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Abstract: From its first appearance in early vertebrates, the spine evolved the function of protecting
the spinal cord, avoiding excessive straining during body motion. Its stiffness and strength provided
the basis for the development of the axial skeleton as the mechanical support of later animals,
especially those which moved to the terrestrial environment where gravity loads are not alleviated by
the buoyant force of water. In tetrapods, the functions of the spine can be summarized as follows:
protecting the spinal cord; supporting the weight of the body, transmitting it to the ground through
the limbs; allowing the motion of the trunk, through to its flexibility; providing robust origins and
insertions to the muscles of trunk and limbs. This narrative review provides a brief perspective on the
development of the spine in vertebrates, first from an evolutionary, and then from an embryological
point of view. The paper describes functions and the shape of the spine throughout the whole
evolution of vertebrates and vertebrate embryos, from primordial jawless fish to extant animals such
as birds and humans, highlighting its fundamental features such as strength, stability, and flexibility,
which gives it huge potential as a basis for bio-inspired technologies.
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1. Introduction

The spine is the defining feature of vertebrates, a large group of animals with more than 66,000
extant species [1]. The spine has the main function of protecting the spinal cord from traumas and
excessive straining which may occur during body motion [2]; in addition, the stiffness and stability of
the spine provide the capability of supporting the body weight and the forces generated by muscles
to allow for locomotion and physiological activities, especially in animals living in the terrestrial
environment where the gravitational load is not partially supported by buoyancy.

Vertebrates colonized the whole world as they thrive in many environments, such as seas, rivers,
swamps, forests, grassland, mountains, and deserts [3]. Terrestrial vertebrates employ a number of
locomotor behaviors, such as quadrupedal and bipedal walking and running, hopping, and brachiation,
as well as flight, thus demonstrating the biomechanical validity and efficiency of the body plan based
on a vertebral column [3].

This narrative review describes the fundamental anatomy and features of the spine, highlighting
its strength, stability, and flexibility, first from an evolutionary and then from an embryological
perspective. Finally, a brief overview about the potential of the spine as a basis for bio-inspired
technologies, especially in the field of structural engineering, is reported.
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Vertebral Anatomy

Vertebrae are the fundamental and characterizing components of the spine. Although the anatomy
of the vertebra widely varies among vertebrate species, some recurring elements can be identified
(Figure 1) [4,5]. The centrum, or vertebral body, represents the structural core of the vertebra. Two
arches, the neural arch in the dorsal direction and the hemal arch in the ventral direction, project from
to the centrum; the spinal cord occupies the space between the posterior wall of the centrum and the
inner surface of the neural arch. The tips of the two arches are named the neural spine and hemal spine,
respectively; in the clinical literature, the neural spine is most commonly referred to as spinous process.
Not all vertebrates possess the hemal arch and spine; even in species which have them, they may not
be present in all spine regions. The zygapophyses, or articular processes, protrude from the neural arch
caudally and cranially. The diapophyses, commonly named transverse process in the clinical literature,
project laterally from the neural arch, whereas the parapophyses project from the centrum [5].
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2. A Biomechanical Perspective on Spine Evolution

2.1. Jawless Fish

The presence of a spine is shared by all extant vertebrates, including the oldest surviving class of
Myxini (hagfish), which are jawless fish believed until recently to possess a skull but not a vertebral
column [5,7,8]. Although no signs of vertebrae can be found during a macroscopical anatomical
examination of hagfish, a recent genetic study determined that a rudimentary spine, which develops in
the embryo with the same mechanisms observed in the other vertebrates, exists [8].

The living jawless fish, i.e., hagfish and lampreys (cyclostomes), were long believed to be
“degenerated” forms of ostracoderms, the armored jawless fish which were predominant in the
Ordovician and Silurian (485 to 419 million years ago), after losing the dermal skeleton and paired
fins [9,10], as well as the spine in the case of the hagfish. The discovery of the first lamprey fossil,
Mayomizon pieckoensis [11], which shared many characteristics with the extant species, and was almost
contemporary of the late ostracoderms, started to cast doubts on the belief that cyclostomes could have
derived through “degeneracy” from ostracoderms [9,12]. Although recent studies confirmed that the
ancestors of lampreys and hagfish were more complex than the living species [13], research seems to
indicate that cyclostomes split from ostracoderms before the appearance of bone tissue and were, thus,
not a “degenerated” form of them [12,14].

Lampreys are currently an important model for the study of the evolution of vertebrates since
they retain primitive characteristics from the ancestral vertebrates, but they are at the same time close
relatives to animals having a proper bony skeleton such as modern fish, the osteichthyes [15], such as
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for example Perca fluviatilis. Lampreys can be subjected to examination with numerous experimental
techniques [16]. They do not possess a bony skeleton but have a cartilaginous cranium, a fused
branchial basket to support the pharynx [17], and small rudimentary vertebrae, i.e., neural arches
connected to the notochord, a long fibrous structure which follows the cranio-caudal axis of the body [9].
The presence of the notochord in any stage of the life cycle, independently of the presence of a proper
spine or not, together with other features (dorsal nervous system, pharyngeal slits), defines the phylum
Chordata, which includes hagfish, lampreys, vertebrates, and tunicates [18].

In both lamprey and hagfish, vertebral elements have a negligible ability to provide biomechanical
support to the body; this function is carried out by the notochord, which remains prominent even in
adult individuals [19,20]. Although there is no evidence of vertebral elements in ostracoderm fossils,
they also possibly possessed rudimentary vertebral elements [5].

2.2. Jawed Fish

The first fish with opposing jaws appeared in the Silurian and became dominant in the Devonian
(419–358 million years ago) [5]. Placoderms, which had their head and part of the trunk protected by
bone plates, were among the first jawed fish; a recent study suggested that some placoderms may have
had a bony jaw skeleton, thus disproving the consolidated theory that modern bony fish evolved from
jawed ancestors with a cartilaginous skeleton, the chondrichthyes, today represented by sharks and
rays [21].

Jawed fish are the first animals, from a phylogenetic point of view, which have cartilaginous or
bony vertebrae [9]. Vertebrae in jawed fish include the neural arch and spine, the centrum, and the
hemal arch and hemal spine in the caudal region, which protect the caudal artery and vein (Figure 2) [5].
The centrum can be either fused or be composed of a variable number of bones, such as intercentra
and pleurocentra. Ribs are connected to the vertebrae, most commonly in two sets, i.e., ventral and
dorsal. Fish do not possess a sternum. Bone density is generally relatively low; indeed, skeletal loads
during locomotion are limited by the buoyant support in the aquatic environment [22,23].

In primitive jawed fish, both with a cartilaginous or bony skeleton, the notochord retains the major
role of structural support for the body [24]. Findings of early chondrichthyes such as Acanthodes sulcatus
showed vertebral elements, namely, neural and hemal arches, and no signs of developed centra [25,26].
Phylogenetically older teleosts, such as sturgeons, e.g., Acipenser sturio, and living sarcopterygii, i.e.,
lobe-finned fish such as Latimeria chalumnae, have a prominent notochord connected to bony elements
such as ribs, neural and hemal arches, and spines, with no evident centra [27,28]. Fossils of Saurichthys
curionii, an early ray-finned fish, showed non-ossified vertebral centra and well-defined neural and
hemal arches not fused in the midsagittal plane [29]. Modern bony fish such as Danio rerio have
well-defined centra [30] which provide the main structural support to the skeleton; the notochord
is retained but most commonly segmentally interrupted, and acts as a connective pad between the
adjacent centra, providing stiffness in bending [31] (Figure 2). Despite their remote split with teleosts
and their lack of bone tissue, modern sharks share a similar spinal anatomy with prominent centra
with a major structural role; however, the centra are hollow, and the notochord is continuous although
constricted at the center of each centrum [5].
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2.3. Tetrapods

In the Devonian period, aquatic vertebrates started to colonize the terrestrial environment. At first,
transitional forms between lobe-finned fish and four-limbed animals, i.e., tetrapods, conducted a
predominantly aquatic or semiaquatic life in shallow water and swamps, where the limbs were effective
in enhancing the locomotion; outside of water, the stride was slow and likely required a high energy
expenditure [33]. The limbs, derived from the paired fins, were connected to the spine by means of the
shoulder and the pelvic girdles [34]. Whereas in fish the shoulder girdle (the articulation between the
pectoral fins and the rest of the skeleton) is part of the skull complex, shoulders are detached from the
skull in tetrapods, resulting in a higher degree of mobility of forelimbs and neck at the expense of a
deterioration of the hydrodynamic performance [35,36].

