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The mechanics of tessellations — bioinspired
strategies for fracture resistance

Peter Fratzl,*® Otmar Kolednik,® F. Dieter Fischer® and Mason N. Dean®

Faced with a comparatively limited palette of minerals and organic polymers as building materials,
evolution has arrived repeatedly on structural solutions that rely on clever geometric arrangements to
avoid mechanical trade-offs in stiffness, strength and flexibility. In this tutorial review, we highlight the
concept of tessellation, a structural motif that involves periodic soft and hard elements arranged in
series and that appears in a vast array of invertebrate and vertebrate animal biomaterials. We start from
basic mechanics principles on the effects of material heterogeneities in hypothetical structures, to derive
common concepts from a diversity of natural examples of one-, two- and three-dimensional tilings/
layerings. We show that the tessellation of a hard, continuous surface — its atomization into discrete elements
connected by a softer phase — can theoretically result in maximization of material toughness, with little
expense to stiffness or strength. Moreover, the arrangement of soft/flexible and hard/stiff elements into
particular geometries can permit surprising functions, such as signal filtering or ‘stretch and catch’
responses, where the constrained flexibility of systems allows a built-in safety mechanism for ensuring that
Received 4th August 2015 both compressive and tensile loads are managed well. Our analysis unites examples ranging from exoskeletal
materials (fish scales, arthropod cuticle, turtle shell) to endoskeletal materials (bone, shark cartilage, sponge
spicules) to attachment devices (mussel byssal threads), from both invertebrate and vertebrate animals,
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www.rsc.org/chemsocrev while spotlighting success and potential for bio-inspired manmade applications.

Key learning points

(1) Learn from nature how to design fracture-resistant composite materials

(2) The principles of crack propagation in elastically modulated materials

(3) A look into the diversity of tessellated materials in natural organisms

(4) Brick and mortar arrangements of ceramic and polymeric components of composites
(5) Defect-tolerant designs of hybrid materials found in natural organisms
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copper to bronze and iron ages all the way to modern times, with
our reliance on the current portfolio of metallic alloys.

Introduction

Modern engineering materials used to build mechanical support
structures are often made of steel or other metal alloys, materials
that are non-existent in the natural world. Metals have the
advantage of being stiff and strong enough to not give way under
normal mechanical load, while being plastic enough to deform
without breaking when the typical load (ie. the yield stress) is
exceeded. The combination of these properties has made metals
integral to a huge technological success in human history, from
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Natural organisms have nothing comparable to metals at
their disposal and, still, they are able to grow stiff and very
fracture-resistant materials, such as bones, wood or spider silk.
None of these materials have the possibility of dislocation
movement, which enables the plasticity of metals, and so their
fracture resistance must have other origins. In fact, many
mechanisms that increase the fracture resistance of natural
materials are linked to the geometric arrangement of different
components in tissues.” Rather than discussing such mechanisms
in an exhaustive way, in this review we will focus on a widespread
strategy common among them, which we call tessellation, and
which has not received sufficient attention in the last years. The
general underlying concept is a combination of hard elements
and relatively soft connecting layers, very much like in bathroom

This journal is © The Royal Society of Chemistry 2016
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tiling. Such tessellations exist at all scales in natural materials,
from molecular arrangements to macroscopic units, and they
provide a range of interesting properties, such as prevention of
crack propagation, flexibility and protection for biological
armors, hardness and stretchiness for biological coatings (some-
times with self-healing properties as well), and even strain
enhancement and signal filtering for mechanosensing.

Our goal in this review is to describe a unifying concept related
to failure tolerance found in many materials grown by different
animals, from molluscs to arthropods and vertebrates, and to
highlight naturally evolved applications of these principles as a
potential inspiration for engineering. The tutorial review starts
with some relevant background on mechanics and then illustrates
one-, two- and three-dimensional tilings as a concept to reduce
crack propagation and, thus, fragility of glass sponge skeletons,
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bone or spider cuticle. The concept of tension-compression
asymmetry is then discussed as a means of tuning bending
properties of the turtle carapace or the shark skeleton. This
principle is also relevant to the high abrasion resistance of the
coatings of mussel byssus fibers. In vibration sensors of spiders,
tessellation allows geometric signal amplification, a property very
useful in designing highly sensitive mechanosensors. Finally, the
concept of tessellation is generalized to the molecular level, where
the coexistence of strong and weak molecular bonds in fibers
results in unusual mechanical properties, such as self-healing.

Bending or breaking

As known from the ancient legends, bending is often be better
than breaking. Both phenomena are dependent on the geometry
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of the objects: a slender reed bends more easily than the thick
oak (from Aesop’s fables, 6th century BCE). But there are also
material properties that distinguish these two phenomena.
Stiffness (generally measured by the Young’s modulus) determines
the load required for a given elastic deformation (e.g. under bend-
ing) and for buckling for a given specimen geometry. (Ultimate)
strength is the resistance to failure. More precisely, it is the force
per unit area to break a piece of material in tension or compres-
sion. Even more important than strength is (fracture) toughness
which measures the energy required to create a unit surface
of crack between two parts of the same structure. Roughly
speaking, toughness measures the capacity to absorb or dissi-
pate much of the energy introduced by external loads into the
material during crack extension. The reason for delineating such
differences in material properties is that strength and toughness
are hard to reconcile within any given material.® In most
materials, they would be inversely related: ceramics, for example,
are typically strong but not tough (that is, they are brittle).
Elastomeric materials often behave in just the opposite way.

Natural organisms have developed a plethora of strategies to
reduce the susceptibility of their materials to fracturing, while
maintaining the required stiffness for necessary biological
functions, such as standing upright or protecting the body.
Many of these strategies hinge on material inhomogeneities,
combinations of materials with different properties in arrange-
ments (e.g. layers, tessellations) that achieve emergent proper-
ties beyond those of the constituent parts. In natural systems,
such material inhomogeneities can occur at all scales, from the
nanometer to nearly organ size. Unfortunately, it is far from
obvious how material inhomogeneities influence the overall
mechanical properties and, in particular, strength and tough-
ness. To illustrate how important it is to assess the nature
of material inhomogeneities to estimate these properties, it
may be useful to consider the situations sketched in Fig. 1, a
long chain with one weak element and a multilayer of sheets
glued together.

