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Abstract

When describing the architecture and ultrastructure of animal skeletons, introductory

biology, anatomy and histology textbooks typically focus on the few bone and carti-

lage types prevalent in humans. In reality, cartilage and bone are far more diverse in

the animal kingdom, particularly within fishes (Chondrichthyes and Actinopterygii),

where cartilage and bone types are characterized by features that are anomalous or

even pathological in human skeletons. This review discusses the curious and complex

architectures of shark and ray tessellated cartilage, highlighting similarities and differ-

ences with their mammalian skeletal tissue counterparts. By synthesizing older ana-

tomical literature with recent high-resolution structural and materials

characterization work, this review frames emerging pictures of form–function rela-

tionships in this tissue and of the evolution and true diversity of cartilage and bone.

K E YWORD S

cartilage mechanics, elasmobranch, skeletal tissue, skeleton evolution, tesserae, ultrastructure

1 | INTRODUCTION

A major innovation in vertebrate evolution was the emergence of cal-

cium phosphate–based biomineralized tissues, which enabled the evo-

lution of a diversity of protective armours, teeth and an internal

skeleton (Donoghue et al., 2006; Donoghue & Sansom, 2002; Kawa-

saki et al., 2004). Biomineralized skeletons first appeared approxi-

mately 500 million years ago in aquatic vertebrates, as dermal

exoskeletons covering the bodies of basal jawless fishes. This outer

bony armor was transformed and reduced in evolution, whereas min-

eralized internal skeletons became more prominent, such that in

extant vertebrates, for the most part, skeletons either are entirely

bony (as in the vast majority of vertebrates) or consist of a cartilagi-

nous core stiffened by a mineralized collar (as in sharks and rays, the

“cartilaginous fishes”) (Donoghue & Sansom, 2002; Seidel et al., 2016;

Sire & Huysseune, 2003).

Regardless of whether the primary skeletal tissue type is mineral-

ized cartilage or bone, all vertebrate mineralized tissues consist of

water, non-collagenous proteins and collagen fibrils biomineralized

with carbonated apatite (e.g., Currey, 2008; Pasteris et al., 2004;

Wopenka & Pasteris, 2005). The range of material properties

observed in vertebrate skeletal tissues is therefore not determined by

changes in chemistry [e.g., by introducing heavy metals, as in some

invertebrate tissues (Degtyar et al., 2014; Politi et al., 2012)], but

rather through variations in the proportions of the building blocks –

proteins, biomineral and water – and through the architecture of the

tissues (Currey, 1999, 2008). The bulk mineral content of mammalian

bone, for example, ranges from �50% to nearly 100% ash content

(from antler to beaked whale rostrum, respectively), resulting in large

variations in stiffness and toughness (Currey, 2012).

The natural diversity of mammalian bone has made it a particu-

larly useful system for studying the effects of composition and
* This article is a portion of a chapter in a volume on Architectured Materials (Seidel et al.,
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structure on biomineralized tissue material properties. There are bone

tissues with extremely high or low bulk mineral densities (e.g., otic vs.

antler bone), bone tissues with similar bulk mineral density but drasti-

cally different ultrastructure or mesostructure (e.g., osteonal vs.

fibrolamellar and cortical vs. cancellous bone, respectively) and bone

tissues with local variation in both composition and structure (e.g.,

cortical bone with fibre-lamellar and osteonal regions) (see review in

Currey et al., 2017). Studies of these tissues have informed the under-

standing of structural and compositional complexity in bony skeletons;

nonetheless, they have focused predominantly on a small fraction of

mammalian species, thereby largely ignoring the wide range of ecolo-

gies, bone and skeletal tissue types of the rest of vertebrates.

To understand the true scope of variation in vertebrate skeletal

tissues, with regard to structure, composition and mechanics, it is

important to look beyond the limited number of the often-used model

species and sample vertebrates as broadly as possible. By examining

evolutionary alternatives to mammalian bone, it is possible to expand

and reframe the understanding of form–function relationships in ver-

tebrate skeletal tissues and the factors that drove their evolution. In

particular, skeletal tissues of fishes – both cartilaginous and bony

fishes (Chondrichthyes and Actinopterygii, respectively) – offer an

unparalleled opportunity for defining and understanding the parame-

ter space of form–function relationships in vertebrate skeletal tissues.

Members of the Chondrichthyes and Actinopterygii occupy a huge

range of habitats and ecological niches, exhibit extensive morphologi-

cal diversity and represent more than 50% of all vertebrate species.