Regarding the hindlimbs, which are homologous to the pelvic fins in fish [37], in early tetrapods,
they were connected to the spine through two bony elements which formed a girdle by articulating at
the pubic symphysis [5]. A solid connection between the pelvis and the spine able to resist the large
propulsive forces generated by the hindlimbs was ensured by the sacrum [37], a set of fused vertebrae
and ribs which articulated directly with the pelvic bones. The sacrum first evolved in basal tetrapods
which conducted an aquatic life, such as Acanthostega. In these tetrapods, the pelvic girdle and the
spine were mechanically connected by means a ligamentous complex, probably only allowing for brief
periods of land locomotion [38]. Other early tetrapods such as Ichthyostega had a more robust sacrum,
ilium, and ischium, as well as wider insertions for the muscles acting in terrestrial locomotion, which
permitted longer periods of moving between different water sources [36].

In addition to the limbs, terrestrial life and locomotion forced extraordinary changes to the
structure of the axial skeleton of tetrapods. Since their bodies could not count on the buoyant support
of water anymore, the loads acting on vertebrae and notochord dramatically increased [33]. Whereas
in fish and transitional vertebrates vertebral centra were frequently composed by several bones linked
by cartilage and connective tissue, tetrapods developed sturdy fused vertebral bodies with higher bone
density. In tetrapods, the structural role of the notochord was generally minor, even if this structure
showed a large variability among early ones [38,39]. Robust dorsal ribs articulated with both the
centrum and the neural arch replaced the thin ribs found in fish [38]; the ventral tips of the ribs were
connected in the sternum, which mechanically closed the rib cage and offered stable insertion locations
for chest muscles (Figure 3) [5]. Some extant tetrapods such as snakes and turtles do not possess a
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sternum, whereas it is commonly prominent and even keeled in birds, in order to sustain the high
forces generated by the powerful muscles of the wings, as well as to provide them sturdy insertion
points [5,40]. Reptiles possess cervical ribs [41], as well as birds, albeit smaller and fused with the
vertebrae [42] (Figure 3). In mammals, ribs are present only in the thoracic spine, whereas cervical and
lumbar vestigial remnants are fused with the transverse processes [5].Biomimetics 2019, 4, x FOR PEER REVIEW 6 of 24 
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Figure 3. Axial skeleton of a reptile, the extinct Titanophoneus (top, tail not completely shown) and a
mammal, Felis catus (bottom), highlighting the presence of cervical, thoracic, and lumbar ribs in the
former, and of the rib cage and sternum in the latter.

The increase of mechanical loads in the spine due to the transition to terrestrial life also included a
rise of the bending moments [43]. Zygapophyses, interlocking processes which limit the flexibility of
the spine in extension which already existed in fish, further evolved as a passive mechanism, effective
in preventing sag (Figure 4) [44]. The zygapophyses also restrict twisting motion [45], which became
critical as terrestrial locomotion also involves high torsional loads which are significantly lower in
aquatic life [43]. Snakes and several other reptiles possess an accessory set of articulations with a
function similar to that of the zygapophyses, the zygosphene–zygantrum joints, which further stabilize
the spine in torsion while not affecting flexion–extension and lateral bending (Figure 4) [46]. Another
accessory articulation, the hyposphene–hypantrum, was observed in fossil reptiles and probably had
the function of stabilizing the spine in compression, facilitating dinosaur gigantism at the cost of
reduced flexibility [47]. Interestingly, in many cetaceans, marine mammals evolved from terrestrial
progenitors, whereby anatomical structures with a peculiar non-aquatic function such as zygapophyses
and the pelvis were lost, restricted to some spinal regions, or even reduced to vestigial remnants [48].
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In the latter, the zygosphene–zygantrum joints are also highlighted (in green and blue). Top: cranial
view; bottom; caudal view. Part of the figure was adapted from Reference [49].

2.4. Spine Regionalization and Specialization

The vertebral column of fish is differentiated in two regions: the trunk vertebrae, which cover
the portion of the body between the skull and the tail, and the caudal spine [50]. Trunk vertebrae are
connected to the ribs and feature neural arches and spines, whereas caudal ones have no ribs; however,
in addition to the neural arch, they possess a hemal arch protecting the caudal artery and vein [5].
In early tetrapods such as Ichthyostega, the presence of the shoulders determined the appearance of the
neck, i.e., the cervical spine; cervical vertebrae were rather similar to those in the trunk [51]. In contrast
to most sarcopterygii, which possess a series of dermal bones connecting the skull to the shoulder
girdle, in early tetrapods, the bony connection between head and upper limbs existed only in the
cervical spine [52,53]. The sacrum divided the caudal spine from the trunk [53].

In amniotes, i.e., reptiles, birds, and mammals, spinal regions typically comprise the cervical,
thoracic, lumbar, sacral, and caudal spines [54], which show a high specialization aimed at optimizing
their function based on the environment and on the behavior of the species. The anatomy of the cervical
spine shows a large variability among tetrapods; whereas the number of vertebrae is highly variable in
reptiles and birds, all mammals possess seven cervical vertebrae, with the only exception of sloths
(which have 5–9 cervical vertebrae depending on the species) and manatees (six cervical vertebrae) [55].
However, in all amniotes, the first two cervical vertebrae, named atlas and axis, developed a peculiar
anatomy which allows for large flexibility in torsion, facilitating the head motion [56,57]. The neck of
birds is generally highly mobile, due to both a high number of vertebrae (13 to 25) and the shape of
the vertebrae themselves [58], in particular the facies articularis cranialis and caudalis which join the
adjacent vertebral bodies [59]. The large head mobility effectively compensates for the immobility of
the eyes and improves the dexterity of the beak while feeding and performing other tasks (Figure 5).
Moreover, the cervical flexibility is fundamental in head-bobbing, i.e., the capability of stabilizing the
head during terrestrial locomotion and flight [59].

Compared to the neck, birds have a fused middle and lower spine, in which the sacrum is fused
with lumbar vertebrae, the posterior aspect of some thoracic vertebrae, and possibly caudal ones [5,58].
The large but light bony element resulting from the fused vertebrae is named the synsacrum and
provides strength and a stable axis to the body during flight (Figure 5) [60]. In several bird species,
pelvic bones are also fused to the synsacrum, resulting in a large pelvis complex with an elaborate
shape [42]. Caudal vertebrae are fused in the pygostyle, to which the tail feathers are attached, which
provides advantages in flight control [61].
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with the facies articularis caudalis of the next vertebra; their shapes allow for a large range of motion.
Adapted from Reference [62].