Material stiffness can be described by material parameters
such as the Young’s modulus.” In general, it is a tensorial
quantity that depends on all geometric dimensions; for the
sake of easier discussion here we describe it by a single scalar
parameter, Young’s modulus E, which is the load per unit
surface per relative elongation of the chain. Hence, the larger
the value of E, the more the chain needs to be pulled in order to
achieve a given elongation. The purpose of this exercise is to
estimate the change in E due to the introduction of a weak
chain element (red in Fig. 1a). Assume that there are 100 chain
elements in total. The modulus of the normal element is E,
while the modulus of the weak one is just E/10. Then, according
to a simple equation that can be found in textbooks,” the
overall modulus Er and the overall strength o+ of the chain are:

99 1
Er=100/(Z+——) ~092E. ¢ ~0.16 1
T /(E +E/10) or ‘ (1)

This means that a single element which has only one tenth of
the stiffness reduces the overall stiffness of the chain by 8%.
The situation is, however, completely different with respect to
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Fig.1 The weakest link paradigm. If one percent of the composite
material is made weaker and less stiffer than the rest (illustrated by the
single dark chain link in (a) and the dark layers in (b)), it only moderately
affects the overall composite stiffness, but has a much larger effect
on strength, controlling the fracture properties in a direction-dependent
way. The red arrows symbolize loading directions for the three cases,
where (3) is the transverse direction and (2) the longitudinal direction of
the multilayer.

strength. It is well-known that the loaded chain will always
break at its weakest element. So, if the red element has only
10% of the strength of all the other elements, the overall
strength will be reduced by 90%. This clearly shows that a
single weak element has a dramatic effect on strength but only
a moderate one on stiffness.
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Fig. 2 Schematics and graphical representation of the strength o' of a
brittle material as a function of the crack length 2a, for a multilayer (a) and a
block (b) of same geometric dimensions (width W). The quantity ¢* is the
intrinsic strength of the material. In panel (a) the total length of all the
individual cracks appearing in different layers equals 2a. The stress
decreases linearly as a function of the total crack length. In the compact
block (b) the red areas indicate regions of stress concentration, which
reduce the strength according to Irwin's relation as indicated above the
red line. The term K¢ is the critical stress intensity, which is a measure of
the fracture toughness of the material.
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Fig. 1b extends this discussion to a three-dimensional structure.
The case considered is a multilayered composite, consisting of
alternating layers of stiff (light grey) and soft layers (dark), the
latter being one hundred times thinner than the former. To
maintain the analogy with the case of the linear chain, we
suppose that the (isotropic) Young’s modulus of the stiff layers
is E and that of the soft layers is £/10. We assume the same ratio
for the strength ¢f in the thick layers and ¢'/10 in the thin
layers. Again, using calculations from text books, one obtains
different answers for different directions of the load. For the
transverse direction perpendicular to the layers (direction 3 in
Fig. 2b), one recovers exactly eqn (1). For the longitudinal
direction (2), one obtains:

f

L ~ (99E + E/10)/100 ~ 0.99E, oi ~ 0.99¢" (2)

Hence, the effect of the layering depends on the direction of
loading. While the situation is identical to the linear chain in
the transverse direction perpendicular to the layers (3), both
stiffness and strength are just marginally reduced by the soft
interlayers while loading in the longitudinal direction (2). The
main conclusion is that the overall elastic response of the multi-
layer (that is, its Young modulus) is only moderately affected by
the introduction of a small inhomogeneity (i.e. a thin layer of
lower modulus). The strength, however, depends on the load
direction and on the presence of a small volume fraction of a
weak component.

Why it is hard to tear a book

The longitudinal load case (2) described in Fig. 1b is rather
interesting, as the soft interlayers only moderately reduce both
the overall strength and Young’s modulus of the material. As a
matter of fact, this configuration represents a clear advantage
with respect to fracture resistance as sketched in Fig. 2b. In this
example, a brittle material, such as ceramic, glass or dry paper,
is either loaded as a compact block (Fig. 2b) or as a pile of
sheets (Fig. 2a), as for instance in a book. The difference in
Fig. 1b is that now cracks with a total length 2a have been
placed in the multilayer (Fig. 2a) or in the block (Fig. 2b). Stress
concentrations appear near crack tips,* leading to crack growth
at rather low loads and a strong reduction of the fracture load
of the material. The red line in Fig. 2b demonstrates, in an
exemplary manner, how strongly even a small crack reduces the
strength ¢ of the compact block, according to Griffith’s law and
the relation by Irwin indicated above the line (see ref. 4 and
references therein). Although the overall crack length is the
same in the cases in Fig. 2a and b, the stress concentration
shown in 2b will not appear in the multilayer and, thus, the
composite strength decreases only very slowly when more and
more layers break.

The effect of material layering on crack propagation has
been investigated for a variety of materials, including a pile of
paper simulating a book® (Fig. 3). In essence, the driving force
for crack propagation is reduced to zero at every interface
between two pages and a new crack needs to be nucleated in

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Crack propagating in a pile of paper (top) and in a single layer
(bottom).® The diagram shows the energy required to produce a new unit
of crack surface (called Jg) which is more than an order of magnitude
larger in the stack (blue symbols) than the fracture energy of a plain paper
(red symbols). Aa is the crack extension. The high fracture resistance of the
stack is demonstrated by a sequence of photos taken (from left to right) at
increasing tensile loads applied in the vertical direction.

the following page for crack propagation. This means that the
toughness of the book is more than one order of magnitude
larger than the toughness of paper, in reasonable agreement
with the simple estimate discussed in Fig. 2.

