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Abstract
The chondrocranium is the cartilage component of the vertebrate braincase. Among jawed vertebrates it varies greatly in structure, mineralisation, and in the extent to which it is replaced by bone during development. In mammals, birds, and some bony fish, most of the chondrocranium is replaced by bone whereas in lizards, amphibians, and chondrichthyan fish it may remain a significant part of the braincase
complex in adulthood. To what extent this variation relates to differences in skull biomechanics is poorly understood. However, there have
been examinations of chondrocranium histology, in vivo strain, and impact on rostrum growth following partial removal of the chondrocranium. These studies have led to suggestions that the chondrocranium may provide structural support or serve to dampen external loads.
Advances in computing-power have also facilitated an increase in the number of three-dimensional computer-based models. These models
can be analysed (in silico) to test specific biomechanical hypotheses under specified loading conditions. However, representing the material
properties of cartilage is still problematic because these properties differ according to the speed and direction of loading. The relationship
between stress and strain is also non-linear. Nevertheless, analyses to date suggest that the chondrocranium does not provide a vertical support in lizards but it may serve to absorb some loads in humans. We anticipate that future models will include ever more detailed representations of the loading, anatomy, and material properties, in tandem with rigorous forms of model validation. However, comparison among a
wider range of vertebrate subjects should also be pursued, in particular larvae, juveniles, and very small adult animals.
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Introduction
The chondrocranium is the cartilage portion of the vertebrate braincase (De Beer, 1930, 1937; Bellairs & Kamal,
1981; Evans, 2008). It varies greatly among taxa with
respect to its frame-like structure, mineralisation, as well
as when and to what extent it is replaced by bone during ontogeny (De Beer, 1930). There is also variation in
how much of the chondrocranium, and associated endo-

chondral bone, contributes to the adult braincase (neurocranium) compared to the dermal roofing bones (Couly
et al., 1993). Variation in chondrocranium shape and de
velopment has been extensively documented since the
19th century (e.g., Parker, 1883; Gaupp, 1900; Howes &
Swinnerton, 1901; Mead, 1909; De Beer, 1930; Paluh &
Sheil, 2013; Haas et al., 2014). This work, coupled with
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replacement by bone during ontogeny
partial or variable replacement
remains as cartilage in adults
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extensive endochondral bone
jaws

endochondral bone
perichondral bone
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tessellated cartilage

neural crest cells
cellular cartilage

Gnathostomata

type II collagen

loss of bone

chondrocranium

Vertebrata
Chordata
cartilage-like tissues

Bilateria

cartilage-like tissues
cellular cartilage
cellular cartilage

Squamata

lizards & snakes

Rhynchocephalia

tuatara

Aves

birds

Crocodylia

crocodiles, alligators, gharials

Testudinata

turtles

Synapsida

mammals

Lissamphibia

frogs, salamanders, caecilians

Dipnoi

lungfish

Coelacanthiformes

coelacanths, e.g. Latimeria

Actinopterygii

ray finned fishes

Chondrichthyes

sharks, rays, chimeras

Placodermi †

extinct jawed fish

Osteostraci †

extinct jawless fish
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e.g. sea urchins
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acorn worms

Ecdysozoa

arthropods, roundworms

Spiralia

e.g. molluscs, flatworms
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Fig. 1. A simplified phylogeny of Metazoa showing the general pattern of character distribution for cartilage, bone, and the chondrocranium (De Beer, 1930; Bellairs & Kamal, 1981; Cole & Hall, 2004a, b; Donoghue et al., 2008; Zhu, 2014; Zhang et al., 2006; see also
the excellent recent reviews Kaucka & Adameyko, 2019 and Gillis, 2019). For each of the vertebrate groups, we have scored the six major
components of the chondrocranium to reflect the extent of bone replacement during growth. These scores should be viewed as tentative and
are admittedly crude and problematic for appreciating the full breadth of variation within clades. Dagger = extinct.

data from fossils (e.g., Atkins et al., 2009; Zhu, 2014),
histology (e.g., Cole & Hall, 2004a, b), and molecular
biology (e.g., Zhang et al., 2006; Kaucka & Adameyko,
2019; Gillis, 2019), provides an understanding of chondrocranium character distribution, evolution, and disparity (Fig. 1).
The chondrocranium is a vertebrate character but the
evolution of cartilage and its genetic regulatory network
has a much deeper history within Bilateria (and possibly
Metazoa) (Cole & Hall, 2004a, b; Rychel & Swalla,
2007; Cole, 2011; Kaucka & Adameyko, 2019). Cartilage-like connective tissues are known to occur within
Arthropoda, Mollusca, Brachiopoda, and Annelida where
they often serves to protect the central nervous system and
support the feeding apparatus (Cole & Hall, 2004a, b;
Rychel et al., 2007; Kaucka & Adameyko, 2019; Gillis,
700

2019). Some of these tissues are cellular and histologically indistinguishable from the cartilage found in vertebrates (Cole & Hall, 2004a, b) and, in some taxa, they
may even involve the same genes and signalling pathways (T arazona et al., 2006). However, the patchy
phylogenetic distribution of cellular cartilage is suggestive of multiple independent or parallel origins (Cole &
Hall, 2004a, b; Gillis, 2019). A cartilage-like tissue is
present in cephalochordates where it supports the pharynx. However, this tissue lacks cells and does not form
a framework to protect the sensory structures (Rychel &
Swalla, 2007; Fish, 2019).
The origin of the chondrocranium in vertebrates is
linked to the origin of neural crest cells (Donoghue et al.,
2008; Square et al., 2020; but see Abitua et al., 2012)
and the capacity to generate type II collagen (Z hang
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Fig. 2. A schematic diagram of a lizard-like chondrocranium (redrawn and
modified from Bellairs & Kamal, 1981). A, dorsal view of early stage showing the six main components of the chondrocranium: trabeculae cranii (tr),
nasal cartilage of the ethmoid capsules (nca), otic capsule (otc), orbital cartilage (orc), parachordals (pch) fused to form the basal plate, and the vertebral
elements (ve) which includes the occipital and preoccipital arches. The nasal
cartilage, orbital cartilage, and otic capsule are transparent on the right side.
B, dorsal view of later stage. The nasal cartilage, orbital cartilage, and otic
capsule are absent on the right side. C, left lateral view of a later stage showing also parts of the mandibular arch and location of some cranial nerves.
Note that some components are artificially separated. — Abbreviations: 2,
optic nerve and fenestra; 5, trigeminal nerve roots in trigeminal notch (incisura prootica); 7, facial nerve; 9, glossopharygeal nerve; 10, vagus nerve; 12,
hypoglossal nerve foramina; a, region of apposition between otic capsule and
basal plate; ac, aditus conchae; bc, basicapsular commissure; bf, basicranial
fenestra; bpl, basal plate; bpt, basipterygoid process; c, occipital condyle; cp,
crista parotica; cr, crista sellaris; fn, fenestra narina; fen, fenestra epiotica;
fo, fenestra olfactoria; ica, internal carotid artery; is, interorbital septum; Mc,
Meckel’s cartilage; mf, metotic fissure; n, notochord; ns, nasal septum; oa,
occipital arch; oq, otic process of the quadrate; pac, pila accesoria; pan, pila
antotica; par, palatine artery; pas, ascending process of the pterygoquadrate
(epipterygoid); pat, anterior process of tectum; pf, pituitary fenestra; pfc,
prefacial commissure; pi, pituitary location; pme, pila metopica; pmp, posterior maxillary processes; poa, preoccipital arches; ppr, pterygoid process
of the pterygoquadrate; pq, pterygoquadrate (intermediate part); ps, planum
supraseptale; q, quadrate; sc, sphenethmoid commissure; tma, taenia marginalis; tp, tectum posterius; ts, tectum synoticum.