Furthermore, their skeletons consist of the same basic components as

mammalian bony skeletons but exhibit specific “mesostructural” tissue

arrangements that result in distinctive mechanical properties. Despite

the advantages these fish groups offer as models for skeletal biology,

the study of structure–function relationships in fish skeletal tissues is

still largely incipient.

This review is an excerpt of a book chapter (Seidel et al., 2019b),

which originally reviewed the current knowledge of structure–func-

tion relationships at multiple tissue architectural levels in actino-

pterygian fish bone and the tessellated cartilage of sharks and rays

(elasmobranch fishes). The current review focuses on the latter tissue

(Figure 1), drawing on recent high-resolution ultrastructural data from

tessellated cartilage and discussing potential links between these fea-

tures and available mechanics data.

2 | SHARK AND RAY TESSELLATED
CARTILAGE

2.1 | Structure

Sharks and rays are often referred to as the “cartilaginous fishes,”

referencing what sets the skeletons of these fishes apart from the

bony skeletons of the vast majority of other vertebrates. Like most

vertebrates, sharks and rays develop an embryonic unmineralized car-

tilage skeleton; nonetheless, this is never replaced by bone during

ontogeny and instead remains mostly cartilaginous throughout their

lifetimes (Figure 1a–c). Bone and unmineralized cartilage are clearly

quite different materials for building skeletons, exhibiting major differ-

ences in (a) tissue organization (bone and cartilage are patterned on

type-I and type-2 collagen, respectively), (b) material properties (bone

is about 10,000 times stiffer than cartilage in most physiological load-

ing regimes) and (c) response to tissue damage (unlike bone, cartilage

has a limited vascular and neural supply, and most vertebrate cartilage

cannot repair itself after injury) (Ashhurst, 2004; Currey, 1999; Dean

et al., 2017; Hall, 2014; Marconi et al., 2020).

F IGURE 1 General organization of the primary mineralized
skeletal tissue in sharks and rays, tessellated cartilage. Detailed
description of this tissue is provided later in text. (a) Cleared and
stained butterfly ray skeleton (Gymnura sp.). Specimen is young and
not yet fully mineralized: blue colour shows the cartilage of the
skeleton, which will form a mineralized layer later in life. (b, c)
Structure of tessellated cartilage of sharks and rays, comprising
mineralized tiles (tesserae) covering the skeletal cartilage. coll:
collagen; P: perichondrium; T: tesserae; UC: unmineralized cartilage.
Image in (a), courtesy of A. Summers
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F IGURE 2 Legend on next page.
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It is believed that the distinct structural patterning of shark and

ray skeletons allows the cartilage to perform many of the same

mechanical roles that bone performs in the other 98% of vertebrates:

most of the cartilaginous endoskeleton is covered by a thin layer of

mineralized, polygonal tiles called tesserae, typically hundreds of

microns wide and deep (Baum et al., 2019; Dean et al., 2009; Kemp &

Westrin, 1979; Seidel et al., 2016) (Figure 2). This tessellated crust of

biomineralized tissue is sandwiched between the unmineralized carti-

lage core of the skeleton and an outer fibrous perichondrium wrap-

ping each skeletal element, resulting in a layered fibro-mineral

composite. This unique endoskeletal tiling typically occupies only 30%

or less of each skeletal element by volume (Seidel et al., 2017a) yet

appears to be an important evolutionary innovation of elasmobranch

fishes. Tesserae have characterized elasmobranch skeletons for more

than 400 million years (Maisey, 2013) and are vital to shark and ray

skeletal biology. Tesserae not only permit growth of the skeleton's

cartilage core and its biomineralized layer – via the deposition of new

biomineral at the margins of tesserae (Dean et al., 2009; Macesic &

Summers, 2012; Seidel et al., 2016, 2019a), a growth mechanism

impossible with a continuously biomineralized crust that cannot

remodel – but also afford stiffness to skeletal elements (see the

“Mechanics” section).

