Fantner et al. 2005; Dunlop et al. 2011). For example, fibrils are held
together by a 1-2 nm thick layer of non-collagenous interfibrillar matrix which con-
tains a variety of proteins including osteocalcin and osteopontin (Ural and Vashishth
2014). This mixture of proteins is more compliant and weaker than the stiff mineral-
ized and aligned collagen fibrils as demonstrated by cleavage and fracture surfaces
of lamellar bone at the microscale (Fantner et al. 2005). The proteins at the interfaces
are highly deformable, however, and separating the collagen fibrils in bone forms
ligaments in the interfaces (Fantner et al. 2005) which are similar to observations
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Fig. 11 Mechanics of deformation and fracture in cortical bone: a Stress strain curves in tension
and compression along the axial direction of a bovine femur (Mercer et al. 2006); b crack resis-
tance curve obtained from mode I fracture tests across the longitudinal direction of human humeri
(Nalla et al. 2006); ¢ Multiscale toughening mechanisms in cortical bone: Nanoscale “ductility”
(Gupta et al. 20006), bridging by collagen fibers, (Fantner et al. 2006) deflection on osteon lamellae
(Peterlik et al. 2006), microcracks (Vashishth 2007), deflection on cement lines (Zioupos et al.
2008)

on nacre. Figure 11a shows the stress-strain curve of bone. The modulus is in the
range of 10-20 GPa and the tensile strength is about 100 MPa, which is about 10
times stiffer and two times stronger than tendon (respectively), a direct effect of the
mineralization of bone. Beyond a “yield point” bone displays inelastic deformations
and it can fail at strains in the order of 1-2%. The inelastic deformation of bone
is critical to its ability to absorb impact energy without fracturing. The multiscale
micromechanics governing this deformation includes the inelastic deformation of
individual collagen fibrils (Tang et al. 2010), the sliding of minerals relative to col-
lagen (Mercer et al. 2006), the sliding of fibrils on one another (Gupta et al. 2006),
the accumulation of diffuse damage (Zioupos 1998), the development of dilatational
bands at the nanoscale (Poundarik et al. 2012; Schwiedrzik et al. 2014), and shearing
of the cement lines (Ascenzi and Bonucci 1972). While these inelastic deformations
develop, bone must resist the propagation of large cracks emanating from bone’s
heterogeneities and microcracks (Zioupos 1998). This competition between defor-
mation and fracture is what makes the ductility of bone possible. It requires not only
high toughness for the material bone, but also a rising crack resistance curve that
would promote crack stability.

Figure 11b shows a set of experimental crack resistance curves for cortical bone,
for amode I crack propagating across the longitudinal direction of long bones (human