A similar mechanism has been found in multilayers
consisting of a high-strength aluminum alloy, separated by
thin, soft polymer interlayers. The polymer has a much lower

modulus A

W\/\//\
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jinhom _ @ /\
Jhom Eq U
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Fig. 4 Equation for the relative magnitude of the crack driving force in an
elastically inhomogeneous system, J™°™ relative to a homogeneous
system, J™°™, with the same average Young's modulus Eo, where the
graph on top (a) shows a sinusoidal Young modulus variation with
wavelength 4 and a minimum value E,, in the inhomogeneous material.
In the equation, the parameter ¥ is a constant close to 1 and . represents
the intrinsic crack length of the homogeneous system,'® describing its
inherent toughness. (b and c) show schematically two ways of reducing
the driving force, either by increasing the amplitude or decreasing the
wavelength of the modulus oscillation shown in (a).
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Young’s modulus and strength than the aluminum alloy and
prevents crack propagation into the next aluminum sheet. The
required fracture energy Jz of the composite is more than two
orders of magnitude higher than that of the homogeneous
aluminum alloy.” Even interlayers made of pure aluminum
between the alloy layers, which has the same modulus but a
much lower strength than the aluminum alloy, can work as
effective crack arresters. Here an increase in Jir by a factor 30
has been observed.

Materials with periodically varying
modulus

In the previous example with the book, Young’s modulus varies
abruptly from the value for paper to zero between the pages.
However, the main conclusions stay valid also for materials
where the modulus varies in a more complex though still
periodic way. In a series of publications, some of the authors
have performed fracture mechanics analyses of materials with
periodically varying Young’s modulus. Materials of this type are
very common in nature and include multilayered silica in glass
sponges®® (Fig. 5), the nacreous layer of some sea shells,"
layered carapaces of insects and arthropods'"'* consisting of
chitin layers with varying fiber orientation, as well as lamellar
bone''* (Fig. 6). The toughness of these materials is generally
remarkable being sometimes several hundred times tougher
than the stiffer homogeneous material (see below).

Many models have been developed in the past to account
for this exceptional property. However, the simple fact that

(a)

(b)

70 cm
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periodic variations in local Young’s modulus already provide a
significant toughness increase has not been considered in most
cases and will be discussed here. The fracture mechanics analysis
of systems with periodically varying modulus is summarized in
Fig. 4. It is generally accepted that a crack propagates more
easily in the direction of decreasing Young’s modulus, since the
crack driving force is increased"™ (green arrow in Fig. 4a). The
crack driving force J is defined as the (specific) energy that
would be available for creating a new crack surface. This energy
would generally be provided by the work of the external load
challenging the material or the strain energy stored in the
material. Since a certain energy is required to produce a new
crack surface, see Fig. 4, the crack grows more easily, i.e. at a
lower external load, if the crack driving force J is high.'® On the
contrary, J is reduced when the modulus increases (red arrow).
In this case, it is more difficult for the crack to grow and a
higher external load is needed.

Analytical and numerical studies of this problem show
that the effective driving force of the crack in an inhomo-
geneous system (J™"°™) is generally smaller than the crack
driving forces in the homogeneous system with the same
average modulus (J"°™). Interestingly, this reduction depends
on the amplitude and the wavelength of the modulus variation
(see Fig. 4 and eqn (3)).

16-18

Jinhom Emin Y

A 3)

Jhom

In this equation, ¥ is a numerical factor typically close to 1. The
crack driving force in the layered material, ™™™, can be
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Fig. 5 Lamellar structure of the silica spicule of the glass sponge M. chuni: (a) complete sponge, (b) fractured cross-section and (c) crack path. The
vertical arrow in (a) indicates a length of 0.7 m. Vertical dark lines in the scanning electron microscopy image (c) are due to organic interlayers. (d) Young's
moduli of the constituents measured by modulus mapping and plotted along the distance from the mid-plane of the interlayers.? This results in a

periodic variation of Young's modulus between 0.7 and about 37 GPa.
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reduced in two ways compared to its homogeneous counterpart
J"°™ with the same average modulus E,: either by increasing the
amplitude of the modulus variation (Fig. 4b) or by increasing its
frequency (Fig. 4c). The parameter . is the intrinsic crack length of
the homogeneous material (taken here to be the same in both),
which describes the intrinsic fracture properties of the bulk
materials. The improvement of the fracture properties due to
this material inhomogeneity effect will now be estimated for a
few typical biological materials.

Glass sponge skeleton

Although the skeletons of most sponges are comprised of a
complex meshwork of small, mineralized spicules, typically
much less than 1 mm in size, the silica anchor spicule of the
deep-sea glass sponge Monorhaphis chuni can be up to one
meter in length (Fig. 5a). The silica, like glass, is inherently
brittle, but the massive anchor spicule of M. chuni consists of
concentric silica layers (Fig. 5b). The thickness of these layers
varies according to the direction of the local current bending
the spicule, being ~5 um (Fig. 5c) on the side of the spicule
loaded in tension and slightly larger on the compression side,’
where crack propagation is less critical. The layers are separated
by thin organic sheets (dark lines in Fig. 5c¢) and the elastic
moduli of both the silica and the organic interlayer'® have been
measured by modulus mapping (Fig. 5d). Inserting these values
and an intrinsic defect size [. & 20 um into the equation in
Fig. 4, we get Eo/Enmin & 36/0.7 ~ 50 and 2[./A ~ 8, illustrating
that the layering seen in the anchor spicule results in an overall
improvement of the fracture energy Jr by a factor of about 400
relative to homogeneous silica.