et al., 2006). Hagfish and lampreys (Cyclostomata), as the only living jawless vertebrates, are
important for understanding the evolution of the
chondrocranium. However, they differ from one
another and neither necessarily represents the
ancestral condition (Oisi et al., 2013; Kaucka &
Adameyko, 2019). They both possess an organised cartilage framework that provides structure
to the sensory organs and support for the feeding apparatus (Courtould et al., 2003; Martin
et al., 2009; Oisi et al., 2013; Kaucka & Ada
meyko, 2019), but it is difficult to find obvious
shared homologies between parts from either
framework in cyclostomes, and that of jawed
vertebrates (gnathostomes) (Oisi et al., 2013).
Fossils of extinct jawless fish, such as osteo
stracans, that lie on the stem of gnathostomes,
exhibit armour-like plates of dermal bone and a
braincase preserved in perichondral bone (Jan
vier, 2008; Kuratani & Ahlberg, 2018).
Among gnathostomes, the chondrocranium
has six recognisable components in development (Fig. 2A; de Beer, 1937; Bellairs & Ka
mal, 1981):
1.) the nasal capsules (which support the nasal
apparatus and may form the ethmoid plate);
2.) the orbital cartilages (which are located
medial to the eyes);
3.) the otic capsules (which contain the inner
ear);
4.) the parachordals (which form the posterior
base of the braincase);
5.) a pair of rod-like trabeculae cranii that sit
between the parachordals and nasal capsules beneath the orbital cartilage and interorbital septum;
6.) the occipital and preoccipital arches (which
enclose the posterior part of the brain).
The trabeculae cranii eventually meet in the
midline anteriorly to form the internasal septum
(Bellairs & Kamal, 1981). The chondrocranium
includes more conspicuous sheet-like compo
nents and provides more complete support of the
neurosensory apparatus (Kaucka & Adameyko,
2019). Nevertheless, within gnathostomes there
is considerable variation to the extent and timing of the replacement of the chondrocranium
by bone.
In extant chondrichthyan fish (sharks, rays,
and chimaeriforms), the chondrocranium provides the bulk of the skull including the dorsal roof of the braincase (Maisey, 2013; Mara
et al., 2015; Coates et al., 2017). The cartilage
is not replaced by endochondral bone even in
adults and dermal bone is entirely absent. However, the outer layer of chondrichthyan cartilage
incorporates a shell of mineralised blocks or
tesserae that provides stiffness (Dean & Sum701
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2006; Maisey, 2013; Porter et al., 2013; Liu et al.,
2014). It may also have internal calcified struts (Mai
sey, 2013). Fossil and molecular evidence indicates
that this absence of bone was not the ancestral condition for Chondrichthyes (Donoghue et al., 2006; Zhu
et al., 2013; Zhu, 2014; Long et al., 2015; Gillis, 2019;
Brazeau et al., 2020). Among chondrichthyans there is
significant variation in the shape of the chondrocranium
as well as how it is connected to the upper and lower jaws
(e.g., Miyake et al., 1992; Waller & Baranes, 1991; Hu
ber et al., 2005; Howard et al., 2013; Mara et al., 2015).
There is also variation in levels of mineralisation that is
potentially related to differences in loading during biting
(Waller & Baranes, 1991; Huber et al., 2005).
Among (non-tetrapod) osteichthyan fishes, the chondrocranium may be extensively replaced by bone during
ontogeny but in a variable sequence (Norman, 1926; Pat
terson, 1975; Basden et al., 2000; Mattox et al., 2014;
Kubicek & Conway, 2015). There may also be variation in
the location of gaps between the eventual endochondral
elements (Patterson, 1975). The dermal roofing bones
form the roof of the braincase. Within Actinopterygii
(ray-finned fish) there is variation in the shape and ossification of the braincase. Among end members of the
least nested lineages, such as Amia (Amiidae), the chondrocranium remains largely cartilaginous, with regions of
endochondral ossification (e.g., otic and occipital regions)
(Allis, 1897; Grande & Bemis, 1998), whereas the chondrocranium of Polypterus (Polypteridae) is more extensively replaced by bone (Allis, 1922). Sturgeons (Acipen
seridae) and paddlefish (Polyodontidae) have a braincase
that is largely cartilaginous and lined by perichondral ossifications (Hilton et al., 2011; Warth et al., 2017).
Sarcopterygia includes tetrapods and two living lineages of lobe-finned fishes: coelacanths and lungfishes.
Ancestrally, the neurocranium of sarcopterygians was divided into two halves by an intracranial joint and was extensively ossified, so that the neurocranial anatomy is relatively well-known for different fossil lobe-finned fishes
and early tetrapods (Lu et al., 2012, 2016; Ahlberg et al.,
1996; C lack , 1998; Downs et al., 2008; P ardo et al.,
2014). Living lobe-finned fishes, however, diverge from
this ancestral condition and large parts of the chondrocranium remain cartilaginous. The evolution of coelacanths
is marked by an extensive reduction and a fragmentation
of the endochondral ossification centres, which are separated by large cartilaginous regions in Latimeria and in
Mesozoic coelacanths (Forey, 1998; Dutel et al., 2019).
It has been proposed that the remaining ossification centres are located in regions of high loading in Latimeria
(Forey, 1998), but this hypothesis has yet to be tested.
The skull of living lungfishes (three genera; Neocerato
dus, Lepidosiren and Protopterus) is extensively modified with respect to that of fossil lobe-finned fishes, and
the neurocranium of living genera consists largely of
cartilage (Clement & Ahlberg, 2014). Here as well, this
condition is the result of a secondary reduction as Devonian lungfishes display a well-ossified lateral wall to their
neurocranium.
mer,
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In amphibians (frogs, salamanders, caecilians) the
chondrocranium provides a crucial framework to the
head in many larval forms and there is extensive variation in structure among groups (Hilton, 1950; Sokol,
1981; Haas et al., 2006; Roček et al., 2016; Krings et al.,
2017a, b; Theska et al., 2019). Differences in the timing
of replacement by bone have been used to assess phylogenetic relationships (e.g., Larson & De Sá, 1998) but
these differences presumably also have some relationship
to function. The tadpoles of frogs can be predatory and or
burrow (e.g., Candioti, 2007; Haas et al., 2014; KlingerStrobel et al., 2020). Phylogenetic studies involving
fossil data suggest that the evolution of modern clades
is associated with a reduction in braincase ossification
(Atkins et al., 2019), e.g., loss of the basioccipital, loss
of the basisphenoid and reduction of the sphenethmoid to
a paired element.
Within amniotes a general chondrocranial structure
is evident from which homologies can be inferred (Fig.
2BC; De Beer, 1937; Bellairs & Kamal, 1981; Witmer,
1995; Werneburg & Yaryhin, 2019) but there is variation in the shape and presence of interorbital components
such as the taenia marginalis (tma), pila metoptica (pme),
and pila antotica (pan) (De Beer, 1937; Paluh & Sheil,
2013; Sheil & Zaharewicz, 2014).
In lepidosaurs (snakes, lizards, and tuatara) a significant portion of the chondrocranium may be retained into
adulthood (Kamal & Abdeen, 1972; Bellairs & Kamal,
1981). Adult lizards generally possess the nasal capsules,
a nasal septum (derived from the anterior ends of the trabeculae cranii), an interorbital septum and central framework of slender bars (derived from the orbital cartilage
and posterior ends of the trabeculae cranii) (e.g., Gaupp,
1900; De Beer, 1930; Bellairs & Kamal, 1981; Zada,
1981; Hugi et al., 2010; Hernández-James, 2012; Yayhin
& Werneburg, 2018). However, there is also significant
variation among lizards with respect to shape and mineralisation (Pearson, 1921; De Beer, 1930, 1937; Kamal
& Abdeen, 1972; Bellairs & Kamal, 1981; Zada, 1981;
Hugi, 2010; Hernández-James, et al., 2012; Yayhin &
Werneburg, 2018): the pila metoptica of the orbital cartilage may be replaced with an orbitosphenoid bone (Bell
airs & Kamal, 1981; Evans, 2008); the pila antotica may
be replaced by a pleurosphenoid; the trabeculae cranii
may be replaced by a septosphenoid; parts of the planum
supraseptale may be replaced by ventral processes from
the frontal bones; and a ventral portion of the interorbital
septum may become supported by a dermal parasphenoid
rostrum (= cultriform process, Bella
 irs & Kamal, 1981;
Evans, 2008). Such variation is suggestive of a relationship to function, skull mechanics, and life style (De Beer,
1937; Bellairs & Kamal, 1982; Jones et al., 2017; Yay
hin & Werneburg, 2018) given the location of the cartilage in relation to the kinetic cranial joints (e.g., mesokinesis, metakinesis) of some lizards (Hallermann, 1992;
Payne et al., 2011; Mezzasalma et al., 2014). Similarly,
the structural relationship between the nasal cartilage,
trabeculae cranii, and orbital cartilage are important to
rhinokinesis in snakes (Cundall & Shardo, 1995). As
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previously noted, it seems unlikely that kinesis could
have evolved without associated evolution of the chondrocranial structure (Bellairs & Kamal, 1982; Cundall
& Shardo, 1995).
In turtles there is significant variation in shape among
clades and large parts of the orbital and nasal cartilages
persist into adulthood (Kuratani, 1999; Paluh & Sheil,
2013; Sheil & Zaharewicz, 2014). Compared with other amniotes, turtles are characterised by closure of the
fenestra epiotica, expansion of the planum supraseptale,
and reduction of the taenia medialis (Paluh & Sheil,
2013; Sheil & Zaharewicz, 2014). Among crocodylians
differences in chondrocranial structure have been recorded between species (e.g., Werneburg & Yaryhin,
2019; Fernandez-Blanco, 2019) and a nasal septum re
mains present in adulthood (Klenner et al., 2016). There
is significant variation among birds but replacement by
bone is generally early and extensive (Zaher & Abu-Tai
ra, 2013; Hüppi et al., 2019). The nasal capsule and associated conchae are one of the few regions that remain
cartilaginous (Bourke & Witmer, 2016). As in lepidosaurs, some variation in chondrocranium structure may
be associated with cranial kinesis (Zaher & Abu-Taira,
2013).
Replacement of the chondrocranium in mammals is
generally extensive with often only the nasal cartilage remaining into adulthood (Sánchez-Villagra & Foras iepi,
2017; Lavernia et al., 2019; Maier, 2020; Smith et al.,
in press). However, the nasal cartilage shows significant
variation in form (Bruintjes et al., 1998; Hüppi et al.,
2018). Much of the variation of facial cartilages among
mammals appears related to sensory systems, communication, thermoregulation, and respiration (Boyd, 1975;
Hill en
 ius, 1992; Meisami & Bhatnagar, 1998; Hüppi
et al., 2018; Wroe et al., 2018; Maier, 2020) but what it
means for regional and total skull biomechanics in these
taxa remains largely unexplored. In a recent review of
the chondrocranium, it was suggested that plasticity of
facial cartilages has reached its peak in humans (e.g.,
Kaucka & Adameyko, 2019: p. 10), but the variation in
shape and mineralisation exhibited by other mammals,
particularly bats (e.g., Göbbel, 2000; Curtis & Simmons,
2018) makes this suggestion seem potentially anthropocentric.
Despite the wide structural variation of the chondrocranium among vertebrates its biomechanical role
remains poorly understood (Jones et al., 2017). This
lack of analysis restricts functional interpretations. A
more accurate representation of soft tissue structures
in biomechanical models is also crucial for a more
complete understanding of vertebrate skull mechanics (e.g., Zhang et al., 2001; Hu et al., 2003; Kupczik
et al., 2007; Moazen et al., 2009; Gröning et al., 2011;
Curtis et al., 2011a, b, 2013; Manuel et al., 2014; Tse
et al., 2015; Jones et al., 2017; Libby et al., 2017; Mc
Cormack et al., 2017; Lipphaus & Witzel, 2020). Here
we review previous studies of the biomechanical role of
the chondrocranium and provide some suggestions for
future research.