Mammals exhibit a strong differentiation between the thoracic and the lumbar spine, with the former
being generally stiff and the latter being flexible and adapted to the specific locomotion schemes [63,64].
Although the number of vertebrae in mammals is relatively homogeneous [65], the high morphological
variability of vertebrae allows the mammal spine to cover a wide range of biomechanical properties,
thus allowing it to adapt to several behaviors such as running, jumping, swimming, and crawling along
tree branches [66]. A recent paper demonstrated that, although phylogeny and size constraints are
fundamental determinants of the morphology of the lumbar spine in mammals, locomotor ecology
factors had a major influence as well [63]. In the paper, the authors described strong differences in
species adapted to asymmetric gait, i.e., running, such as Equus caballus and Crocuta crocuta, which
exhibited elongated neural spines and transverse processes, with respect to species with fossorial,
scansorial, and arboreal behaviors, like Talpa europea and Ailurus fulgens, which have more developed
articular processes providing stable insertions for muscles used for digging and climbing.

2.5. Bipedalism

Although the majority of vertebrates use quadrupedal posture and gait, several bipedal species
exist or previously existed. The adoption of bipedalism involved profound changes in the biomechanical
environment of the spine due to the altered loading conditions and motion requirements, which
resulted in various strategies adopted by different species.

All extant birds are bipeds when not flying, and inherited this characteristic from their dinosaur
ancestors [67]. Several lizard species adopt a bipedal gait when high speed is required, for example, for
escaping from predators [68]. Kangaroos and several rodents move by hopping in an erect posture [69,70].
Furthermore, some primates which conduct a mostly arboreal life such as gibbons have a bipedal
posture when on the ground [71]. Great apes such as chimpanzees and gorillas most commonly walk
on four limbs but can adopt a bipedal gait for short routes [72]. Although humans can also move in a
quadruped fashion, such as in the infant age, their favored gait and posture are notoriously bipedal.

Bipedalism evolved independently several times in vertebrates, resulting in distinct biomechanical
strategies which can achieve it in an energy-efficient manner [73]. In archosaurs, i.e., the group which
includes crocodilians and dinosaurs, as well as birds, it is believed that bipedalism evolved in parallel
with gigantism, since long bones are more effective and strong under the high loading resulting from
the body weight if their main axis is aligned with gravity, i.e., vertical [74]. In fact, bone tissue has high
mechanical strength in compression but is more susceptible to fractures if loaded in bending, which
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would result from a horizontal alignment like the one resulting from the sprawling posture common in
the ancestors to dinosaurs [75] (Figure 6).
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Figure 6. The sprawling (left) and erect (right) postures. In the sprawling posture, the long bones of
the limbs are mostly loaded in bending, whereas the load becomes mostly compressive when standing
erect. Adapted from Reference [76].

In dinosaurs, forelimbs are relatively underdeveloped with respect to hindlimbs, which retain
the major role in standing and locomotion [77]. Even if they employed an erect posture, the spine
in the trunk maintained a horizontal alignment; the weight of the trunk was counterbalanced by a
massive tail so that the center of mass of the body roughly corresponded with the hip joint [78]. Indeed,
in early archosaurs, the spine was not significantly impacted by the adoption of the erect posture.
Pseudosuchians, i.e., crocodiles and their ancestors, did not further develop bipedalism and later even
reverted to a quadruped sprawling terrestrial gait, in agreement with their semi-aquatic life as ambush
predators [78]. On the contrary, the early ornothodirans, the common ancestors of birds, developed
a highly flexible neck and a stiff low back (the synsacrum), which are still observable in birds [78].
Trunk alignment in birds is indeed still generally horizontal, and the static equilibrium of the body is
facilitated by the lightness of their hollow bones [67,79].

Primate bipedalism, particularly in humans, involves different mechanisms with respect to the
erect posture of dinosaurs and birds. Indeed, when a primate is in the erect posture, its spine is mostly
vertical; therefore, there is no need for a heavy tail counterbalancing the weight of the trunk [72].
These novel postures required profound adaptations of the spinal anatomy with respect to non-bipedal
mammals, which have a spinal anatomy designed to permit quadrupedal locomotion [72].

As mentioned above, in a horizontal posture, the weight of the trunk induces an extension
loading on the spine, especially in the lumbar region, whereas a vertical spine is mostly loaded in
compression [80] (Figure 7). Indeed, several studies conducted on human cadaver spines, as well
as on patients with telemeterized implants, showed that the spinal loading in human standing is
well represented by a purely compressive follower load, i.e., a compressive load which follows the
curvature of the spine [81–83]. Measurements conducted on sheep in vivo and in vitro showed that,
although the intradiscal pressures were similar or even higher than those in human spines, compressive
forces ranged between 58 and 130 N, versus 400–600 N in humans with comparable body weight [84];
therefore, in quadrupeds, non-compressive loads play a major role.

In addition to zygapophyses, mammal quadrupeds developed three anatomical protection
mechanisms to avoid harmful hyperextension, where a large extension motion can result in pinching and
excessive strain of the neural structures (Figure 8). Firstly, the transverse processes are most commonly
ventrally located [80]; therefore, an extension motion creates a tensile stress in the intertransverse
ligament, which limits the vertebral rotations. Secondly, facet joints present curved, encompassing
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articular surfaces, which tend to strongly interlock if loaded in extension [85]. Thirdly, in most
quadrupeds and monkeys, lumbar vertebrae possess a styloid process which acts as an osseous
block to facet sliding in extension [80]. In apes and humans, all three anatomical features were lost
(Figure 8); transverse processes are dorsally located with respect to the center of rotation in extension,
the interlocking of the facet joints in extension does not occur, and the styloid process is absent [80].
Therefore, the spines of humans and apes appear to be unable to sustain a habitual quadrupedal gait
and locomotion, and they are, therefore, designed to be subjected to mostly axial loads as those found
during brachiation and bipedalism [85].Biomimetics 2019, 4, x FOR PEER REVIEW 11 of 24 
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Nevertheless, the spine of great apes such as chimpanzees, bonobos, and mountain gorillas is not
fully optimized for the erect posture; indeed, although these primates conduct a mostly terrestrial life,
their anatomies are also well adapted to climbing trees and brachiation, which are major activities in
their daily lives [86,87]. Apes have an elongated pelvis and a single continuous curvature of the spine,
thereby assuming a C-shape [72]. When standing erect, the center of mass of the trunk in chimpanzees
is located anteriorly to the hip joints and to the sacrum, resulting in a forwardly imbalanced standing
posture, which is partially counterbalanced by appropriate positioning of the forelimbs (Figure 9). This
alignment results in high energy expenditure during bipedal gait, which is, therefore, seldom used,
and only for short routes [86,88]. Skeletal signs of a habitual erect posture appeared after the split
between the other extant apes and humans, 5–11 million years ago [89]. Findings of lumbar vertebrae
of australopithecines show a higher degree of wedging (the angle between the superior and inferior
endplates of the vertebral body) with respect to extant great apes, compatible with a lumbar lordosis (the
angle between the superior endplate of the most cranial lumbar vertebra and the inferior endplate of the
most caudal one in the standing posture) of approximately 41◦ [90,91], fairly similar to that of modern
humans (51◦ on average). Interestingly, findings of Homo neanderthalensis revealed smaller lordotic
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angles (around 29◦), which might be related to postures and locomotory strategies distinct from those
of modern humans [90,91]; researchers hypothesized that the lower lordosis might be advantageous in
walking on sloped terrain, which was likely common in their natural habitat [92]. In parallel to the
increase of lumbar lordosis, hominins progressively adapted the shape of the sacrum and pelvis to
bipedalism (Figure 9). Whereas the sacral endplate is horizontal in chimpanzees and mountain gorillas
in standing, in humans, it has a slope typically between 30◦ and 60◦ [93]. It is interesting to note that the
pelvic incidence of the human fetus was shown to be comparable to that of the chimpanzees, whereas
the distinguishing features of the pelvic shape are developed only after birth [94].Biomimetics 2019, 4, x FOR PEER REVIEW 12 of 24 
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non-bipedal primates (macaque, left) in comparison with humans (right). Ventral transverse processes
determine tensile stress in the intertransverse ligament in extension, which limits the vertebral rotations.
Lumbar vertebrae commonly possess a styloid process which acts as an osseous block to facet sliding
in extension. In humans, these protection mechanisms were lost; transverse processes are dorsally
located, and the styloid process is absent. Furthermore, facet joints have fewer encompassing shapes
and do not strongly interlock in extension.