The dogfish Scyliorhynus canicula and round stingray Urobatis hal-

leri are perhaps the best-studied elasmobranch species as far as the

general development and ultrastructure of the tessellated endoskele-

ton are concerned (e.g., Ashhurst, 2004; Clement, 1992; Dean

et al., 2009; Debiais-Thibaud et al., 2019; Enault et al., 2015; Seidel

et al., 2016, 2017a, 2017b, 2019a). During development, tesserae first

appear in the embryonic skeleton as isolated platelets of cartilage cal-

cification, embedded in and separated by unmineralized cartilage. The

individual tiles grow by biomineral accretion on their existing surfaces,

a process reflected in periodic, concentric layers of varying mineral

density (Liesegang lines) in the biomineralized tissue (Kemp & West-

rin, 1979; Seidel et al., 2016, 2017a) (Figure 2d–g). This accretionary

growth eventually brings young tesserae into contact with one

another at their lateral edges. Once this occurs, pronounced high min-

eral density features, known as “spokes,” develop at the regions of

direct contact of two adjacent tesserae (Figure 2d,h,i) (Seidel

et al., 2016, 2019a). Spokes are laminated structures, consisting of

densely packed layers of varying mineral density, stacked parallel to

intertesseral contact surfaces. As the animal and its skeleton grow,

tesserae continue to enlarge by accretion, and spokes lengthen, radi-

ating outward from tesseral centres like spokes on a wheel (Figure 2c).

The growth mechanisms behind the striking repeated structural pat-

tern in spokes are unknown, but the association of spokes with zones

of intertesseral contact indicates that the mechanical interaction of

tesserae may be a guiding factor (Chaumel et al., 2020; Jayasankar

et al., 2020; Seidel et al., 2016, 2019a).

Both Liesegang lines and spokes illustrate that tesserae are more

than simply homogeneous mineralized blocks, instead having local

mineral density variation as heterogeneous as that seen in bone

(Currey et al., 2017; Roschger et al., 2008; Seidel et al., 2016, 2019a).

Unlike mammalian bone, however, there is no evidence of remodelling

or repair in tesserae (Ashhurst, 2004; Seidel et al., 2016, 2017a). If tes-

sellated cartilage – which apparently performs many of the same func-

tional roles as bone – truly is a deposition-only tissue with limited or

no healing capacity (reviewed in Dean et al., 2015, 2017; see also

Marconi et al., 2020), it may also possess in-built strategies for

avoiding catastrophic damage, similar to those described for neo-

teleost bone, reviewed in Seidel et al. (2019b). This is an enticing sug-

gestion of the potential for tessellated cartilage as an inspiration for

engineering design, because the mechanical performance of the tissue

might be reproducible by mimicking structural and material properties

rather than biological action (e.g., cellular involvement, tissue

remodelling).

Knowledge of the features driving tessellated cartilage mechani-

cal properties is in its infancy, but the tissue's performance appears to

hinge to a large degree on the interactions and spatial arrangements

of softer and harder materials (Figure 3) (Fratzl et al., 2016; Jayasankar

et al., 2020; Seidel et al., 2016, 2019a). There is some evidence, for

example, that the serial laminae in spokes (Figure 2d,h), by possessing

differing mineral densities, introduce interfaces to redirect cracks and

dissipate their energy (Jayasankar et al., 2020; Seidel et al., 2016). At a

larger scale, the interactions between tesserae are also characterized

by material heterogeneities: the sides of tesserae exhibit smooth pat-

ches where they are in direct contact with their neighbours, but these

are surrounded by regions of densely aligned collagenous fibres, teth-

ering the tesserae together (Clement, 1992; Seidel et al., 2016, 2017a)

(Figure 3a–d). The bipartite nature of intertesseral joints is thought to

impart an interesting mechanical anisotropy to the skeleton as a

whole, providing stiffness or flexibility to the tessellated composite

layer, depending on the loading conditions (Fratzl et al., 2016;

F IGURE 2 Tessellated cartilage of elasmobranch fish (sharks and rays). Note icons showing section orientation, introduced in Figure 1.
(a) Cryo-electron microscopy image of an elasmobranch skeletal piece in cross-section showing the unmineralized cartilage core (UC) sheathed in
a thin layer of mineralized tiles, called tesserae (T). (b, c) Planar and (d) vertical views of the tesseral layer, showing abutting tesserae from an adult
specimen (b) S.E.M.; (c, d) backscatter S.E.M. imaging, showing only mineralized tissue), revealing the variation in the shapes of tesserae and their

intertesseral joints (consisting of regions of direct contact and gaps of fibrous connection between tesserae; see Figure 3). Note the regional
variation in cell lacunae shape and in grey value within tesserae in (b), reflecting local differences in mineral density and showing regions of high
mineralization associated with zones of intertesseral contact. The most prominent, diagnostic features of tesserae are magnified in (e–i) using
backscatter and transmission electron microscopy, showing (e) filigree mineralization pattern surrounding a lacuna, (f, g) Liesegang lines of
accretive growth and (h, i) the laminated, hypermineralized “spokes” reinforcing intertesseral contact zones. All samples from the round stingray,
Urobatis halleri: modified with permission from Seidel et al. 2016, copyright John Wiley Sons, Inc. icz: intertesseral contact zone; ifz: intertesseral
fibrous zones; itj: intertesseral joint; lil: Liesegang lines; ls: lacunar space; s: spokes
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Jayasankar et al., 2020; Liu et al., 2010). Nonetheless, these interac-

tions have never been expressly visualized, largely due to technical

challenges in visualizing movements of small features in 3D, at ade-

quate resolution and in hydrated conditions. Recent high-resolution

synchrotron micro-CT (Figure 3e–g) and modelling studies of tessel-

lated cartilage (see the “Mechanics” section) are making headway

overcoming these difficulties.