Experimental removal of the nasal cartilage
There have been several studies investigating the impact
of removing part of the nasal cartilage in mammals, e.g.,
in rabbits (Wexler & Sarnat, 1965; Sarnat & Wexler,
1966; Sarnat, 2008), rats (Moss et al., 1967; Gange &
Johnston, 1974; Copray, 1986), and guinea pigs (Sten
ström & Thilander, 1970). Some of these studies involved
large sample sizes and different experimental combinations of removal of the nasal cartilage and surrounding
structures (Stenström & Thilander, 1970). Typically,
the experimental animals were early juveniles. After a set
period of time the experimental animals were measured
against control animals. The results suggest that removal
of the cartilage does not prevent snout (rostral) growth but
growth is abnormal (Kemble, 1973; Gange & Johnston,
1974; Corpray, 1986). The nasal bones are often found to
be ventrally displaced and this might lead to problematic
malocclusion (Stenström & Thilander, 1970). The rare
absence of the nasal cartilage in young humans can similarly lead to abnormal growth, particularly of the maxilla (Kemble, 1973; but see Bergland & Borchgrevink,
1974). These observations have led to suggestions that the
nasal septum is not necessary for growth to occur but is
instead required for maintaining structural integrity of the
rostrum during growth. Rather than a site of growth, the
nasal septum may serve as an important vertical support
strut (Moss et al. 1968; Stenström & Thilander, 1970;
Kemble, 1973). Removal of the nasal septum in adult rabbits has no obvious effect indicating that the cartilage has
no major structural role in adult animals (Sarnat, 2008).
More recent research on mammalian models has provided
more detailed evidence of how the nasal septum is related
to mammalian skull growth (e.g., McBratney-Owen et al.,
2008; Kaucka et al., 2018). To what extent these experiments on small mammals can be used to make general inferences for other vertebrates is uncertain. Similar experiments on non-mammalian taxa could help to address this
issue but as with all animal experiments there are ethical
concerns to evaluate.