Lamellar bone and arthropod cuticle

13,1420 and the cuticle of insects and arthropods™*

are based on different fiber types (mineralized collagen and chitin,
respectively). However, these materials share a similar layered
structural organization. The fibers in each layer are parallel, but
in each successive layer, the fibers run at a gradually different
angle, resulting in an overall structure similar to plywood"*"*?
with each layer rotated with respect to its neighbors. This is
shown for the case of lamellar bone in Fig. 6. The zigzagging
crack path is similar to that observed in Fig. 5, indicating
that the lamellae in bone also hinder crack propagation. For
the crack to propagate in the direction perpendicular to the
lamellae (that is, in the vertical direction in Fig. 6¢), a tensile
load has to be applied in the direction parallel to the lamellae
to tear them apart (horizontal direction in Fig. 6¢). However,
due to the fact that the Young’s modulus of mineralized fibrils
is not the same in the direction parallel and perpendicular to
the fiber direction, the in-plane modulus varies along the crack
path, from a high value when the fibers run parallel to the
load direction to low when they run perpendicular to it (that is,
when the fibers point out of the page in Fig. 6¢). The arrange-
ment of lamellae then provides the periodic variation of the
Young’s modulus.

In order to estimate the contribution of the Young’s modulus
variation to fracture resistance of lamellar bone, we assume

Lamellar bone

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Lamellar structure of human cortical bone with a crack extending
roughly in the vertical direction. (a) Sketch of the human femur with site of
crack propagation; (b) back-scattering electron micrographic overview of
the crack path which connects large defects such as blood vessels (black
ovals); (c) crack extending within lamellar bone®* (as enlarged from the
white rectangle in (b)). Each lamella consists of piled layers consisting of
parallel fibrils the orientations of which rotate between successive layers
(see sketch on the left side). The thickness of one lamella is indicated on
the right. (x, y, z) is a coordinate system with y perpendicular to the figure.

that mineralized collagen fibrils constitute an orthotropic
material with moduli of E;; in the direction of the fibrils and
E,, in all directions perpendicular to the fibrils. We call z the
direction perpendicular to the lamellae. The crack plane is (y,2)
with the crack propagation in the z-direction (that is, disrupting
the layers as in Fig. 6¢c). A (tensile) load is applied in the x-direction;
given the plywood structure, the fibers will have different orienta-
tions with respect to the axis of loading, x. When they are parallel

Ey 4

3

E. o
’

Ey 0

180

a (°)
Fig. 7 Elastic modulus in the x-direction, according to egn (4). We have
taken Eq1/E>, = 3 (i.e. Young's modulus is three times larger in the direction
of the fiber compared to perpendicular to the fiber axis) and the number
(0 to 4) indicated for each graph corresponds to the value of (E1» + 2Eee)/Ex
(the shear contribution) inserted in the equation.
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Fig. 8 Tessellated cartilage of elasmobranch fishes (sharks and rays). (@) CT scan of the head of a white shark (Carcharodon carcharias). The
cartilaginous skeleton is visible in CT scans because it is covered in a mosaic of mineralized tiles called tesserae. Tesserae are visible in the light
microscopy images of a dried, white shark jaw specimen shown in (b) and (c). In life, an outer fibrous layer (the perichondrium) would wrap the entire
skeleton, superficial to the tesserae. Red boxes in (a) and (b) indicate the approximate regions magnified in images (b) and (c), respectively.

to the load axis, The Young’s modulus is just E;;. As soon as the
fiber direction turns by an angle « (see inset in Fig. 6c), the
modulus in the x-direction changes and becomes®

Ey = m*Eyy + 2m*n® (Eqy + 2Ege) + N*Eyy, (4)

where m = cosa and n = sina. The term E;, + 2Eq is due to
additional components of the elasticity tensor and essentially
describes shear between the fibrils, which has only a minor
effect on the periodic variation. This yields a periodic function
of « with a periodicity of © (180°), as plotted in Fig. 7 for Ey;/
E», = 3 and for several values of the shear contribution (E;, + 2Ee)/
E,,. For any reasonable value of the shear (that is, E;, < Ej, +
2E¢s < Ej;), this function is close to a sine-function, where
Emin X Eyp and Ey = (Eqq + Epy)/2.

With these values is it possible to estimate how the crack
driving force is reduced just by the fact that the Young’s modulus
oscillates. A reasonable value?* for Ey/Ep;, is 2. The intrinsic
defect length is estimated to be I. = Eyfg/n(c")* = 100 um, where
the average modulus is E, = 10 GPa, the fracture energy is Jr =
300 J m 2 and the strength is ¢' = 100 MPa. Taking a typical
lamellar thickness of 5 microns, the fracture energy improves
by a factor of about 80 compared to a compact bone without a
lamellar structure.”*

Similar considerations can also be made for the chitin
cuticle of arthropods,'? where the plywood structure is also
likely to reduce the crack driving force by one to two orders of
magnitude.

Generalization to planar or spatial
tessellations
Skeletons of sharks and rays

A different kind of layering is seen in shark and ray skeletons.
Rather than having bone in their skeletons, they possess what
is effectively an armored cartilage, comprised of an unminer-
alized hyaline-like cartilage covered with a layer of mineralized
tiles called tesserae®® (Fig. 8). Tesserae are typically hundreds of
microns wide and deep and arranged in a single layer, con-
nected to one another by short organic fibers,”* with a modulus
probably 1-3 orders of magnitude lower than that of tesserae.>*
The whole skeleton is then wrapped in stout collagen fibers,
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resulting in a constrained surface tessellation.”*”>®> From a
mechanical standpoint, tesserae apparently serve to stiffen
the tissue relative to a non-tessellated system,>* especially when
loading is in-plane with the mat of tesserae.>® Indeed, cartilage
is a relatively soft tissue, which would not be sufficiently stiff to
prevent bending of a shark jaw during biting, for example.>®

The hard, ceramic-like covering of the skeletal elements
effectively stiffens them in bending. However, if this hard
layer were continuous, the slightest defect in this layer would
initiate cracking in tension due to the stress concentration
explained in Fig. 2. Separating this layer into a tiling has a
similar beneficial effect as the paving of roads with segmental
paving stones or bricks. Indeed, a continuous stone (or con-
crete) covering of the road inevitably leads to cracking of the
surface when the soil swells due to water uptake or freezing.
This is why roads have been paved with segmental elements
since Roman times and only the invention of tough and viscous
bitumen in the last century allowed for a continuous covering
of roads.