The general structural features and tissue arrangements of tessel-

lated cartilage described earlier appear to be largely universal for

sharks and rays (Seidel et al., 2016). High-resolution electron micros-

copy and synchrotron tomography data, however, indicate that the

shape and structure of tesserae can vary, both within individuals (e.g.,

between different regions of the skeleton) and among species, in ways

that further suggest that the interactions between tesserae are func-

tionally important (Atake et al., 2019; Baum et al., 2019; Seidel

et al., 2016). For example, the tesserae of different shark and ray spe-

cies have been shown to vary enormously in size (from <100 μm to

nearly 1 mm in width and thickness) and shape, ranging from disc-like

plates to stellate forms to cuboid blocks (Atake et al., 2019;

Jayasankar et al., 2017, 2020; Maisey, 2013; Maisey et al., 2020;

Seidel et al., 2016). The shapes of tesserae also appear to vary

according to their location on a skeletal element (e.g., depending on

the skeleton's local surface curvature; Baum et al., 2019; Dean

et al., 2016; Maisey, 2013; Maisey et al., 2020; Seidel et al., 2016) and

according to the skeletal element they cover (e.g., consistently cuboid

in the rostral cartilages of some sharks and specific regions of the jaws

of some rays; Jayasankar et al., 2017; Maisey, 2013) (Figure 4a). These

observations strongly suggest a form–function relationship between

the shape of tesserae, their joints and the effective mechanical behav-

iour of the tesseral mat and whole skeletal elements, but these links

are only beginning to be established.

2.2 | Mechanics

In general, the study of tessellated cartilage mechanics lags far behind

that of skeletal anatomy and tesseral ultrastructure. Nonetheless, the

results of several works, taken together, begin to paint a picture of

how the structural and mechanical properties of elasmobranch carti-

lage interrelate and how tesserae play an important role in tailoring

skeletal properties to specific ecological roles and high load-bearing

activities.

An understanding of the global mechanical properties of tessel-

lated cartilage – a composite with relatively discrete material phases –

F IGURE 3 Flexible linkage of tesserae–collagen fibres at the intertesseral joints. (a–d) Backscatter S.E.M., environmental S.E.M. and
transmission electron microscopy images showing the structural complexity of a joint of two abutting tesserae in planar section: (a, b) joints
consist of regions where tesserae are in direct contact (ICZ) and gaps (IFZ) filled with cells and densely aligned fibre bundles (fb) linking adjacent
tesserae; (e–g) high-resolution synchrotron micro-CT scans show no macroscopic tesseral overlapping or interdigitation, but fibrous and contact
zones interact in complex ways as illustrated in (g), viewed from the perspective of the neighbouring tessera. See abbreviations in Figure 2.
Modified with permission from Seidel et al. 2016, copyright John Wiley Sons, Inc
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demands the characterization of the properties of the primary tissue

constituents: uncalcified cartilage, unmineralized joint fibres and min-

eralized tissue. Capturing in vivo or in situ properties, however, is com-

plicated by the finescale 3D structural arrangements of tessellated

cartilage and the need for testing conditions that mimic physiological

conditions (e.g., hydration and load rates). Limited available evidence

indicates that elasmobranch uncalcified cartilage has a proteoglycan

and collagen content similar to mammalian hyaline cartilage

(Egerbacher et al., 2006; Koob et al., 2004; Porter et al., 2013; Takagi

et al., 1984) and suggests that it can be at least as stiff as if not several

orders of magnitude stiffer under similar loading rates (mammalian:

0.45–19 MPa vs. elasmobranch: 2–775 MPa – Ferrara et al., 2011; Liu

et al., 2014; Porter et al., 2013). These properties depend apparently

on the species and the skeletal element tested; more rigorous studies

are required to understand the relationships between mechanical

properties and composition, loading rate and phylogeny.