Strain in vivo
Strain gauges can be used to measure the surface strain of
an anatomical structure due to loading (e.g., BucklandWright, 1978; Ross & Hylander, 1996; Thomason et al.,
2001; Ross & Metzger, 2004; Markey et al., 2006; Cuff
et al., 2015). There has been at least one investigation
of nasal cartilage using strain gauges (Al Dayeh et al.,
2009). It involved miniature pigs (Sus scorfa), which
are model organisms for mammalian skull biomechanics and have contributed greatly to our understanding of
chewing, sutures, and strain distribution (e.g., Herring
& Teng, 2000; Rafferty et al., 2003). Experimental animals were anesthetized and strain gauges were applied to
the septoethmoid junction and the nasofrontal suture, and
electrodes were inserted into the jaw muscles (Al Dayeh
et al., 2009). After a period of recovery, the animals were
703
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encouraged to eat and the electrodes were used to measure muscle activity (Al Dayeh et al., 2009). The animals
were then re-anesthetised and fitted with a third strain
gauge along the anterior end of the nasal cartilage. Whilst
the animals were still anesthetised, the jaw muscles were
tetanized to stimulate contraction (Al Dayeh et al.,
2009). The in vivo strain measurements indicated that the
septum was subject to loading. Relative timing suggested
that this loading was due to occlusion rather than muscle
contraction. However, compression was anteroposterior
rather than dorsoventral. No evidence was found to support a vertical strut role for the septum. Instead, a role
related to absorbing dynamic strains that arise from feeding was suggested (Al Dayeh et al., 2009).