In addition, the tiling of skeletal elements has other, more
biological benefits. Indeed, since cartilage cannot repair or
remodel, all the growth of skeletal elements occurs at the
margins of tesserae.>® From a mechanical standpoint though,
these joints represent a transition in modulus, that is, a
discontinuity between tiles preventing crack propagation and
localizing damage. While there are no in vivo or in situ data on
how the tessellated layer behaves under physiological loading,
the tiling would theoretically prevent cracking of the brittle

Fig. 9 Material stabilized by the interlocking of osteomorphic blocks.
(a) Individual blocks shown from different directions. The planar material
(b) is held together by the tension of metallic fibers (two of which are seen
in the front of the picture) and by the interlocking of the osteomorphic
blocks (from Molotnikov et al.?® with permission by the author).
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tesserae and protect the cells living in tesserae when the skeletal
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Materials made of interlocking elements

element is bending.>***

It is interesting to note that multiple layers of tesserae can
be seen in skeletons of large species and those that eat hard
foods, with up to 5 or 6 layers observed in individuals of some
species.”” It is not known yet how the joints interact in different
layers. Presumably, the more ‘typical’ single layer tessellation
imparts a balance of stiffness and flexibility;>* in multi-layered
systems, however, staggering and/or aligning joints in specific
ways could be a means of improving the mechanics of the
tessellated layer in three dimensions.

The combination of stiff elements connected by fibers seen in
shark and ray skeletons is not foreign to manmade designs. In
recent years, materials scientists have developed concepts for
interlocking materials where the individual elements are held
together without any glue, either because they are blocked
within a frame, held together by wires (Fig. 9) or because the
elements interlock like a puzzle game. This just extends the
concept of one-dimensional periodicity to higher dimensions
(two-dimensional periodicity in Fig. 9). Such interlocking

N\

Fig. 10 The pavement-like teeth of durophagous (hard-prey eating) stingrays. Unlike most other batoid fishes (including stingrays and their relatives),
durophagous stingrays possess extremely stout jaws (a) with very flat teeth (b and c). The shapes of these teeth vary by species ((a and b) = species of
Rhinoptera, (c) = Aetobatus) and typically interlock in an imbricated framework that is largely self-supporting, as in the lower jaw tooth array shown in the
lateral view in the far right image in (c); note that each “band” in the arrays is an individual tooth. Rays and sharks have continuous dental replacement: the
teeth in (b) and (c) are progressively older toward the bottom of the page, with the teeth in use discernible by their discoloration and wear. Rays, like
sharks, possess tessellated cartilage; the jaw in (a) is covered in tesserae (see Fig. 8 and 13). All scale bars are 1 cm.
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Fig. 11 Mechanical behavior of the staggered (brick and mortar) model.*%3! (a) Stiff (mineral) platelets, viewed edge-on in grey, are embedded in a much
softer matrix (orange). (b) The in-plane deformation in tension is characterized predominantly by shearing of the organic matrix connecting the platelets,
rather than deformation of the platelets themselves. (c) Young's modulus and energy to failure for a composite with platelets with a length-to-thickness
ratio of 30 and a Young's modulus of 100 GPa, and with an interstitial matrix with a Young's modulus of 1 GPa. The matrix properties are set to allow
flow under shear beyond a critical shear stress, chosen so as to prevent the tensile stress of the mineral platelets exceeding their strength (100 MPa).
The ultimate strain of the matrix is considered to be 50% in shear and 15% in tension. With these parameters, both Young's modulus and energy to failure
(i.e., the energy per unit volume needed to break the material in a tensile test without notching the specimen) are plotted for different values of the
volume fraction of platelets (as indicated by dots on the curve) according to the model egn (5) and given in ref. 32. The shape of the curve highlights the
trade-off mentioned in the Introduction that is often seen between material toughness and stiffness.
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materials have shown to be defect-tolerant, exhibit tunable
bending stiffness and even allow for acoustic absorption.>®

A natural (but largely unexamined) example of such geo-
metric interlocking structures is seen among the several genera
of durophagous (hard-prey crushing) myliobatid stingrays.>”
The teeth of these fishes look nothing like the familiar pointed
cusps of sharks, rather ranging in form from blunt-ended bars
to extended hexagons to chevrons, nesting together with inter-
locking morphologies described anecdotally as ‘“overlapping
shelve” or “tongue-groove” mechanisms and with varying degrees
of tightness of fit*>® (Fig. 10). The observed interlocking of ray
teeth suggests that stability for durophagy may be imparted by
tooth-tooth interactions: although the teeth are unsocketed
and only anchored at their base into the dental ligament, the
tooth arrays are largely self-supporting (e.g. Fig. 10c), suggest-
ing a degree of load-sharing among teeth during feeding events.
The range of dental morphologies in durophagous stingrays
offers a fascinating natural experiment for testing the mechan-
ical effects of interlocking morphologies, particularly in a high-
performance system where failure of individual elements would
not endanger the entire structure.

Brick and mortar structure

Another variant of tessellated structure has been proposed®®
in 2000 to describe materials such as nacre or the mineralized
collagen fibril.>' The general idea is that stiff mineral platelets
are arranged in a staggered fashion as sketched in Fig. 11a,
with the orange layer in between being a soft matrix that
connects the platelets by shear-resistant connectors. Because
of its conceptual simplicity, this model has been extensively
studied in recent years to determine the effects of such arrange-
ments on the Young’s modulus as well as the energy to failure
of tissues;** for a recent review, see ref. 33 and the references
therein.