Whereas covering a cartilage-like gel with a hard, continuous shell

is expected to increase the stiffness but decrease the flexibility of a

composite, there is some indication – from tessellated cartilage but

also fabricated arrays (e.g., Martini et al., 2017) – that a tessellated

shell with interacting tiles can be a “best-of-both-worlds” configura-

tion, maximizing desirable properties of both tissue phases. Fahle and

Thomason (2008) showed that compared with embryonic (non-tessel-

lated) small-spotted catsharks (S. canicula), adult individuals have jaw

cartilage that has a higher ability to damp mechanical energy, but is

also stiffer. A large portion of the stiffness is surely due to the tessel-

lated layer in adult animals (Dean et al., 2009; Egerbacher et al., 2006;

Enault et al., 2015; Seidel et al., 2016; Wilga et al., 2016). From the

biological perspective, this change in properties permits adults to con-

sume harder prey than newborns (Fahle & Thomason, 2008), but is

also particularly intriguing for engineering considerations because

stiffness and damping are typically negatively correlated in artificial

materials (Rivin, 1999).

The arrangement of the tessellated layer relative to the direction

of loading plays a considerable role in elasmobranch skeletal tissue

mechanics. Tessellated cartilage cubes from blue sharks (Prionace

glauca) loaded normal to the tesseral mat (in stress-relaxation experi-

ments) behaved similar to non-tessellated cubes, being �45 times

softer than tessellated cubes where the load was applied in plane with

the tesseral mat (Liu et al., 2014) (Figure 5). These results are

supported by indentation experiments performed on hydrated jaw

samples from two large sharks (Carcharodon carcharias and Carcharias

leucas) (Ferrara et al., 2013). Nanoindentation experiments typically

involve pushing a very small, hard tip (e.g., with a tip radius of hun-

dreds of nanometres) into a material to examine the hardness and

elastic modulus at very small scales. Nonetheless, as the indenter used

by Ferrara et al. was comparatively very large (100 μm) and

approached the dimensions of some tesserae (Applegate, 1967; Dean

et al., 2009; Seidel et al., 2016), it is believed that their data are more

representative of the properties of the composite material (e.g., tes-

serae and their surrounding soft tissues), given that they report values

considerably softer than either the tesserae themselves (Liu

et al., 2014; Seidel et al., 2019a; Wroe et al., 2008) or whole skeletal

elements (Macesic & Summers, 2012). In fact, recent work has shown

that some finescale structural features in tesserae (e.g., the high-min-

eral-density laminae in spokes) exhibit stiffness and hardness values

F IGURE 4 Local variation in tesserae form and suggested relationship to function. (a) Micro-computed tomography of a stingray
hyomandibula (Hyo, skeletal piece connecting the jaws with the skull), virtually sectioned into four different anatomical positions, showing thicker
tesserae (T) in convex regions. UC: unmineralized cartilage. (b) Cross-sections of pelvic propterygia (skeletal piece supporting the pelvic fins) from
different species, showing cross-sectional shape variation according to the species' reliance on “punting” behaviour (use of pelvic fins to move
along the seafloor). Modified with permission from Macesic and Summers (2012), copyright Company of Biologists Ltd
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that exceed those of mammalian bone and calcified cartilage and have

properties more akin to tooth materials (Seidel et al., 2019a). An in-

depth investigation into the relationship between local properties and

emergent skeletal properties is required to better understand the roles

that the different levels of structural hierarchy play in skeletal

performance.

Variations around the generalized tessellated cartilage anatomy

described earlier, when interpreted in the context of animal ecology,

also provide perspectives on in vivo skeletal performance, as well as

the functional limits of the tissues. For example, in addition to the

outer tessellated layer, the jaws of many batoid fishes (rays and rela-

tives) contain hollow tessellated struts (trabeculae), typically hundreds

of microns in diameter, spanning the uncalcified cartilage core of the

jaws (Dean & Summers, 2006; Seidel et al., 2017b; Summers, 2000;

Summers et al., 2004) (Figure 6a). These appear to be arranged along

lines of principal loading, often in narrow regions of the jaws or jaw

joints (e.g., Dean et al., 2006; Rutledge et al., 2019; Summers, 2000),

and are therefore structurally and functionally convergent with the

trabecular bone found in tetrapods. The importance of trabeculae to

the reinforcement of tessellated cartilage is underlined by the high

density of trabeculae in the jaws of species that experience high skel-

etal loads during feeding, such as the lesser electric ray, which uses

explosive jaw protrusion to retrieve buried prey (Dean et al., 2006), or

stingrays and guitarfish, which employ high bite forces to crush hard-

shelled molluscs (Kolmann et al., 2015; Rutledge et al., 2019; Sum-

mers, 2000; Summers et al., 2004) (see also Figure 6).