Histology and Material Properties
The chondrocranium is composed of cartilage, which is
a type of connective tissue that can be both tough and
flexible. Generally, it comprises water, collagen, proteoglycans, and cartilage cells: chondrocytes (Little, 2011).
Among mammals, cartilage may be classified as hyaline,
elastic, or fibrous (Cole & Hall, 2004a). Hyaline cartilage has a metachromatic matrix, rounded cells, and
extracellular collagen. Elastic cartilage is similar but the
protein elastin is present in the extracellular matrix. Fibrocartilage, has a higher fibrous content (Cole & Hall,
2004a; Gillis, 2019). Further variation is found within
fish related to the proportion of cellular to intercellular
matrix as well as the precise content of the intercellular
matrix (Benjamin, 1990; Dean & Summer, 2006; Wit
ten et al., 2010). Among elasmobranch fishes, blocks of
mineralisation connected by ligaments to form tesselated
cartilage (Porter et al., 2013; Liu et al., 2014).
The microstructure and mineralisation of cartilage
is related to the loading to which it is subjected in life
(Carter & Wong, 2003; Al Dayeh & Herring, 2014).
Therefore, the microstructure of the chondrocranium in a
particular taxon may provide indications of its mechanical role. The cartilage found in the tetrapod chondrocranium is generally hyaline cartilage (Benjamin, 1990; Al
Dayeh & Herring, 2014; Griffin et al., 2016a; Klenner
et al., 2016). It is avascular and includes large quantities
of type II collagen but its exact composition varies among
taxa and anatomical location (Cole & Hall, 2004a, b; Al
Dayeh & Herring, 2014; Xia et al., 2012). A histological examination of the nasal septum in crocodiles found
that it is associated with an underlying cord of highly
elastic tissues. This structure might resist tensile strains
and stabilize the long-axis of the rostrum during feeding
(Klenner et al., 2016). Similarly, regional differences
in the pig septum appear to support its possible role in
dampening stress from feeding loads (Al Dayeh & Her
ring, 2014).
The material properties of the chondrocranium can
be estimated from measurements on cartilage using, for
example, nano-indentation (Hoch et al., 1983; Eben
stein & Pruitt, 2006), drop loading (Jefferey & Aspden,
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2006), quasi-static loading (e.g., Porter et al., 2006), and
tensile extension (Richmon et al., 2005). Reported values for Young’s modulus (or stiffness) of cartilage range
from 0.4 to 564 MPa (e.g., Flam, 1974; Porter et al.,
2006; Edelsten et al., 2010; Columbo et al., 2014; Al
Dayeh & Herring, 2014; Griffin et al., 2006a; Peters
et al., 2017; Cutcliffe & Defrate, 2020). This variation arises primarily from the rate and direction of loading but is also related to the collagen content, degree
of mineralisation, hydration, and specimen preparation
(Langelier & Buschmann, 2003; Gupta et al., 2009; Pe
ters et al., 2017; Chang et al., 2020). The structure of
cartilage means it is stronger and stiffer in compression
than in tension (Carter & Wong, 2003). The response
to compressive loading is governed largely by deformation of the highly hydrated matrix causing water to
be squeezed out, the anionic charges on proteoglycans
being brought closer together and stress-transfer to the
tensile reinforcing collagen fibrils (Wright & Dowson,
1976; Little et al., 2011). The response is non-linear and
depends strongly on the rate of loading. Some samples
may appear stronger in tension if they have a surrounding layer of perichondrium (Westreich et al., 2007); the
perichondrium itself may bear some of the load or it may
constrain the deformation of the cartilage thus apparently
increasing the modulus by restricting Poisson’s ratio effects (Aspden, 1990). Cartilage may be considered as a
biological fibre-composite material in which the collagen
fibres provide tensile reinforcement to a weak, highlyhydrated proteoglycan gel (Hukins & Aspden, 1985;
Aspden, 1994). The anisotropic material properties of
cartilage are due to the anisotropic arrangements of the
constituent collagen and proteoglycans (Aspden, 1994;
Xia et al., 2012; Al Dayeh & Herring, 2014; Klenner
et al., 2016). Studies have examined the relationship between histology and tensile failure for articular cartilage
(e.g., Sasazaki et al., 2006) and found that the collagen
fibres are able to reorientate relative to tensile strains.
Most analyses of cartilage have focused on mammalian articular cartilage (unmineralised hyaline cartilage) to
better understand the biomechanics of postcranial joints
(e.g., Hoch et al., 1983; Carter & Wong, 2003; Ferg
 uson
et al., 2003; Langelier & Buschmann, 2003; Burg
 in,
2003; Mansour, 2004; Sasazaki et al., 2006; Edels ten
et al., 2010; Little et al., 2011; Burgin et al., 2014). Due
to the interstitial fluid flow within cartilage the modulus
is strongly time-dependent and studies using impact loading provide Young’s modulus values of 50 to 200 MPa
(Jeffrey & Aspden, 2006; Burgin et al., 2014), whereas
those using slow loading report values that are typically
below 10 MPa (e.g., Hoch et al., 1983; Jin & Lewis, 2004;
Peters et al., 2017).
Values for other types of vertebrate cartilage are
available such as nasal, septal, and alar cartilages (e.g.,
Zahnert et al., 2000; Hu et al., 2003; Porter et al., 2006;
Gupta et al., 2009; Al Dayeh & Herring, 2014; Griffin,
2016a, b). These tissues have values that are less than 35
MPa and frequently less than 5 MPa (Westreich et al.,
2007; Al Dayeh & Herring, 2014; Columbo et al., 2013;
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Griffin et al., 2006a; Chang et al., 2020). Some regional
differences may exist (Griffin et al., 2006a) as well as
differences relating to the direction of loading (Richmon
et al., 2006). In pigs, the anterior nasal septum was found
to have a higher compressive stiffness and lower tensile
stiffness than the posterior portion (Al Dayeh & Herring,
2014: about 5 vs. 3 MPa and 0.5 vs. 0.8 MPa). Stiffness
values are also available for human auricular cartilage
(Zahnert et al., 2000; Westreich et al., 2007; Griffin
et al., 2016b). Again, there are some regional differences
but stiffness is generally less than 3 MPa (Griffin et al.,
2016b) and rarely as high as 25 MPa (Westreich et al.,
2007). The higher values are likely related to a surrounding layer of perichondrium (Westreich et al., 2007).
Mineralisation adds stiffness to cartilage such that
quasi-static loading of mineralised cartilage (elasmobranch vertebrae) has Young’s modulus values as high
as 564 MPa (Porter et al., 2006). The Young’s modulus
of the chondrocranium of chondrichthyan fish (tesselated
cartilage) varies significantly between taxa (Porter et al.,
2013). In some species it may still be less than 50 MPa
but in others it may exceed 700 MPa, or even in some
regions, and under certain loading conditions, begin to
approach the stiffness of bone (Porter et al., 2013; Liu
et al., 2014; Wroe et al., 2008).

Biomechanical modelling
Finite element analysis (FEA) of virtual computer models of the skull provides a powerful tool for testing specific biomechanical hypotheses (e.g., Moazen et al.,2008,
2009; Curtis et al., 2011a, b; Marcé-Nogué et al., 2015).
The approach can involve many steps (Fig. 3). In brief,
it involves building a model of the anatomical structure,
subdividing it into many simpler elements, and specifying material properties, constraints and loads appropriate for the question of interest (Fagan, 1996; Dar et al.,
2002; R oss , 2005; R ichmond et al., 2005; C urtis ,
2011; Rayfield, 2007; Tse et al., 2015; Wilken et al.,
2020). The model output has to be compared to other
sources of data to “validate” the results (e.g., Bright &
Gröning, 2011).
Anatomical model
In the past, representing the complex three-dimensional shape of the chondrocranium presented a significant
challenge (Wood et al., 1991; Lozanoff, et al., 1993;
Hofs tadler-Deiques et al., 2005): the chondrocranium
can be small and delicate, and it lies deep within the
skull. However, particularly in the last few years, a
wealth of detailed computer models have been successfully built for a range of vertebrate taxa including the
hagfish (Eptatretus burger; Oisi et al., 2015), lamprey
(Lethenteron reissneri; Oisi et al., 2015), various sharks
(Wroe et al., 2008; Howard et al., 2013; Mara et al.,
2015; Mcquiston, et al., 2017), coelacanth (Latimeria;
Dutel et al., 2019), various frogs (Roček et al., 2016;