A simple analytical expression has been derived for the
Young’s modulus Ec of such a composite as:
41— Ep

EC:(lf@)EM+¢EP/k, wherek:1+FTm. (5)
Here Ep and Ey; are Young’s moduli of the particle and the
matrix, respectively, with Gy being the shear modulus of the
latter. The constant p is the length-to-thickness ratio of
the platelets and ¢ is their volume fraction in the composite.
It is quite remarkable that the modulus depends on p?, so that -
provided that p is just large enough - the stiffness of the composite
can be close to its upper theoretical limit given by the linear
mixing rule (that would correspond to k = 1 in eqn (5) and the
load case (2) in Fig. 1).

While the length-to-thickness ratio p of the particles controls
the elastic properties of the composite, it has also been shown??
that the energy to failure of the composite can be dramatically
increased if the matrix yields and flows at a shear stress below a
certain critical limit. Indeed, during elastic deformation, it has
been shown that 7y = 26p/p, where 1y is the shear stress in the
matrix and op the tensile stress in the particles. If one assumes
that the matrix flows at a shear stress 13y, that relates to the
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strength o} of the mineral forming the platelets by 1y, < 2a5/p,
then the mineral platelets are protected and the composite
deforms until the shear limit or until the tensile limit of the
matrix. This is shown for an example in Fig. 11c, where the
critical shear stress is set to be as large as possible to comply
with the limit above. This leads to a dramatic increase in the
energy to failure when the platelet volume fraction drops from
100% to somewhat lower values. As an example, at a volume
fraction of 50% (which would be the mineral content in
mineralized collagen fibrils in bone”?), the energy to failure
increases by a factor of 35, while the Young’s modulus of the
composite decreases by only a factor of 3 relative to that of the
mineral component.

This model has been studied by a number of authors in
much more detail**** and a review of the Young’s modulus in
staggered brick-and-mortar models can be found in ref. 33. Many
attempts have also been made to synthesize artificial nacre-like
composites, involving platelets with thin layers of mortar between
them and following mechanical principles similar to those
described by the model, resulting in composites with superior
mechanical properties combining stiffness and toughness (for
a review, see ref. 36).

stiff soft stiff
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Fig. 12 Tension-compression asymmetry of the in-plane behavior of
a tessellation. (a) Stiff blocks (orange) of thickness D alternate with
much softer interlayers of thickness d (yellow). When this composite is
challenged in tension along the horizontal direction, the deformation
will be dominated by the stretching of the interlayer (yellow line in (b)).
In compression, the behavior is initially also dominated by the interlayer,
which allows deformation along the axis of loading. However, when
the thickness of this layer is exhausted and the blocks get in contact
(at a compressive strain of approximately d/(D + d)), the subsequent
behavior is dominated by the compression of the much stiffer blocks
(orange line in (b)).
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Constrained flexibility

To this point, the advantage of separating a homogeneously
stiff block into stiff tiles connected by thin soft layers has
been discussed only in terms of controlling the crack driving
force. There is, however, another fundamental advantage of
tessellations, connected to their inherently constrained flexibil-
ities. The simplest version of this constraint is the tension-
compression asymmetry sketched in Fig. 12, which expands
the case presented in Fig. 1b to a situation where the axial load
can be either in tension or compression. As shown in this figure,
the composite, consisting of stiff blocks connected by soft
interlayers, behaves in a much softer way in tension than in
compression. As a consequence, despite the soft interlayers, the
composite is nearly as stiff in compression as the plain orange
block (Fig. 12).

Skeletons of sharks and rays

Our previous discussion of the tessellated cartilage of shark
and ray skeletons was focused largely on simple, localized,
single-layer tessellations. However, it is important to note that
this skeletal tiling is not simply restricted to one region of the
skeleton, but rather forms an outer sheath that covers the majority
of most skeletal elements in the body*® (Fig. 13a and b). As with
bony skeletons, pieces of the skeleton exhibit complex 3D shapes
that can be loaded in complex ways; the relationship of the
tiling morphology to the skeletal form and loading has yet to be
examined though.
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From experiments on shark and ray behaviors (e.g. ref. 37), it is
safe to assume that bending is a normal mode of loading. This
would result in one side of the skeleton loaded in compression,
while the other is loaded in tension, as sketched in Fig. 13c. The
tessellated layer may therefore experience a diversity of loading
regimes, making it important to consider both the “upper” and
“lower” tessellated layers. Although there are no data on how the
tessellated skeleton (or the tessellated layer) deforms during
physiological loading, modeling the effects of bending on a
tessellated sandwich composite with simplified, but biologically-
relevant geometries and material properties can give us some
insight into the advantages of such tiling.>* The idea shown in
Fig. 13c considers that tesserae pull apart on the tensile side,
loading intertesseral fibers in tension, but transfer the load by
contact on the compressive side. This means that the layer of
tesserae would behave approximately like the yellow curve in
Fig. 12b on the tension side and like the orange curve in Fig. 12b
on the compression side. Therefore, the intertesseral fiber
modulus is more relevant to the tensile side, whereas the tesseral
compressive modulus is more relevant to the compressive side.>*

One consequence of the different behaviors of tesserae on
the tensile and the compressive sides (according to Fig. 13c) is
that the neutral axis of bending of the skeleton (the transition
point between tensile and compressive stresses in bending) shifts
more toward the compressive side of the skeleton.>* Moreover,
due to the geometry in beam bending (Fig. 13c), the largest
compressive and tensile stresses appear in the outermost layers
of the beam, which correspond to the tessellated layers in the