The adoption of the erect posture and bipedal gait induced adaptations in the musculature of the
back. In hominoids, the strongest back muscles, namely, the erector spinae (iliocostalis, longissimus,
spinalis), together with the multifidus, are dorsally located with respect to the vertebrae and function,
therefore, as extensors [95,96] (Figure 10). Their mechanical role is counterbalanced by the rectus
abdominis, which is located ventrally with respect to the spine and abdomen and, therefore, has a
considerable lever arm when acting as a spine flexor [97]. Indeed, typical human activities such as
walking, running, lifting weights, and carrying them in front of the trunk need proper capability in
supporting and balancing the weight of the trunk [98], and their back muscles present anatomical
peculiarities which improve their effectiveness in such tasks [99]. The powerful extensor function of
the longissimus is made possible by the dorsal repositioning of the lumbar transverse processes [80].
The caudal insertion of the iliocostalis lumborum moved from the lumbar spine to the iliac crest, thus
enhancing its lateral flexor function which is fundamental in trunk balancing during upright posture
and activities [80] (Figure 10). The latter adaptation may have evolved to facilitate brachiation rather
than bipedal gait, but resulted also to be very valuable after hominins abandoned arboreal locomotion.
Finally, specifically in humans, the posterior superior iliac spine which acts as the iliac insertion of the
multifidus is markedly more posterior, thus providing an additional lever arm and room for muscle
mass [80,99] (Figure 10).
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and functions, therefore, as an extensor (top), whereas, in the macaque, it is more ventrally located and
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has only a minor extensor function. The caudal insertion of the iliocostalis lumborum moved from
the lumbar spine to the iliac crest (middle), thus enhancing its lateral flexor function. Specifically, in
humans, the posterior superior iliac spine which acts as the iliac insertion of the multifidus is markedly
more posterior, thus providing an additional lever arm and room for muscle mass (bottom).

3. Embryology and Development of the Spine

The study of embryos reveals striking analogies with evolution and is indeed used as a powerful
tool to gain a better understanding of evolution itself. In their early stages, all vertebrate embryos are
structurally very similar; for example, they all have gill slits, even if in terrestrial animals; gills do not
further develop and disappear before birth [100]. The next paragraphs provide a brief summary of
vertebrate embryology, with a special focus on the development of the spinal column.

The origin of the spine takes place in the early stages of gestation (in humans, during the third
and fourth weeks), when the blastula, an agglomerate of cells shaped as a hollow sphere surrounding a
fluid-filled cavity, develops into the gastrula, a structure consisting of three differentiated germ layers
named the ectoderm, mesoderm, and endoderm [101]. During gastrulation, i.e., the transition between
blastula and gastrula, the main directions of the body (in humans and other animals, the cranio-caudal
and the dorsal–ventral axes) emerge. The notochord and the somites which later develop into the
vertebrae also appear in the gastrulation phase [102].

In most vertebrates, the notochord tends to disappear or to be largely reduced in the adult age,
leaving the biomechanical function of supporting the body weight to the vertebral column [103].
As mentioned previously, in some phylogenetically older vertebrates such as jawless fish, the notochord
retains its main structural function of body support throughout life [23].

In the embryos of amniotes, the development of the notochord is a complex process and involves
the formation of a primitive streak, a band of cells which first appears at the caudal end of the embryo
and then develops toward the cranial direction, ending in the primitive knot [100,102,104]. From
there, the migration of mesenchymal cells in the direction of the prechordal plate, the site of the
future mouth, creates a band of cells named the notochordal process, which then develops into the
notochord [100,102].

Lateral to the notochord, the mesodermal cells differentiate, resulting in the formation of 42 to 44
somites aligned along the cranio-caudal axis, which later develops into the axial skeleton and relevant
muscles [102,104]. Each somite divides into a sclerotome, which then develops into vertebrae and
ribs, dermomyotome (dermis and skeletal muscles), myotome (skeletal muscles), and syndetome
(tendons) [100].

In the fourth week of human gestation, the cells in the sclerotome migrate toward the notochord,
giving rise to the formation of two regions of packed cells, one cranially and one caudally. The
cell-free space between the two regions is then filled by cells migrating from the caudal cell-packed
area, which forms the annulus fibrosus, whereas the nucleus pulposus develops from notochordal
material [105,106]. The appearance and progress of the intervertebral disc forces the cell-packed
regions of the adjacent somites to interact, leading to the development of the centrum, and later of the
vertebral body (Figure 11) [100,106].

During the same weeks of the formation of the notochord, the neural tube, which is the progenitor
of the central nervous system, develops as well, through a folding and successive closure of the
ectodermal tissue. Cells of the sclerotome surround the neural tube, later originating the vertebral
arches and the posterior elements which have the main function of protecting the spinal cord and the
nerve roots [102].

Between the ninth and the 14th weeks of human gestation, three primary ossification centers
appear in each future vertebra, one in the centrum and one for each side in the neural arches [107];
the atlas and the axis have a different number and location of the ossification centers due to their
peculiar anatomy [108]. Ossification starts at the cervicothoracic junction, and then progresses to the
cervical and thoracolumbar vertebrae; ossification centers at the lumbar neural arches are the last
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to appear [107,109]. At the time of birth, vertebral bodies and neural arches are still not connected;
primary ossification is completed in the first year of extrauterine life. Secondary ossification centers
develop at puberty in various locations (at the tips of the spinous process and of the transverse
processes, and the annular epiphyses of the vertebral bodies in order to create the endplates) [108];
skeletal maturity is then fully achieved only in the young adult age. In adult human subjects, after
ossification, the notochord disappears completely, whereas, in other animals, including mammals,
notochordal cells can be found even in elderly individuals [110].Biomimetics 2019, 4, x FOR PEER REVIEW 16 of 24 
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Figure 11. Schematic representation of the development of vertebrae and intervertebral discs from the
notochord and the sclerotome. Left: mouse embryo at day 10.5–11.5 of development; right: mature
axial skeleton. The nucleus pulposus develops from the notochord, whereas the annulus fibrosus and
the other tissues including vertebral body, ligaments, and endplates originate from the sclerotome.
NT: neural tube; SC: sclerotome; NC: notochord; VB: vertebral body; IVD: intervertebral disc; NP:
nucleus pulposus; iAF: inner annulus fibrosus; oAF: outer annulus fibrosus; CEP: cartilaginous endplate.
Reprinted with permission from Reference [106].

4. Discussion and Implications for Biomimetics

This paper presents a brief description of the evolution and development of the spine, emphasizing
the strategies which emerged in order to fulfill the functions of the vertebral column. These functions,
which involve considerable biomechanical challenges, are the protection of the spinal cord from
traumas and excessive mechanical strain, the support of the body weight during locomotion and other
tasks, and the flexibility and mobility necessary to perform those tasks in the most efficient way. We
discussed how the spine of vertebrates, although being constrained by size requirements and the
general outline of the body plan, adapts in order to best fit the specific environment and ecology; for
example, we described how the transition to terrestrial life, with the loss of buoyant support in the
aquatic environment and the consequent burden of the body weight, determined the appearance of
protection mechanisms such as interlocking articulations.