Krings et al., 2017a, b), tuatara (Sphenodon punctatus;
Yaryhin & Werneburg, 2019), turkey (Meleagris gal
lopavo; Bourke & Witmer, 2016), mouse (Kaucka et al.,
2018; Tesařová et al., 2019), and various primates including humans (Lozanoff, et al., 1993; Manuel et al.,
2014; Tse et al., 2015; Leary et al., 2015; Shamouelian
et al., 2015; Huang et al., 2018; Smith et al., 2020).
Approaches used include assembly from histological sections (e.g., Hofstadler-Deiques et al., 2005; Oisi
et al., 2015), CT scanning (e.g., Tse et al., 2015; Krings
et al., 2017; Tesařová et al., 2019; Zheng et al., 2020;
Kaczmarek et al., 2020), or hypothetical and schematic
models (e.g., Lee et al., 2010; Manuel et al., 2014; Me
napace et al., 2020). Cartilage is not always well represented by x-rays even when using contrast stains such
as iodine or phosphotungstic acid (e.g., Metscher, 2009;
Gignac et al., 2015; Jones et al., 2019), but achieving
greater differentiation of cartilage is possible (Krings,
et al., 2017a; Zheng et al., 2020; Gabner et al., 2020).
For some subjects, magnetic resonance imaging may be
appropriate (Tse et al., 2015; Dutel et al., 2019).
Once the shape of the model is finalised, it is subdivided into very many simply shaped discrete elements
(e.g., hexahedra, tetrahedra) that mathematically approximate the deformation of the geometry under loading (Fagan, 1996; Dar, 2002; Richmond et al., 2005;
Rayfield, 2007). If the number of elements with respect
to the dimension of the structure of interest (mesh density) is insufficient, the analysis will incorrectly predict
the deformation of the model and fail to resolve strain
“hotspots” (Bright & Rayfield, 2011a).
Material properties
Before performing the analysis, the material properties of
the model must be specified, in particular Young’s modulus (E) (resistance to deformation, commonly referred to
as stiffness), and the degree of compression or expansion
of the material in the direction perpendicular to loading,
Poisson’s ratio (ν). Ideally, the values used should correspond as closely as possible to material properties of
the anatomical component being modelled. However, the
range of material properties used may be limited by the
software used and computer processing capacity.
Bones and teeth are often given uniform material
properties comprising a Young’s modulus value between
8,000 MPa (Z hang et al., 2001; T se et al., 2015) and
17,000 MPa (Kupczik et al., 2007; Gröning et al., 2011;
Curtis et al., 2013). Material properties of bone within
the same skull can show significant variation (e.g., Cuff
et al., 2015), and variable bone properties can be included within finite element models (e.g., McHenry et al.,
2007; Davis et al., 2011; Chamoli & Wroe, 2011). However, the degree of variation within bone is drastically
different from that between bone and cartilage. Therefore, representing cartilage and the cranial sutures which
hold the bones together may be more important than representing the variation within bones. Sutures, if included
in a model, are typically given a value of 20 MPa and
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Fig. 3. A protocol for in silico biomechanical analysis of the skull of the lizard Salvator merianae (Gröning et al., 2013; Jones et al., 2017).
Stage 1 involves multibody dynamics analysis (MDA) to establish likely loading (boundary) conditions whereas stage 2 involves a finite
element analysis (FEA) to predict strain distribution. Image attributions: live animal, Bjørn Christian Tørrissen via Wikimedia Commons
(CC BY-SA 3.0); in vivo measurements, Anthony Herrel; other images, the authors.

due to size constraints may be slightly enlarged relative
to actual size (Kupczik et al., 2007; Jones et al., 2017).
Cartilage, when included in models, has been given different values that are generally related to the species and
anatomical region being analysed (Wroe et al., 2008;
Lee et al., 2010; Leary et al., 2015; Jones et al., 2017).
Like bones, cartilage models tend to be given uniform
material properties (e.g., Lee et al., 2010; Leary et al.,
2015; Jones et al., 2017) but multiple values have been
used to represent regional variation (Wroe et al., 2008).
Models of nasal cartilage have been given low stiffness
values, e.g., 0.8 MPa (Leary et al., 2015). However, the
values used have generally been greater than those typically measured from fresh tissues (e.g., Griffin et al.,
2016a). To accommodate uncertainty, a range of values
can be used in different analyses to bracket the likely true
value (Dar, 2002; Jones et al., 2017). Nevertheless, when
using a model with a single homogenous material property, alterations to the specified material property may make
little difference to strain distribution, only magnitude
(Jones et al., 2017). The cartilage may also be given the
same values as bone to provide a control or baseline
comparison (Wroe et al., 2008; Jones et al., 2017). For
chondrichthyan tessellate cartilage a range of material
property values has been used (Wroe et al., 2008: 10 to
7047 MPa).
Analysing how the cartilage components of biomechanical models behave under high strain is challenging
because of the non-linear stress-strain-time relationships
in cartilage (Cohen et al., 1998; Menapace et al., 2020;
Cutcliffe & Defrate, 2020). Repetitive loading, such as
in chewing, may also result in an evolution of proper706

ties during the process; something used by some material
testing scientists as ‘preconditioning’ as it results in more
uniform and repeatable measurements. It is possible to
model and analyse this viscoelastic behaviour but it adds
further complexity to the model and may be computationally intensive (Cohen et al., 1998; Hu et al., 2003;
Tse et al., 2015; Huang et al., 2018).
Loading and boundary conditions
The loading and constraints used in the model must be
appropriate for the question being investigated (Ross,
2005; Rayfield, 2007; Porro et al., 2013; Marcé-Nogué
et al., 2015). To examine how different shaped nasal cartilages respond to nose tip depression the loading can be
very simple (Lee et al., 2010; Leary et al., 2015): anteroposterior deformation. However, to analyse the role
of the chondrocranium in the context of the entire skull
the loading is necessarily much more complex. One approach is to estimate the loading from the muscles and
bite reaction forces using a detailed representation of the
muscles and multibody dynamics analysis (Curtis et al.,
2010; Gröning et al., 2013). This method ensures that the
muscle loading and bite reaction forces are in equilibrium, reducing the need for the (incorrect) application of
a rigid constraint at a connection point between the skull
and neck (Moazen et al., 2008).
Validation
To understand the usefulness or limitations of a biomechanical model it is necessary to compare model output

Taxon

Human
Cow
Rabbit – 6 – 9 months
Human
Rabbit – 19 months
Human
Rabbit – 6 – 9 months
Rabbit – 19 months
Human
Human
Human
Human
Human
Cow
Cow
Human
Human
Human
Human
Human
Human
Human
Human
Cow
Human
Gulper shark
Torpedo ray
Short finned mako
Sandbar shark
Gulper shark
Smooth hammerhead
Silky shark