Fig. 13 Hypothesis of the mechanical behavior of tesserae during the loading of skeletal elements of sharks and rays. Tesserae (T) ensheath most
skeletal elements ((a): microCT scan, hyomandibula from a stingray, Urobatis), enclosing an unmineralized cartilage (UC) core ((b): light microscopy
image, Urobatis pelvic propterygium). When the skeleton is loaded in bending (shown by the blue arrows in schematic (c)), the hard, mineralized tesserae
on the compressive side of the skeleton (top) should bump into each other, whereas fibers between tesserae on the tensile side (bottom) are loaded in
tension. As a result, the flexible intertesseral joints may prevent fracturing of the mineralized layer on the tension side, while allowing a stiff bending
response on the compression side. Indeed, the asymmetry shifts the neutral bending axis towards the stiffer compression side, thus enhancing the overall
bending stiffness. In indentation (shown in schematic (d)), if the joints between tesserae are narrow enough, tesserae should collide on the outer side of
the joint, resulting in a stiff and protective response of the tissue.
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Fig. 14 Scales of the Atlantic salmon, Salmo salar (a), enlarged in (b) to show local variation in the scale morphology. (c) Shows mineral platelets in scales
(black) embedded in the dermal soft tissue as imaged by microcomputed tomography. The sketch in (d) depicts the general organization, involving
periodic arrangement of stiff (mineralized) scales within a soft dermal matrix; however, scales are different sizes and arranged at different angles to the
surface in different regions of the body. The overall mechanical properties depend on the aspect ratio, separation and tilt angle of the scales (adapted
from Browning et al.,*® with permission by Elsevier).

shark skeleton. In other words, in addition to the tessellated The tessellated skeletons of sharks and ray stand to tell us a
covering dramatically reducing the danger of cortical fracturing great deal regarding the mechanics of both simple and complex
(relative to a continuously mineralized layer, as outlined previously), tilings, but also morphologies that allow tunable responses to
it also serves to distribute loads to the tissues best able to bear different loading regimes. We can also imagine that, in extreme
them, thereby also avoiding damage to the whole skeleton. bending cases or indentation (e.g. the result of point loads from

suture

20
C) —e— Turtle1_no_suture
.l ™ Turtle2_no_suture
—e— Turtle1_with_suture
—e— Turtle2_with_suture
< 12
£
£
Z g/
o
©
o
4
4 4
°7 1
A 2
0.0 0.1 0.2 03 0.4

Displacement [mm]

Fig. 15 Carapace of the red-eared slider turtle (inset). (a) Cross-section through one of the modified ribs forming the carapace; carapace ribs are
considerably widened relative to the ribs of other vertebrates, adjoining with adjacent ribs at complex sutures. The greyscale corresponds to the mineral
content measured by back-scattered electron imaging (black meaning no mineral). (b) Cross-section across the suture showing that there are no
mineralized bridges between the ribs, but rather a complex interdigitation of processes emanating from each of the ribs. (c) Mechanical bending data
showing that the suture provides an initial displacement (labelled A) before a rigid reaction starts. In parts of the rib without suture, the stiff response is
immediate. (d) Shows a model where — upon bending of the carapace — the processes emanating from each rib initially move almost freely inside the soft
(unmineralized) sutural matrix until they bump into each other and the stiff response begins (adapted from ref. 40 with permission by Wiley).
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teeth during predation events; see schematic in Fig. 13d), the
behavior of joints between tesserae may be more complex than
suggested in Fig. 13c, with the bottom part of the joint experiencing
tension, even as the top is loaded in compression. For this to occur
the intertesseral joints must be much narrower than being taller,
a condition suggested by a previous morphological study.”?

Armored fish scales

Armored fish scales have been studied in some detail by various
groups.*®?° These scales need to be flexible (at small deforma-
tions) but also stiff and protective when higher loads are
applied, such as the indentation that might result from a biting
predator. A sketch of the periodic arrangement of mineralized
scales anchored in the demis is shown in Fig. 14, for the example
of salmon. Conceptually, this is again a periodic succession of
hard and soft layers, athough in a tilted arrangement. Given that
the scales are embedded in a soft matrix, the elastic response at
small deformations is going to be relatively soft. For some other
challenges (such as compression from the outside, see Fig. 14),
it is easy to imagine that scales will get in contact with each
other and generate a much stiffer response. This is the most
wanted property for all kinds of armor, namely to be flexible at
small deformations (leading to little restriction of the mobility of
the animal), but to show a stiff protective reponse when the
(especially compressive) stresses become large. This is only one
simple example of a protective armor and there are much more
complex designs.>®*°

View Article Online

Chem Soc Rev

Turtle carapace

Through evolution, the red-eared slider turtle has adapted its
thoracic cage to become a protective carapace as shown in
Fig. 15. In the carapace, bony structures corresponding to the
ribs are joined through a suture where extensions emanating
from each rib interdigitate without forming mineralized
bridges (Fig. 15). This is a striking example of constrained
flexibility. Indeed, at small deformations, ribs can easily move
relative to each other because only the soft matrix between the
extensions in the suture needs to be deformed. This facilitates
small movements associated with breathing and swimming.
Under larger external loads (e.g. those applied to the carapace
by teeth of a predator), however, the extensions come into
contact with each other, yielding a stiff response that protects
the animal.

Cuticle of the mussel byssus

Mussels anchor themselves to rocks in wave-swept habitats
using a group of protein fibers, the byssus, glued to the stone
surface (Fig. 16a). These fibers have very special mechanical
properties that have attracted much interest in recent years,*'
particularly their large extensibility and self-healing capacities.
Moreover, byssus fibers are covered by a relatively hard and yet
extensible coating (the cuticle) that is believed to provide
abrasion resistance (Fig. 16b). This raises the question how a
hard material can be extensible at the same time. A recent study*?
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Fig. 16 Hard and extensible cuticle of the byssus fibers by which mussels attach to rocks (a). The fibrous core of the fibers is coated by a protein-based
cuticle (b). The cuticle is hardened by inclusions consisting of granules (schematic orange balls in (c) and (d)) of clustered cross-links (red dots in (e))
between otherwise extensible proteins (yellow matrix in (c) and (d)). A model for the deformation of the cuticle in compression (c) and tension (d) shows
that the hard granules provide a strong resistance to compression, whereas most of the tensile deformation occurs in the surrounding soft matrix (yellow)

(adapted from ref. 42 with permission by Science).
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showed that the cuticle consists mainly of protein containing
clusters of cross-links (granules) comprised of Fe ions coordi-
nating specific amino acid (DOPA) residues on the protein
chains. These roughly half-micron-sized granules are harder
than the matrix that surrounds them, and therefore are believed
to provide the abrasion resistance of the cuticle. However, it
is the soft matrix surrounding them that is believed to be the
root of the cuticle extensibility; Fig. 16c and 15d illustrate the
model for the combined hardness (in compression) and exten-
sibility (in tension). When the cuticle is compressed, the hard
granules get in contact with each other providing an overall
hard response. When the fiber is tensed, the granules stay
essentially undeformed while the (much softer) matrix between
them extends. This is, therefore, a perfect example of constrained
flexibility and tensile compression asymmetry illustrated in
Fig. 12.