In chordate invertebrates such as cephalochordates, the most primordial spine-like anatomical
structure, the notochord, acts as a rigid but flexible rod running along the neural tube [111], preventing
excessive strains, as well as attachments for muscles [103]. In the aquatic descendants of the first
chordates, vertebrae with a rather simple morphology consisting basically of a centrum, neural arches,
and spine, together with the remnants of the notochord, provide sturdier but flexible protection; the
notochord provides structural support during embryonic development but does not generally persist
throughout life [110]. The transition to the terrestrial environment brought together tremendous
biomechanical challenges, first and foremost the effect of gravity load. New locomotion strategies were
also needed, resulting in the evolution of limbs, as well as of the shoulder and pelvic girdles [34]. In the
spine, the necessity of sustaining the body weight while avoiding excessive body motion determined
the appearance of specialized structures such as the zygapophyses and a sophisticated ligamentous
complex. Specific ecological needs and behaviors determined further specialized changes, such as the
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increased stiffness of the synsacrum to facilitate flight in birds [60] and the development of a sagittal
spine curvature in bipedal hominins [72].

It is evident that the history of spine development and evolution, as presented in this narrative
literature review, provides plenty of cues for bionic research. An example of design taking inspiration
from the spinal anatomy was recently presented by a research group from Columbia University,
who described a flexible lithium battery aimed at powering wearable electronics [112]. Although
the authors claimed a resemblance with a human spine, the actual design featuring a flexible core
around which stiffer electrodes are wound shares more similarities with the spine of phylogenetically
older vertebrates in which a continuous notochord is regularly surrounded by centra. Such design
determines a flexibility independent of the direction of loading; in case an anisotropic response is
desired, features similar to zygapophyses may be considered.

Articulated spines based on bio-inspired designs are being used in robotics, with the aim of
improving stability and maneuverability during locomotion, both in quadrupedal [113] and bipedal
designs [114]. Current and foreseen applications of such robots include the biomechanical study of
locomotion and its neural control [115], providing a physical framework for the implementation of
artificial intelligence solutions [114], military and search-and-rescue missions, space exploration, and
outdoor industrial inspection [116]. Recently, bio-inspired robots aimed at the detailed study of animal
locomotion [117], including that of extinct species [118], were presented and are currently a subject of
intense research. It should be noted that the latter robots feature an active control of the spinal motion
by means of electric servomotors which closely replicate the three-dimensional joint movement during
locomotion; while passive structures such as intervertebral discs, ligaments, and articular joints are yet
to be implemented. there is ample space for further developments.

In a recent paper, the human intervertebral disc was used as a basis for a bio-mimetic construct
aimed at the replacement or repair of the intervertebral disc itself, in patients needing surgery for
degenerative disorders [119]. The authors developed a biocomposite laminate including long collagen
fibers with an orientation mimicking that in the human lumbar disc, embedded in alginate hydrogel.
The novel construct was subjected to mechanical testing and revealed properties similar to that of
the native tissue in bending, but resulted excessively flexible in torsion, thus indicating the need for
further research prior to clinical testing [119]. A simpler, fully mechanical artificial intervertebral
disc replacement with a bio-inspired design is currently commercially available for use in both the
lumbar and cervical spine [120,121]. This prosthesis consists of a viscoelastic polymeric core simulating
the native nucleus pulposus, surrounded by a fiber jacket and a polymeric sheath, mimicking the
anatomy and function of the annulus fibrosus. Fixation to the adjacent vertebral bodies is ensured by
titanium keeled endplates. Biomechanical testing confirmed a flexibility similar to that of the native
intervertebral disc [122].

It is interesting to note that, although thousands of previous papers investigated in detail the
biomechanics of the human spine, and although animals were frequently used as a model for the
investigation of human pathologies and treatments, relatively little research was conducted on the
spine biomechanics of most non-human vertebrates for the purpose of understanding it per se. For
example, the flexibility of the spine of the sheep, pig, and calf was extensively studied only due
to the fact that spine specimens explanted from these animals are commonly employed for in vitro
testing of spinal implants as a surrogate of human specimens [123–125]. With the notable exception
of some studies in the field of veterinary surgery (e.g., References [126,127]), as well as pure basic
research papers (e.g., References [59,78,128]), spine biomechanics of non-human vertebrates appears to
be significantly less intensively investigated than in humans. Nevertheless, even animals which are
perceived as “primitive” due to their phylogenetic distance from humans have anatomies which are
highly optimized for their ecological niche and, thus, have enormous biomimetic potential.

In summary, we firmly believe that the evolution of vertebrates describes countless examples
of solutions which effectively address challenging biomechanical problems, enabling them to act as
valuable starting points for technicians and developers working in bionic engineering. In particular,
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the history of the spine constitutes a vast source of opportunities for possible ideas and innovations,
especially in the field of structural engineering.

Author Contributions: Writing—original draft preparation, F.G. and T.B.; writing—review and editing, F.G.
and T.B.

Funding: This work has been partially funded by the Italian Ministry of Health (Ricerca Corrente).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Baillie, J.; Hilton-Taylor, C.; Stuart, S.N. 2004 IUCN Red List of Threatened Species: A Global Species
Assessment. Available online: https://portals.iucn.org/library/node/9830 (accessed on 26 August 2019).

2. Galbusera, F. The spine: its evolution, function, and shape. In Biomechanics of the Spine: Basic Concepts,
Spinal Disorders and Treatments, 1st ed.; Galbusera, F., Wilke, H.-J., Eds.; Academic Press: Cambridge, MA,
USA, 2018.

3. Pough, F.H.; Janis, C.M.; Heiser, J.B. Vertebrate Life, 5th ed.; Prentice Hall Upper: Saddle River, NJ, USA, 1999;
Volume 733.

4. Jerome, C.; Hoch, B.; Carlson, C.S. Skeletal system. In Comparative Anatomy and Histology, 2nd ed.; Treuting, P.,
Dintzis, S., Montine, K.S., Eds.; Academic Press: Cambridge, MA, USA, 2017.

5. Kardong, K.V. Vertebrates: Comparative Anatomy, Function, Evolution, 6th ed.; McGraw-Hill Education: New
York, NY, USA, 2011.

6. Owen, R. On the Archetype and Homologies of the Vertebrate Skeleton, 1st ed.; John van Voorst, Paternoster Row:
London, UK, 1848.

7. Parker, W.K. On the skeleton of the marsipobranch fishes. Part I. The Myxinoids (Myxine and Bdellostoma).
Philos. Trans. R. Soc. Lond. 1883, 174, 373–409.

8. Ota, K.G.; Oisi, Y.; Fujimoto, S.; Kuratani, S. The origin of developmental mechanisms underlying vertebral
elements: Implications from hagfish evo-devo. Zoology 2014, 117, 77–80. [CrossRef] [PubMed]

9. Janvier, P. Comparative anatomy: All vertebrates do have vertebrae. Curr. Biol. 2011, 21, R661–R663.
[CrossRef] [PubMed]

10. Stensiö, E.A. The Downtonian and Devonian Vertebrates of Spitsbergen: Part I, Family Cephalaspidae, 1st ed.; Hos
Jacob Dybwad: Oslo, Norway, 1927.