Material

Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage
Mineralised cartilage

species
sapiens
taurus
cuniculus
sapiens
cuniculus
sapiens
cuniculus
cuniculus
sapiens
sapiens
sapiens
sapiens
sapiens
taurus
taurus
sapiens
sapiens
sapiens
sapiens
sapiens
sapiens
sapiens
sapiens
taurus
sapiens
granulosus
californica
oxyrinchus
plumbeus
granulosus
zygaena
falciformis

Genus

Homo
Bos
Oryctolagus
Homo
Oryctolagus
Homo
Oryctolagus
Oryctolagus
Homo
Homo
Homo
Homo
Homo
Bos
Bos
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Homo
Bos
Homo
Centrophorus
Tetronarce
Isurus
Carcharhinus
Centrophorus
Sphyrna
Carcharhinus
Nasal cartilage (medial)
Articular cartilage (patella)
Articular cartilage (tibia, lateral)
Nasal cartilage (rostrocaudal)
Articular cartilage (tibia, lateral)
Nasal cartilage (dorsoventral)
Articular cartilage (tibia, medial)
Articular cartilage (tibia, medial)
Nasal cartilage
Auricular catilage (helix)
Auricular catilage (tragus)
Auricular catilage (antihelix)
Auricular catilage (anti-tragus)
Articular cartilage (patella)
Nasal cartilage
Alar cartilage
Auricular catilage (concha)
Alar cartilage
Septal cartilage
Septal cartilage
Auricular catilage (tragus)
Auricular catilage (concha)
Septal cartilage
Articular cartilage (femur)
Articular cartilage (femur)
Vertebral cartilage
Vertebral cartilage
Vertebral cartilage
Vertebral cartilage
Vertebral cartilage
Vertebral cartilage
Vertebral cartilage

Sample

Young
Modulus
(E) MPa
0,44
0,45
0,53
0,66
0,66
0,71
0,76
0,81
0,98
1,41
1,67
1,71
1,79
1,79
2,03
2,06
2,08
2,12
2,50
2,74
2,80
3,40
3,47
5,00
19,00
20,00
25,50
329,40
396,90
425,80
523,40
563,90

Poisson
Ratio (ν)
MPa
na
0,46
na
na
na
na
na
na
na
na
na
na
na
0,53
0,24
na
na
na
na
na
na
na
na
na
na
na
na
na
na
na
na
na
Compression test
Nanoindentation
Nanoindentation
Compression test
Nanoindentation
Compression test
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Compression test
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Nanoindentation
Tensile extension
Tensile extension
Nanoindentation
Nanoindentation
Nanoindentation
Compression test
Compression test
Compression test
Compression test
Compression test
Compression test
Compression test

Table 1. Example material properties recorded for various samples of cartilage. Note that the lower values reported in Jin & Lewis (2004) represent the initial response.

Richmon et al. 2006
Jin and Lewis 2004
Hoch et al 1983
Richmon et al. 2006
Hoch et al 1983
Richmon et al. 2006
Hoch et al 1983
Hoch et al 1983
Griffin et al 2016a
Griffin et al 2016b
Griffin et al 2016b
Griffin et al 2016b
Griffin et al 2016b
Jin and Lewis 2004
Columbo et al. 2013
Griffin et al 2016a
Griffin et al 2016b
Griffin et al 2016a
Griffin et al 2016a
Griffin et al 2016a
Zahert et al. 2000
Zahert et al. 2000
Griffin et al 2016a
Peters et al 2017
Ferguson et al. 2003
Porter et al. 2006
Porter et al. 2006
Porter et al. 2006
Porter et al. 2006
Porter et al. 2006
Porter et al. 2006
Porter et al. 2006

Reference
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to other sources of data. For computer-generated biomechanical skull models, “validation” can be obtained by
comparisons to in vivo bite force performance (Fig. 3,
Gröning et al., 2013; Sellers et al., 2017), in vivo muscle activity (Curtis et al., 2010), or in vivo and ex vivo
strain (Remler, 1998; Carter & Wong, 2003; Bright
& Rayfield, 2011b; Bright & Gröning, 2011; Gröning
et al., 2012; Porro et al., 2013, 2014; Cuff et al., 2015).
These validation approaches are easier for some species
than they are for others. Bite force performance can be
estimated by encouraging test subjects to bite on custom
bite force transducers (e.g., Dessem & Druzinsky, 1992;
Paphangkorakit & Osborn, 1998; Herrel et al., 1999;
Anderson et al., 2008; Lappin & Jones, 2014; Van Vu
uren et al., 2020). This approach has been used successfully for a range of taxa, notably crocodylians, lizards,
bats, and rodents but also sharks (Dessem & Druzinsky,
1992; Herrel et al., 1999; Huber et al., 2005; Becerra
et al., 2011; Erickson et al., 2012; Lappin & Jones, 2014;
Lappin et al., 2017; Jones et al., 2020). Muscle activity
can be measured using electromyography (Loeb et al.,
1986; Dessem & Druzinsky, 1992) although the relationships between EMG measurements and actual force
remain problematic to determine with certainty. Surface
strain can be measured using strain gauges (BucklandWright, 1978; Ross & Hylander, 1996; Thomason,
et al., 2001; Ross & Metzger, 2004; Bright & Rayfield,
2011b; Cuff et al., 2015) or electronic speckle pattern interferometry (Bright & Gröning, 2011; Gröning et al.,
2012). Internal strain can be measured using loading
within a CT scanner (Evans et al., 2012).
Due to the possibility of intraspecific variation, comparisons should ideally be specimen-specific (Grön
ing et al., 2013). Also, as cautioned by Lappin & Jones
(2014), “if model predictions do not match in vivo data
there are three possibilities prima facie: the model is in
error, the in vivo data are in error, or both are in error.”
It should not be assumed that estimates of strain or bite
force performance collected in vivo are 100% correct.
Even when biomechanical models and empirical data do
correspond, it can be due to chance alone (Niklas, 1992;
Alexander, 2003). Hence, multiple parallel comparisons
and sensitivity analyses are desirable.
Example Finite Element Analyses of chondro
crania
To date, only a handful of studies have used computer
modelling to examine the biomechanics of chondrocranial structures. Most of these have focused on the nasal
cartilage in humans (e.g., Lee et al., 2010; Manuel et al.,
2014; Shamouelian et al., 2015; Tse et al., 2015; Leary
et al., 2015; Huang et al., 2018), but there has also been
one focused on a tegu lizard (Jones et al., 2017) and another study of possible relevance on the great white shark
(Wroe et al., 2008).
Analyses of humans have identified where strains
might concentrate in nasal cartilages of particular shapes
when the nose is depressed (e.g., Lee et al., 2010; Ma
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et al., 2014; Leary et al., 2015). They have also
helped identify the relationship between loading and deformations associated with cleft lip (Huang et al., 2018).
Models investigating hypothetical traumatic anterior impacts suggest that, at least in humans, the nasal cartilage
can absorb significant amounts of impact energy that
might otherwise damage the brain (e.g., Lee et al., 2010;
Tse et al., 2015). To date, most studies have modelled the
nasal cartilage as linear elastic (e.g., Manuel et al., 2014;
Leary et al., 2015; Tse et al., 2015; Menapace et al.,
2020) but future work is likely to pursue more accurate
representation (Menapace et al., 2020).
In the adult black and white tegu lizard, Salvator meria
nae, the chondrocranium was found to have little impact
on the strain generated from anterior or posterior biting
regardless of material properties used (Jones et al., 2017).
When the chondrocranium was modelled as bone (17,000
MPa), strains were lower in some regions of the cranium
but only slightly (Jones et al., 2017). Within the chondrocranium itself, strains were twice as large during anterior
biting compared to posterior biting (Jones et al., 2017).
Moreover, for both anterior and posterior biting, the greatest strains were located anteriorly rather than posteriorly,
and these were tensile rather than compressive (Jones
et al., 2017). These results do not suggest that the chondrocranium provides a vertical support structure in lizards
(Moss et al., 1968; Stenström & Thilander, 1970; Kem
ble, 1973). Perhaps this result is not surprising given the
maturity of the animal used in the analysis and the huge
difference in the material properties of bone and cartilage.
It remains possible that the chondrocranium has a greater
role in juvenile or paedomorphic lizards. Moreover, the
chondrocranium is also still likely important for supporting the eye and associated muscles (Pearson, 1921).
A biomechanical analysis of biting in the great white
shark, Carcharodon carcharias, did not measure strain in
the chondrocranium but it did examine stress and strain
in the tessellated cartilage jaws (Wroe et al., 2008).
Analyses found that despite being less stiff than a model
given the material properties of bone, the jaws could still
apply significant bite forces, as previous bite force estimates from other sharks might suggest (Huber et al.,
2005). These results provide further evidence that cartilage can represent a support material when adequately
mineralised.
nuel