274 F. Barthelat

humeri Nalla et al. 2006). The overall toughness (K;¢) of bone is on par with fish scale
and nacre, and among the toughness natural materials (Fig. 1). Bone is also about 10
times tougher than skin and the pure hydroxyapatite mineral (in K;¢ terms). Frac-
ture toughness also increases significantly as the crack advances, an indication of
powerful toughening mechanisms taking place. The ductility of the material bone at
the tip of cracks generates a process zone toughening mechanism similar to nacre.
Microcrack toughening was also suggested as a similar mechanism (Vashishth et al.
2003). Propagating a crack in bone also involves the pullout of individual fibers and
fibrils out of the crack faces (Nalla et al. 2003; Fantner et al. 2004), crack bridging
and added toughness for bone. Upon opening or shearing of the interface, these elec-
trostatic sacrificial bonds can break and release ‘hidden lengths’ along the molecule,
generating large deformations and energy dissipation at the molecular scale (Fantner
et al. 2005). Tensile experiments on bovine cortical bone using stepwise changes in
strain rates confirmed that the activation enthalpy associated to nonlinear deforma-
tion in bone corresponds to the disruption of electrostatic bonds (Gupta et al. 2007).
A larger scales, mature cortical bone can therefore be interpreted as a unidirectional
fiber reinforced composite, where the osteons are the fibers and the interstitial bone
is the matrix (Burr et al. 1988). In a similar way that an interface of carbon or glass
fibres in synthetic composites can deflect cracks and generate toughness by pullout,
cracks can deflect or twist along the weaker cement lines (Launey et al. 2022; Koester
etal. 2008). These powerful mechanisms make cortical bone five times tougher in the
transverse direction compared to the longitudinal ‘splitting’ direction (Ritchie et al.
2005). To deflect incoming cracks, the cement line must be significantly weaker than
both osteons and interstitial bone. Push-out tests on individual osteons have verified
the low shear strength of the cement lines (8 MPa) (Ascenzi and Bonucci 1972;
Bigley et al. 2006), about 10 times smaller than the surrounding interlamellar inter-
faces (73 MPa) (Dong et al. 2005). Once the cement line has broken, frictional pullout
ensues (Bigley et al. 2006), a mechanism which is also observed and exploited in
synthetic fibers used in engineering composites. The fracture toughness of cement
lines can be estimated from the toughness of cortical bone in the splitting direction,
because the crack mostly propagates along the cement lines in that orientation. By
this measure, the toughness of the cement line is 1-2 MPa!/2, which is 10 times lower
than the toughness of bone in the transverse direction (Koester et al. 2008). These
experiments confirm the strong contrast of strength between cement lines and the
surrounding bone material, which can be explained by differences in composition
and structure. The main toughening mechanisms associated with the cement line are
crack deflection and twisting (Ritchie et al. 2009; Koester et al. 2008; Ager et al.
2006), although debonding followed by frictional pullout has also been suggested as
an important toughening mechanism associated with osteons (Piekarsk 1970; Hiller
et al. 2003). Disrupting the finely tuned structure and mechanisms of these inter-
faces in bone can have a profound impact on overall performance. For example,
suppressing key interface proteins such as osteopontin has immediate and dramatic
consequences on the overall toughness (Poundarik et al. 2012; Thurner et al. 2010),
and recent studies have shown that the decrease of the mechanical properties of bone
with age can be explained by excess of stiff and brittle covalent cross links at the
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nano-interfaces (Zimmermann et al. 2011), with direct effects on the toughening
mechanisms (Fig. 11b). These results make it clear that bone must be understood as
an integration of structural building blocks connected by interfaces.

9 Summary and Overview of Toughening Mechanisms
in Natural Materials

The examples discussed in this chapter show how natural materials can control defor-
mation and prevent crack propagation by specific mechanisms and architectures.
Tendon, fish scales, skin, nacre, tooth enamel, and bone display different types of
architectures with a broad variety of toughening mechanisms. The loose organiza-
tion of the collagen fibrils in skin allows for large deformations, crack tip rounding,
and local re-orientation of the collagen fibrils. In more organized architectures like
fish scales, bone, tooth enamel, and bone, crack deflection is prominent, and it is
possible only if the interface is significantly weaker than the rest of the material (He
and Hutchinson 1989). The inter-fibrillar interfaces in tendon must be much weaker
than the collagen fibrils, the thin proteinaceous interfaces in nacre must be weaker
than the mineral tablets, the thin cement lines in cortical bone must be weaker than
the osteons. Weak interfaces are therefore a requirement for high toughness, a some-
what counterintuitive rule prevalent in fiber-reinforced composites (Evans 1989) and
multilayered ceramics (Clegg et al. 1990). Weak interfaces are an universal theme
in biological materials is the result of the adaptation and specialization of biolog-
ical materials for specific functions. More isotropic structures are less specialized,
and show less extreme mechanical properties (Nikolov et al. 2010). Crack deflection
can trigger further toughening mechanisms such as crack bridging as seen in fish
scales, tooth enamel, nacre or bone. The most powerful toughening mechanisms are
associated with process zone toughening and inelastic deformations. This type of
mechanism relies on volumetric dilation of the inelastic region and residual strains
to generate toughness as the crack advances. In addition to spending energy to gen-
erate new surfaces, the material dissipates energy by the loading of the material
ahead of the crack and unloading it behind the crack. Process zone toughening is the
main toughening mechanisms in fish scales (Dastjerdi and Barthelat 2015) and nacre
(Barthelat and Rabiei 2011). In these hard yet tough materials, inelastic deformations
over large volumes near cracks cannot be dissociated from, and are critical to tough-
ening mechanisms in ways similar to metals (Anderson 2005), phase transforming
ceramics (Evans 1990) and reinforced epoxies (Evans et al. 1986). The amount of
precision and effectiveness of toughening mechanisms in natural materials, as well
as its controlled occurrence over multiple length scales, will continue to fascinate
materials scientists and inspire new engineering materials in years to come. Other
remarkable features such as self-healing to repair fatigue microcrack to remodeling
to adapt to local stresses are unique to biological materials, but will perhaps also be
used in the engineering materials of tomorrow.
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