11. Bardack, D.; Zangerl, R. First fossil lamprey: A record from the Pennsylvanian of Illinois. Science 1968, 162,
1265–1267. [CrossRef] [PubMed]

12. Janvier, P. Early jawless vertebrates and cyclostome origins. Zool. Sci. 2008, 25, 1045–1057. [CrossRef]
[PubMed]

13. Heimberg, A.M.; Cowper-Sal-Lari, R.; Semon, M.; Donoghue, P.C.; Peterson, K.J. microRNAs reveal the
interrelationships of hagfish, lampreys, and gnathostomes and the nature of the ancestral vertebrate.
Proc. Natl. Acad. Sci. USA 2010, 107, 19379–19383. [CrossRef] [PubMed]

14. Baker, M.E.; Chandsawangbhuwana, C. Motif analysis of amphioxus, lamprey and invertebrate estrogen
receptors: Toward a better understanding of estrogen receptor evolution. Biochem. Biophys. Res. Commun.
2008, 371, 724–728. [CrossRef] [PubMed]

15. Green, S.A.; Bronner, M.E. The lamprey: A jawless vertebrate model system for examining origin of the
neural crest and other vertebrate traits. Differentiation 2014, 87, 44–51. [CrossRef]

16. Shimeld, S.M.; Donoghue, P.C. Evolutionary crossroads in developmental biology: Cyclostomes (lamprey
and hagfish). Development 2012, 139, 2091–2099. [CrossRef]

17. Martin, W.M.; Bumm, L.A.; McCauley, D.W. Development of the viscerocranial skeleton during embryogenesis
of the sea lamprey, Petromyzon Marinus. Dev. Dyn. 2009, 238, 3126–3138. [CrossRef]

18. Carroll, R.L. Vertebrate Paleontology and Evolution, 1st ed.; W.H. Freeman & Co: New York, NY, USA, 1987.
19. Long, J.H., Jr.; Koob-Emunds, M.; Sinwell, B.; Koob, T.J. The notochord of hagfish Myxine glutinosa:

Visco-elastic properties and mechanical functions during steady swimming. J. Exp. Biol. 2002, 205, 3819–3831.
[PubMed]

20. Williams, T.L.; Bowtell, G.; Carling, J.C.; Sigvardt, K.A.; Curtin, N.A. Interactions between muscle activation,
body curvature and the water in the swimming lamprey. Symp. Soc. Exp. Biol. 1995, 49, 49–59. [PubMed]

https://portals.iucn.org/library/node/9830
http://dx.doi.org/10.1016/j.zool.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24364905
http://dx.doi.org/10.1016/j.cub.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21920298
http://dx.doi.org/10.1126/science.162.3859.1265
http://www.ncbi.nlm.nih.gov/pubmed/5699202
http://dx.doi.org/10.2108/zsj.25.1045
http://www.ncbi.nlm.nih.gov/pubmed/19267641
http://dx.doi.org/10.1073/pnas.1010350107
http://www.ncbi.nlm.nih.gov/pubmed/20959416
http://dx.doi.org/10.1016/j.bbrc.2008.04.152
http://www.ncbi.nlm.nih.gov/pubmed/18471435
http://dx.doi.org/10.1016/j.diff.2014.02.001
http://dx.doi.org/10.1242/dev.074716
http://dx.doi.org/10.1002/dvdy.22164
http://www.ncbi.nlm.nih.gov/pubmed/12432006
http://www.ncbi.nlm.nih.gov/pubmed/8571235


Biomimetics 2019, 4, 60 16 of 20

21. Zhu, M.; Yu, X.; Ahlberg, P.E.; Choo, B.; Lu, J.; Qiao, T.; Qu, Q.; Zhao, W.; Jia, L.; Blom, H.; et al. A Silurian
placoderm with osteichthyan-like marginal jaw bones. Nature 2013, 502, 188. [CrossRef] [PubMed]

22. Shadwick, R.E.; Lauder, G.V. Fish Physiology: Fish Biomechanics, 1st ed.; Academic Press: Cambridge, MA,
USA, 2006; Volume 23.

23. Summers, A.P.; Long, J.H., Jr. Skin and bones, sinew and gristle: The mechanical behavior of fish skeletal
tissues. Fish Physiol. 2005, 23, 141–177.

24. Grotmol, S.; Kryvi, H.; Keynes, R.; Krossøy, C.; Nordvik, K.; Totland, G.K. Stepwise enforcement of the
notochord and its intersection with the myoseptum: An evolutionary path leading to development of the
vertebra? J. Anat. 2006, 209, 339–357. [CrossRef] [PubMed]

25. Miles, R.S. Remarks on the vertebral column and caudal fin of acanthodian fishes. Lethaia 1970, 3, 343–362.
[CrossRef]

26. Chevrinais, M.; Sire, J.; Cloutier, R. Unravelling the ontogeny of a Devonian early gnathostome, the
“acanthodian” Triazeugacanthus affinis (eastern Canada). PeerJ 2017, 5, e3969. [CrossRef] [PubMed]

27. Donoghue, P.C.; Sansom, I.J. Origin and early evolution of vertebrate skeletonization. Microsc. Res. Tech.
2002, 59, 352–372. [CrossRef]

28. Koob, T.; Long, J., Jr. The vertebrate body axis: Evolution and mechanical function. Am. Zool. 2000, 40, 1–18.
[CrossRef]

29. Maxwell, E.E.; Furrer, H.; Sánchez-Villagra, M.R. Exceptional fossil preservation demonstrates a new mode
of axial skeleton elongation in early ray-finned fishes. Nat. Commun. 2013, 4, 2570. [CrossRef]

30. Bird, N.C.; Mabee, P.M. Developmental morphology of the axial skeleton of the zebrafish, Danio rerio
(Ostariophysi: Cyprinidae). Dev. Dyn. 2003, 228, 337–357. [CrossRef] [PubMed]

31. Schaeffer, B. Osteichthyan vertebrae. Zool. J. Linn. Soc. 1967, 47, 185–195. [CrossRef]
32. Clothier, C.R. A key to some southern California fishes based on vertebral characters. Fish Bull. Calif. Dept.

Nat. Res. Div. Fish Game 1950, 79, 1–83.
33. Long, J.A.; Gordon, M.S. The greatest step in vertebrate history: A paleobiological review of the fish-tetrapod

transition. Physiol. Biochem. Zool. 2004, 77, 700–719. [CrossRef] [PubMed]
34. Young, M.; Selleri, L.; Capellini, T.D. Genetics of scapula and pelvis development: an evolutionary perspective.

Curr. Top. Dev. Biol. 2019, 132, 311–349.
35. Shubin, N.H.; Daeschler, E.B.; Jenkins, F.A., Jr. The pectoral fin of Tiktaalik roseae and the origin of the

tetrapod limb. Nature 2006, 440, 764. [CrossRef] [PubMed]
36. Pierce, S.E.; Clack, J.A. Three-dimensional limb joint mobility in the early tetrapod Ichthyostega. Nature

2012, 486, 523–526. [CrossRef]
37. Boisvert, C.A. The pelvic fin and girdle of Panderichthys and the origin of tetrapod locomotion. Nature 2005,

438, 1145. [CrossRef]
38. Clack, J. An early tetrapod from ‘Romer’s Gap’. Nature 2002, 418, 72. [CrossRef]
39. Clack, J.; Holmes, R. The braincase of the anthracosaur Archeria crassidisca with comments on the

interrelationships of primitive tetrapods. Palaeontology 1988, 31, 85–107.
40. Zheng, X.; Wang, X.; O’connor, J.; Zhou, Z. Insight into the early evolution of the avian sternum from juvenile

enantiornithines. Nat. Commun. 2012, 3, 1116. [CrossRef] [PubMed]
41. Vitt, L.J.; Caldwell, J.P. Herpetology: An Introductory Biology of Amphibians and Reptiles, 4th ed.; Academic Press:

Cambridge, MA, USA, 2013.
42. Bellairs, A.; Jenkin, C. The skeleton of birds. In Biology and Comparative Physiology of Birds, 1st ed.; Marshall, A.J.,

Ed.; Academic Press: Cambridge, MA, USA, 1960.
43. Blob, R.W.; Espinoza, N.R.; Butcher, M.T.; Lee, A.H.; D’Amico, A.R.; Baig, F.; Sheffield, K.M. Diversity of

limb-bone safety factors for locomotion in terrestrial vertebrates: Evolution and mixed chains. Integr. Comp.
Biol. 2014, 54, 1058–1071. [CrossRef] [PubMed]