Discussion
The chondrocranium is highly variable among vertebrates and this variation may reflect its function and biomechanical role. To date, its biomechanical role remains
poorly known in most taxa. The extreme replacement of
the chondrocranium with bone in amniotes is associated
with greater rigidity of the skull and any flexion restricted to a small number of specific zones (de Beer, 1930;
Kaucka & Adameyko, 2019). Cartilage is less stiff than
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bone and may, therefore, seem less suitable for use in levers, applying bite force, or resisting feeding loads. Amniotes, which generally employ powered bites, may have
sophisticated oral food processing (Reilly et al., 2001;
Ross et al., 2009; Jones et al., 2012), and often retain
only a small fraction of the chondrocranium as cartilage.
Nevertheless, the jaw muscles of hagfish (which lack
bone) are estimated to generate similar forces to those
of gnathostomes (Clark & Summers, 2007) and tadpoles
can pursue carnivorous and even macrophagous diets
with minimal mineralisation and replacement by bone
(e.g., Candioti, 2007; Haas et al., 2014; Klinger-Stro
bel et al., 2020). With their mineralised cartilage, chondrichthyan fish can attain large body sizes and employ
great bite forces (Huber et al., 2005; Wroe et al., 2008).
Moreover, complex oral food processing is not restricted
to amniotes (e.g., Heiss et al., 2019).
In mammals the location of the chondrocranium along
the long axis of the snout and the results of its experimental removal in the young have led to suggestions that it
might provide a vertical strut that serves to resist compressive loading (Moss et al., 1968; Stenström & Thil ander,
1970; Kemble, 1973). Alternatively, measurements of in
vivo strain and comparisons of material properties in pigs
raised the possibility that the chondrocranium is involved
in dampening strain within the snout (Al Dayeh et al.,
2009; Al Dayeh & Herring, 2014; Lee et al., 2010). In
humans the nasal cartilage clearly provides some support to the nose, and its capacity to deform may be useful for accommodating some forms of trauma (Lee et al.,
2010; Tse et al., 2015). The general relationships between
nose shape, regional climate, and sexual attraction and
communication in humans remain unclear and controversial (Calder & Young, 2005; Mikalsen et al., 2014;
Zaidi et al., 2018), but disruption to the nasal cartilage
can impact individual life quality (Griffin et al., 2016a;
Lavernia et al., 2019). Therefore, understanding the biomechanical properties of this part of the chondrocranium
may improve the potential of aesthetic, corrective, and
reconstructive surgery (Griffin et al., 2016a; Lavernia
et al., 2019). Biomechanical modelling of the chondrocranium in lizards did not support the hypothesis that
it represents a load bearing vertical strut (Jones et al.,
2017). However, the lizard modelled, the South American tegu, Salvator merianae, was a very heavily built
adult. It is possible that the chondrocranium is more important in small or juvenile lizards (Hallermann, 1992).
Computer-based analyses provide the potential for
parallel analyses of different taxa, different life stages,
and hypothetical models that could establish the relationship between observed morphological variation and
biomechanical performance. The material properties of
cartilage are challenging to model but the potential to
gather empirical data is increasing (Lakin et al., 2017).
When modelling parts of the chondrocranium with the
skull, one issue that requires attention is how to model
the connection between the bone and cartilage. The nature of the interface between the skull and nasal cartilage
appears relatively poorly known (Hafkamp et al. 1999).

In pigs it was found to differ between regions (Al Dayeh
& Herring, 2009): the connection between the nasal
cartilage and premaxilla, nasal, and frontal bones was fibrous, but a pad of loose connective tissue connected the
same cartilage to the vomer. How the interface between
the two materials is modelled will affect how strains are
transferred between them and in turn the overall strain
distributions. Connections between different parts of the
nasal cartilage may also be important (Shamouelian et
al., 2015).
Understanding the sources of biological variation is
a core goal of the biological sciences. Therefore, as well
as improvement to model detail and validation, a wider
range of vertebrate subjects should be examined, in particular larvae, juveniles, and very small adult animals.
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