Additional mechanisms described for reinforcing tessellated carti-

lage against bending involve either thickening of the skeleton's hard,

outer cortex (i.e., the tesseral layer) or modifications to the cross-

sectional shape of skeletal elements. In the former, the tesseral layer

is often locally thickened, particularly in regions in line with principal

loading or in areas of high curvature (Balaban et al., 2014, Dean

et al., 2006, 2016, 2017, Seidel et al., 2016, Wilga et al., 2016). For

example, the tesserae in the skeletal cross-section in Figure 4a vary

up to 4x in thickness. The cortex can also be thickened via the intro-

duction of additional tesseral layers. In extant species, this appears to

be associated with regions of high loading, particularly in the jaws of

large carnivorous sharks (Dingerkus & Seret, 1991), the “saws” of saw-

fish (Seidel et al., 2017a; Summers, 2000) or the jaws of species with

diets containing large proportions of hard-shelled prey (Figure 6b,c)

(Seidel et al., 2017a; Summers et al., 2004). Up to 10 supernumerary

tesseral layers have been recorded in the jaws of some extant species

(Dean et al., 2017). In extinct Palaeozoic sharks, however, the entire

skeleton appears to have been reinforced by multiple tesseral layers,

even in regions that likely did not experience high loads, suggesting

this feature was at least not always associated with forces borne by

the skeleton (Maisey, 2013).

High flexural stiffness in whole skeletal elements appears to result

from high mineral content (a proxy for the proportion of tesserae in

an element or cross-section), skeletal cross-sectional shapes with high

second moment of area, or combinations of the two (Balaban et

al., 2014; Herbert & Motta, 2018; Huang et al., 2017; Macesic &

F IGURE 5 Contribution of the
tesseral layer and its orientation to
mechanical properties. (a) Stress
relaxation behaviour of blue shark
(Prionace glauca) cartilage was tested
either with tesserae (T)-oriented normal
(TC-NL) or parallel (TC-PL) to the loading
direction, or without tesserae (NTC). (b)
Stress relaxation behaviour of non-

tessellated cartilage (NTC) and tessellated
cartilage under normal loading (TC-NL)
was similar, but the behaviour of
tessellated cartilage samples under
parallel loading (TC-PL) was far stiffer,
indicating that the performance of
tessellated cartilage is strongly dependent
on the orientation of loads relative to the
tesseral layer. Modified with permission
from Liu et al. (2014), copyright Elsevier
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Summers, 2012; Rutledge et al., 2019; Wilga et al., 2016). Skeletal ele-

ment flexural stiffness has also been shown to be correlated with dif-

ferences in ecology – for example, supporting specific locomotion

(Macesic & Summers, 2012; Huang et al., 2017) or feeding modes

(Balaban et al., 2014; Herbert & Motta, 2018; Rutledge et al., 2019) –

but mineral content and cross-sectional shape/size do not always vary

predictably [e.g., animals with large skeletal cross-sections can have

either very high or very low mineral content (Balaban et al., 2014;

Macesic & Summers, 2012; Rutledge et al., 2019; Wilga et al., 2016)]

(Figure 4b). This indicates that tessellated cartilage has evolved to be

“modular,” where functionally and ecologically relevant skeletal

mechanical properties can be achieved through a variety of structural

and material mechanisms: regions of high local mineral density in

tesserae, skeletal cortical thickening, increased skeletal second

moment of area, and/or the introduction of trabeculae. No composi-

tional alterations to the apatite biomineral in the tessellated layer have

been reported to date, in contrast to invertebrate tissues, where

heavier elements can be introduced to enhance tissue mechanical

properties (Degtyar et al., 2014; Politi et al., 2012).

The mechanical influence of the tessellation itself – the tiling of

the cortex and the varying patterns formed by tesserae – has yet to

be investigated in situ, likely due to the experimental difficulties posed

by the size of tesserae and their complex tissue connections. Several

studies, however, have incorporated existing materials and/or struc-

tural data from the biological tissue in computational simulations and

mathematical models of tessellated cartilage, helping to shape

F IGURE 6 Methods of reinforcement of tessellated cartilage. All images are volume renderings or virtual cross-sections of micro-CT scans.
(a) Cross-section of the jaws of the cownose ray (Rhinoptera bonasus), a hard prey specialist, showing mineralized trabeculae (struts) running
through the jaw, reinforcing the primary biting direction. Alternatively, tessellated cartilage can be reinforced by multiple tesseral layers, as in the
outer layers of the cownose ray jaw, (b) the jaws of a wedgefish (Rhynchobatus sp.) and in (c) the rostral “saw” of a sawfish (Pristis microdon).
ja: jaws; ro: rostrum; T: tesserae; Tra: trabeculae; to: tooth
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informed and testable hypotheses relating to tissue growth and

mechanics. Empirical models of tessellated cartilage cross-sections,

for example, based on biological material and ultrastructural data, sug-

gest that the tessellation plays a role in controlling the stress distribu-

tion within the skeletal tissue during bending (Fratzl et al., 2016;