44. Rockwell, H.; Evans, F.G.; Pheasant, H.C. The comparative morphology of the vertebrate spinal column.
Its form as related to function. J. Morphol. 1938, 63, 87–117. [CrossRef]

45. Ahmed, A.M.; Duncan, N.A.; Burke, D.L. The effect of facet geometry on the axial torque-rotation response
of lumbar motion segments. Spine 1990, 15, 391–401. [CrossRef] [PubMed]

46. Moon, B.R. Testing an inference of function from structure: Snake vertebrae do the twist. J. Morphol. 1999,
241, 217–225. [CrossRef]

http://dx.doi.org/10.1038/nature12617
http://www.ncbi.nlm.nih.gov/pubmed/24067611
http://dx.doi.org/10.1111/j.1469-7580.2006.00618.x
http://www.ncbi.nlm.nih.gov/pubmed/16928203
http://dx.doi.org/10.1111/j.1502-3931.1970.tb00828.x
http://dx.doi.org/10.7717/peerj.3969
http://www.ncbi.nlm.nih.gov/pubmed/29094000
http://dx.doi.org/10.1002/jemt.10217
http://dx.doi.org/10.1093/icb/40.1.1
http://dx.doi.org/10.1038/ncomms3570
http://dx.doi.org/10.1002/dvdy.10387
http://www.ncbi.nlm.nih.gov/pubmed/14579374
http://dx.doi.org/10.1111/j.1096-3642.1967.tb01402.x
http://dx.doi.org/10.1086/425183
http://www.ncbi.nlm.nih.gov/pubmed/15547790
http://dx.doi.org/10.1038/nature04637
http://www.ncbi.nlm.nih.gov/pubmed/16598250
http://dx.doi.org/10.1038/nature11124
http://dx.doi.org/10.1038/nature04119
http://dx.doi.org/10.1038/nature00824
http://dx.doi.org/10.1038/ncomms2104
http://www.ncbi.nlm.nih.gov/pubmed/23047674
http://dx.doi.org/10.1093/icb/icu032
http://www.ncbi.nlm.nih.gov/pubmed/24808012
http://dx.doi.org/10.1002/jmor.1050630105
http://dx.doi.org/10.1097/00007632-199005000-00010
http://www.ncbi.nlm.nih.gov/pubmed/2363067
http://dx.doi.org/10.1002/(SICI)1097-4687(199909)241:3&lt;217::AID-JMOR4&gt;3.0.CO;2-M


Biomimetics 2019, 4, 60 17 of 20

47. Carpenter, K.; Tidwell, V. Thunder-Lizards: The Sauropodomorph Dinosaurs, 1st ed.; Indiana University Press:
Bloomington, IN, USA, 2005.

48. Buchholtz, E.A.; Schur, S.A. Vertebral osteology in Delphinidae (cetacea). Zool. J. Linn. Soc. 2004, 140,
383–401. [CrossRef]

49. Rage, J.C.; Folie, A.; Rana, R.S.; Singh, H.; Rose, K.D.; Smith, T. A diverse snake fauna from the early Eocene
of Vastan Lignite Mine, Gujarat, India. Acta Paleontol. Pol. 2008, 53, 391–403. [CrossRef]

50. Ward, A.B.; Brainerd, E.L. Evolution of axial patterning in elongate fishes. Biol. J. Linn. Soc. 2007, 90, 97–116.
[CrossRef]

51. Ahlberg, P.E.; Clack, J.A.; Blom, H. The axial skeleton of the Devonian tetrapod Ichthyostega. Nature 2005,
437, 137–140. [CrossRef]

52. Ericsson, R.; Knight, R.; Johanson, Z. Evolution and development of the vertebrate neck. J. Anat. 2013, 222,
67–78. [CrossRef]

53. Daeschler, E.B.; Shubin, N.H.; Jenkins, F.A., Jr. A Devonian tetrapod-like fish and the evolution of the
tetrapod body plan. Nature 2006, 440, 757. [CrossRef] [PubMed]

54. Burke, A.C.; Nelson, C.E.; Morgan, B.A.; Tabin, C. Hox genes and the evolution of vertebrate axial morphology.
Development 1995, 121, 333–346. [PubMed]

55. Galis, F. Why do almost all mammals have seven cervical vertebrae? Developmental constraints, Hox genes,
and cancer. J. Exp. Zool. 1999, 285, 19–26. [CrossRef]

56. Sumida, S.S.; Lombard, R.E. The atlas-axis complex in the late Paleozoic genus Diadectes and the characteristics
of the atlas-axis complex across the amphibian to amniote transition. J. Paleontol. 1991, 65, 973–983. [CrossRef]

57. Panjabi, M.; Dvorak, J.; Duranceau, J.; Yamamoto, I.; Gerber, M.; Rauschning, W.; Bueff, H.U.
Three-dimensional movements of the upper cervical spine. Spine 1988, 13, 726–730. [CrossRef] [PubMed]

58. Lovette, I.J.; Fitzpatrick, J.W. Handbook of Bird Biology, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2016.
59. Kambic, R.E.; Biewener, A.A.; Pierce, S.E. Experimental determination of three-dimensional cervical joint

mobility in the avian neck. Front. Zool. 2017, 14, 37. [CrossRef] [PubMed]
60. Warrick, D.; Bundle, M.; Dial, K. Bird maneuvering flight: Blurred bodies, clear heads. Integr. Comp. Biol.

2002, 42, 141–148. [CrossRef] [PubMed]
61. Tully, T.N.; Dorrestein, G.M.; Jones, A.K. Handbook of Avian Medicine, 2nd ed.; Saunders Ltd.: Philadelphia,

PA, USA, 2009.
62. Tambussi, C.P.; De Mendoza, R.; Degrange, F.J.; Picasso, M.B. Flexibility along the neck of the Neogene terror

bird Andalgalornis steulleti (Aves Phorusrhacidae). PLoS ONE 2012, 7, e37701. [CrossRef]
63. Jones, K.E.; Benitez, L.; Angielczyk, K.D.; Pierce, S.E. Adaptation and constraint in the evolution of the

mammalian backbone. BMC Evol. Biol. 2018, 18, 172. [CrossRef]
64. Schilling, N. Evolution of the axial system in craniates: Morphology and function of the perivertebral

musculature. Front. Zool. 2011, 8, 4. [CrossRef]
65. Narita, Y.; Kuratani, S. Evolution of the vertebral formulae in mammals: A perspective on developmental

constraints. J. Exp. Zool. Part B Mol. Dev. Evol. 2005, 304, 91–106. [CrossRef] [PubMed]
66. Jones, K.E.; German, R.Z. Ontogenetic allometry in the thoracolumbar spine of mammal species with differing

gait use. Evol. Dev. 2014, 16, 110–120. [CrossRef] [PubMed]
67. Du Brul, E.L. The general phenomenon of bipedalism. Am. Zool. 1962, 2, 205–208. [CrossRef]
68. Snyder, R.C. Bipedal locomotion of the lizard Basiliscus basiliscus. Copeia 1949, 1949, 129–137. [CrossRef]
69. Bartholomew, G.A.; Caswell, H.H. Locomotion in kangaroo rats and its adaptive significance. J. Mammal.