Geometric amplification and sensing

A quite different function of geometric tessellations is seen in
the lyriform sensor of some spiders*® (Fig. 17). The sensor
consists of slits in the chitin cuticle of the spider leg (Fig. 17b)

etatarsus
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that amplify and filter tiny vibrations in the leaf on which the
spider is sitting. Fig. 17c shows a series of slits in the stiff
cuticle on the medial surface. A thin membrane at the base of
the slits inside the cuticle connects the vibration sensing organ
to nerve cells. The deformation of this membrane is sensed by a
nerve cell that then triggers a reaction by the organism. This is
a somewhat unique system, since most vibration and tactile
sensing in arthropods is performed by hair.**

Taking a rough approximation, each slit can generally be
considered as a strain amplification system, as sketched in
Fig. 18. This situation is actually reminiscent of the load acting
into the (3)-direction in Fig. 1, where soft and stiff regions are
stacked in a series along the load direction. The Young’s
modulus of the composite can be calculated according to
eqn (1). Here we are interested in the strain in the soft tissue
between the stiff blocks compared to the strain in the compo-
site system. Taking the simplest case, where the blocks are so
much stiffer than the slit between them, we can write the
overall strain of the composite ¢c as a function of the elonga-
tion strain of the slit width, &g:

Ec = SSLS/(LB + Ls) (6)

Vibration receptor

Articular
membrane

Fig. 17 Vibration-sensitive slit organ of Cupiennius salei (a), with arrows pointing to the location of the vibration sensors, on the legs. (b) The vibration
sensor, on the dorsal surface of the metatarsus, is stimulated by compression following the upward movement of the tarsus, indicated by the two curved
arrows. (c) Scanning electron micrograph of the vibration detector (dorsal view, area depicted in circle in b, adapted from ref. 44).
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Fig. 18 Principle of strain amplification in a tessellated structure. If the
length of the stiff blocks (orange) is hundred times larger than the width of
the soft interspace between them, small length changes of the composite

(resulting from the vibrations of the structure) are amplified and are 100
times larger in the interspace between the stiff (orange) tiles.*®

where Lg and Lg are the lengths of the stiff block (orange in
Fig. 18) and the soft slit between them (grey), respectively. It is
clear that the strain in the slit is much larger than the overall
one, when Lg is much smaller than Lg. Specifically, the strain
amplification in the slit is 100, when the ratio of the lengths
Lg/Ls = 100. This implies that a vibration (that can be described
as an oscillating strain) is much larger and easier to measure in
the slit than in the composite structure as a whole. This bio-
inspired principle of strain amplification has recently been
used to conceive the most sensitive vibration sensors fabricated
to date.”

Conclusions and related concepts at
the molecular level

Most of the examples discussed above consider tessellations
where the widths of the soft and stiff components are in
the range of micrometers (or at least tens to hundreds of
nanometers). Although this is not the topic of this review, it
is tempting to generalize the concept to the molecular level
where the soft component would conceptually be replaced by
weak bonds and the stiff component by strong bonds, as
sketched in Fig. 19. This figure illustrates the concept of
sacrificial bonds and hidden length*"*”*® which has been
introduced to explain the fracture resistance of certain natural
materials. The idea is that (reversible) weak bonds are the first
to break under an applied load, thus liberating a large hidden
length by the unfolding of covalent chains. The weak bonds
may be hydrogen bonds as in spider silk or metal coordination
bonds as in mussel byssus and other fibers.*® The rupture of
the weak (sacrificial) bonds allows for large deformation with-
out disrupting the whole structure. When the molecules later
refold, weak bonds may reconnect and restore the original
length and mechanical behavior of the fibers.

This review highlights just one general structural concept
which allows tuning of the mechanical properties of (biological)
materials. The examples shown above demonstrate how a compara-
tively simple alteration to a continuous structure, mainly subdividing
the surface or volume into space-filling tiles, can greatly influ-
ence the mechanical behavior of materials. All the examples are
taken from natural organisms, which synthesize their mechan-
ical support structures from minerals and natural polymers,
such as proteins or polysaccharides. Due to the inherently

This journal is © The Royal Society of Chemistry 2016
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Macroscopic analogy

\ stiff
soft

Realization at molecular level

Stress-induced fracture of weak bonds
and large deformation
W\

J '\ covalent chain

refolding

Fig. 19 The concept of sacrificial bonds and hidden lengt Weak rever-
sible bonds (red) are the first to break under an applied load. This allows
covalent chains to unfold and provide substantial deformation without
disrupting the chain. In some systems (e.g. the mussel byssus*), after
release of the load and refolding of the covalent chain, the weak bonds
may reform and restore the original properties. Conceptually, this is not far
from a composite containing a soft and a stiff component, as sketched
above, although this analogy should not be overemphasized.

weak reversible bonds

h.47

rather poor mechanical properties of some of these constituent
parts, structuring has become an essential tool in the evolution
of tissues and materials. Putting all of these examples into the
common perspective of tessellated structures — which can, in
some cases, be successfully modeled by simple repetitive
patterns of soft/extensible and hard/stiff structural elements -
will hopefully inspire the design of new artificial materials with
exceptional properties.
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