Jayasankar et al., 2020; Liu et al., 2010; Seidel et al., 2019a). This is a

function of the narrow joints between tesserae, the structure of which

is hypothesized to result in strikingly different properties in tension

than compression (Figure 7). In a hypothetical laminated tessellated

cartilage beam – a monolithic core of unmineralized cartilage sand-

wiched between two thin tessellated layers – subjected to bending,

the tesserae on the side of the beam loaded in tension should pull

apart from one another, with joint fibres taking up maximum stresses,

whereas tesserae on the compressive side of the beam should readily

collide (Figure 7e). The hypothesis of an asymmetrical tension–

compression behaviour in tessellated cartilage has been demonstrated

in computational studies incorporating varying degrees of tissue com-

plexity (e.g., Liu et al., 2010; Seidel et al., 2019a), most recently in

biomimicked digital models that also demonstrated that the skeletal

composite's mechanical performance can be altered through simple

structural changes to the tessellation (e.g., increasing the joint gap

delaying collision of tesserae when the skeleton is loaded in

F IGURE 7 Proposed compression–tension asymmetry in tessellated cartilage. (a–c) Micro-CT scans of the skeleton and hyomandibula (Hyo)
of a stingray (Urobatis halleri) illustrating the composite nature of tessellated cartilage, formed by stiff mineralized tiles (T) separated by softer
unmineralized joints. UC: unmineralized cartilage. (d) Schematic of alternating soft and hard constituents in a tessellated system. The proportion
of hard tiles (width D) to soft joints (width d) is critical to the mechanical behaviour of the tessellation (see f, right graph). (e) Schematic section of

tessellated skeletal element in bending, with the top and bottom tessellated layers experiencing tension and compression, respectively. (f) Stress
vs. strain curves for a simulated tessellated mat in tension (left) and compression (right); inset images show the distribution of stress in the loading
direction (S22) at maximum displacement. The biphasic properties of the mat – hard tiles and soft joints – result in strikingly different tensile and
compressive behaviours. In tension, the tesserae pull apart and the joint material takes the load, whereas in compression, tesserae collide and
induce a dramatic increase in stress within the tesserae themselves. Tesserae collide once the thickness of the soft joint interlayer is exhausted, at
a compressive strain of approximately [d/(D + d)]. In the compression panel, the lower line (large joint gap) illustrates how the tesserae-collision
inflection point shifts along the x-axis when the distance between tesserae (i.e., d = joint width) is doubled. Note the different magnitudes of the
y-axes in the tension and compression graphs. Modified with permission from Fratzl et al. (2016) and Jayasankar et al. (2020)
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compression; Figure 7f) (Jayasankar et al., 2020). The compression–

tension asymmetry hypothesized for tessellated cartilage would

impart a constrained flexibility that could play a role in permitting

dynamic feeding behaviours (e.g., Dean & Motta, 2004; Laurence-

Chasen et al., 2019) and in the tissue's ability to resist damage. In gen-

eral, the combination of a stiff outer cortex and a soft inner core will

tend to ensure that higher stresses are concentrated more safely in

the stiffer cortical/mineralized tissue rather than the softer core/

unmineralized tissue (Ferrara et al., 2011; Fratzl et al., 2016; Liu

et al., 2010). This is true even if the cortex is continuous rather than

tessellated, as was simulated in finite element models of the jaws of

two large shark species subjected to biologically relevant bite forces

(Ferrara et al., 2011).

Tessellating the cortex, however, serves additional functions, such

as protecting the mineralized tissue from fracture on the tension side

of the skeleton by localizing tensile stresses in the intertesseral joint

fibres rather than in tesserae (Jayasankar et al., 2020; Seidel

et al., 2019a). At the same time, the compressive stiffness of tesserae

should shift the skeleton's neutral axis of bending closer to the com-

pressive side of the skeleton, concentrating potentially damaging

compressive stresses in the tessellated layer rather than the

unmineralized cartilage core (Fratzl et al., 2016; Liu et al., 2010). In this

way, the tessellation can manage bending loads and increase resis-

tance to damage by distributing the highest stresses to the tissues

and loading regimes best able to bear them. Stresses may also be miti-

gated by the properties of the unmineralized cartilage itself, which

Wroe et al. (2008) showed would tend to result in considerably lower

stresses and higher strains than simulated shark jaws made of bone

and subjected to the same bite forces (Figure 8). The hypothesized

stress-management behaviour of tessellated cartilage may therefore

serve a protective function, in a skeletal tissue with limited or no

healing capacity (Ashhurst, 2004; Dean et al., 2017; Marconi

F IGURE 8 Simulation of feeding mechanics in white shark jaws with varying material properties. (a, c) Von Mises stress and (b, d) strain
distributions for maximal bilateral bites in finite element simulations of jaws with (a, b) tessellated cartilage properties and (c, d) cortical bone
properties. Note that stress is much lower, but strain is much higher in the cartilaginous model. Modified with permission from Wroe et al. (2008),
copyright John Wiley Sons, Inc
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et al., 2020; Seidel et al., 2016, 2017b), although it is surely loaded a

large number of times over an animal's lifetime during cyclical swim-

ming and feeding behaviours (e.g., Dean & Motta, 2004; Laurence-

Chasen et al., 2019; Sasko et al., 2006).

Most models of tessellated cartilage have focused largely on the

mechanical result of combining soft and hard tissues. The geometry of

the tessellation – the distribution of shapes and sizes of tesserae –

surely also plays an important role in the mechanics of the skeleton,

yet this has hardly been investigated. Tesserae are typically polygonal

in shape and apparently predominantly hexagonal but have been

observed to vary in the regularity of their form and can range from 4

to 12 sided polygons (Baum et al., 2019; Dean et al., 2016; Jayasankar

et al., 2017, 2020; Seidel et al., 2016). Analytical models of 2D tiled

arrays, with joint and tile geometries and material properties varied

around the range seen in tessellated cartilage, indicate that the stiff-

ness of the tessellation will increase (1) the narrower joint spaces are

and (2) the stiffer tiles are relative to the joint material (Jayasankar

et al., 2017, 2020) (Figure 9). This holds true for triangular, square and

hexagonal tiles, with hexagons being most sensitive to changes in

model parameters and therefore allowing for a tessellation that can be

more subtly “tuned” to specific material properties. Overall, the recent

computational modelling results argue that the properties of the tis-

sue composite at large-size scales can be controlled through relatively

“simple” modifications at smaller-size scales, for example, through

changes in shape and properties of tesserae and their joints. Nonethe-

less, the performance of more complicated, bio-realistic tessellations

(e.g., three-dimensional and/or less-uniform tilings) is only beginning

to be investigated.

F IGURE 9 The relative effective modulus of tessellated cartilage-inspired hexagonal tilings as a function of morphology and material
properties. (a–c) Variables varied in analytical simulations of hexagonal tessellations with intervening joint material under in-plane loading. (d, e)
Simulations show that a decrease in joint thickness (decreasing y-axis value) and an increase in the stiffness of tiles relative to joints (increasing x-
axis value) result in a stiffer composite material. (e) Zoomed-in view of the range of biologically relevant x- and y-axes values from (d); structural
and material properties for round stingray (Urobatis halleri) tesserae are marked with red lines in the bottom right. Modified with permission from
Jayasankar et al. (2017), copyright Elsevier
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3 | CONCLUSIONS

Although mammalian bone is commonly considered the paradigmatic

vertebrate skeletal tissue, there are “many other fish in the sea”: elas-

mobranch tessellated cartilage is one of nature's skeletal design alter-

natives, offering valuable fodder for wider investigations on the

interplay of form and function in biomineralized materials. Tessellated

cartilage also presents largely untapped opportunities for exploring

the mechanical effects of alternate structuring in tissues with other-

wise-similar composition (e.g., tesserae contain collagen and carbon-

ated apatite, as bone does). Clearly, the distinct geometric

arrangements of soft and hard tissues in tessellated cartilage have

profound mechanical effects (e.g., an impressive combination of stiff-

ness and damping/flexibility). Furthermore, because some structural

aspects of this tissue can be approximated by simple geometries (e.g.,

tesserae as polygonal tiles), this system is particularly amenable for

modelling explorations of the parameter space of biological designs (e.

g., why some morphologies have evolved and are associated with

some loading regimes and not others). Given these aspects, elasmo-

branch tessellated cartilage is emerging as a useful model for a variety

of disciplines and is particularly suited to investigations of the links

between ecology and biological materials (sharks and rays exhibit a

wide diversity of diets), the biological advantages and mechanical

effects of structural tilings, and the design and behaviour of hierarchi-

cally organized composites.
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