1951, 32, 155–169. [CrossRef]
70. Thompson, S.D.; MacMillen, R.E.; Burke, E.M.; Taylor, C.R. The energetic cost of bipedal hopping in small

mammals. Nature 1980, 287, 223. [CrossRef] [PubMed]
71. Prost, J.H. Origin of bipedalism. Am. J. Phys. Anthropol. 1980, 52, 175–189. [CrossRef]
72. Le Huec, J.C.; Saddiki, R.; Franke, J.; Rigal, J.; Aunoble, S. Equilibrium of the human body and the gravity

line: The basics. Eur. Spine J. 2011, 20 (Suppl. 5), 558–563. [CrossRef]
73. Kubo, T.; Kubo, M.O. Associated evolution of bipedality and cursoriality among Triassic archosaurs:

A phylogenetically controlled evaluation. Paleobiology 2012, 38, 474–485. [CrossRef]
74. Sander, P.M.; Christian, A.; Clauss, M.; Fechner, R.; Gee, C.T.; Griebeler, E.; Gunga, H.; Hummel, J.;

Mallison, H.; Perry, S.F. Biology of the sauropod dinosaurs: The evolution of gigantism. Biol. Rev. 2011, 86,
117–155. [CrossRef]

http://dx.doi.org/10.1111/j.1096-3642.2003.00105.x
http://dx.doi.org/10.4202/app.2008.0303
http://dx.doi.org/10.1111/j.1095-8312.2007.00714.x
http://dx.doi.org/10.1038/nature03893
http://dx.doi.org/10.1111/j.1469-7580.2012.01530.x
http://dx.doi.org/10.1038/nature04639
http://www.ncbi.nlm.nih.gov/pubmed/16598249
http://www.ncbi.nlm.nih.gov/pubmed/7768176
http://dx.doi.org/10.1002/(SICI)1097-010X(19990415)285:1&lt;19::AID-JEZ3&gt;3.0.CO;2-Z
http://dx.doi.org/10.1017/S002233600003328X
http://dx.doi.org/10.1097/00007632-198807000-00003
http://www.ncbi.nlm.nih.gov/pubmed/3194778
http://dx.doi.org/10.1186/s12983-017-0223-z
http://www.ncbi.nlm.nih.gov/pubmed/28747987
http://dx.doi.org/10.1093/icb/42.1.141
http://www.ncbi.nlm.nih.gov/pubmed/21708703
http://dx.doi.org/10.1371/journal.pone.0037701
http://dx.doi.org/10.1186/s12862-018-1282-2
http://dx.doi.org/10.1186/1742-9994-8-4
http://dx.doi.org/10.1002/jez.b.21029
http://www.ncbi.nlm.nih.gov/pubmed/15660398
http://dx.doi.org/10.1111/ede.12069
http://www.ncbi.nlm.nih.gov/pubmed/24617990
http://dx.doi.org/10.1093/icb/2.2.205
http://dx.doi.org/10.2307/1438487
http://dx.doi.org/10.2307/1375371
http://dx.doi.org/10.1038/287223a0
http://www.ncbi.nlm.nih.gov/pubmed/7432457
http://dx.doi.org/10.1002/ajpa.1330520204
http://dx.doi.org/10.1007/s00586-011-1939-7
http://dx.doi.org/10.1666/11015.1
http://dx.doi.org/10.1111/j.1469-185X.2010.00137.x


Biomimetics 2019, 4, 60 18 of 20

75. Bonnan, M.F. The Bare Bones: An Unconventional Evolutionary History of the Skeleton; Indiana University Press:
Bloomington, IN, USA, 2016.

76. Jenkins, F., Jr. The postcranial skeleton of African cynodonts. Bull. Peabody Mus. Nat. Hist. 1971, 36, 1–216.
77. Romer, A.S. Osteology of the Reptiles; Krieger Publishing Company: Malabar, FL, USA, 1956.
78. Bates, K.; Schachner, E. Disparity and convergence in bipedal archosaur locomotion. J. R. Soc. Interface 2011,

9, 1339–1353. [CrossRef] [PubMed]
79. Casinos, A.; Cubo, J. Avian long bones, flight and bipedalism. Comp. Biochem. Physiol. Part A Mol. Integr.

Physiol. 2001, 131, 159–167. [CrossRef]
80. Filler, A.G. Emergence and optimization of upright posture among hominiform hominoids and the

evolutionary pathophysiology of back pain. Neurosurg. Focus 2007, 23, 1–6. [CrossRef] [PubMed]
81. Dreischarf, M.; Rohlmann, A.; Bergmann, G.; Zander, T. Optimised loads for the simulation of axial rotation

in the lumbar spine. J. Biomech. 2011, 44, 2323–2327. [CrossRef] [PubMed]
82. Rohlmann, A.; Zander, T.; Rao, M.; Bergmann, G. Applying a follower load delivers realistic results for

simulating standing. J. Biomech. 2009, 42, 1520–1526. [CrossRef] [PubMed]
83. Wilke, H.J.; Rohlmann, A.; Neller, S.; Graichen, F.; Claes, L.; Bergmann, G. ISSLS prize winner: A novel

approach to determine trunk muscle forces during flexion and extension: A comparison of data from an In
Vitro experiment and In Vivo measurements. Spine 2003, 28, 2585–2593. [CrossRef]

84. Reitmaier, S.; Schmidt, H.; Ihler, R.; Kocak, T.; Graf, N.; Ignatius, A.; Wilke, H. Preliminary investigations on
intradiscal pressures during daily activities: An in vivo study using the merino sheep. PLoS ONE 2013, 8,
e69610. [CrossRef]

85. Boszczyk, B.M.; Boszczyk, A.A.; Putz, R. Comparative and functional anatomy of the mammalian lumbar
spine. Anat. Rec. 2001, 264, 157–168. [CrossRef] [PubMed]

86. Sockol, M.D.; Raichlen, D.A.; Pontzer, H. Chimpanzee locomotor energetics and the origin of human
bipedalism. Proc. Natl. Acad. Sci. USA 2007, 104, 12265–12269. [CrossRef]

87. Stanford, C.B. Arboreal bipedalism in wild chimpanzees: Implications for the evolution of hominid posture
and locomotion. Am. J. Phys. Anthropol. 2006, 129, 225–231. [CrossRef] [PubMed]

88. Gebo, D.L. Climbing, brachiation, and terrestrial quadrupedalism: Historical precursors of hominid
bipedalism. Am. J. Phys. Anthropol. 1996, 101, 55–92. [CrossRef]

89. Sibley, C.G.; Ahlquist, J.E. DNA hybridization evidence of hominoid phylogeny: Results from an expanded
data set. J. Mol. Evol. 1987, 26, 99–121. [CrossRef] [PubMed]

90. Sparrey, C.J.; Bailey, J.F.; Safaee, M.; Clark, A.J.; Lafage, V.; Schwab, F.; Smith, J.S.; Ames, C.P. Etiology of
lumbar lordosis and its pathophysiology: A review of the evolution of lumbar lordosis, and the mechanics
and biology of lumbar degeneration. Neurosurg. Focus 2014, 36, E1. [CrossRef] [PubMed]

91. Been, E.; Gómez-Olivencia, A.; Kramer, P.A. Lumbar lordosis of extinct hominins. Am. J. Phys. Anthropol.
2012, 147, 64–77. [CrossRef] [PubMed]

92. Higgins, R.W.; Ruff, C.B. The effects of distal limb segment shortening on locomotor efficiency in sloped
terrain: Implications for neandertal locomotor behavior. Am. J. Phys. Anthropol. 2011, 146, 336–345.
[CrossRef] [PubMed]

93. Vialle, R.; Levassor, N.; Rillardon, L.; Templier, A.; Skalli, W.; Guigui, P. Radiographic analysis of the sagittal
alignment and balance of the spine in asymptomatic subjects. J. Bone Jt. Surg. 2005, 87, 260–267. [CrossRef]

94. Mac-Thiong, J.; Berthonnaud, É.; Dimar, J.R.; Betz, R.R.; Labelle, H. Sagittal alignment of the spine and pelvis
during growth. Spine 2004, 29, 1642–1647. [CrossRef]

95. Been, E.; Gómez-Olivencia, A.; Kramer, P.A. Spinal Evolution. Morphology, Function, and Pathology of the Spine
in Hominoid Evolution, 1st ed.; Springer: Cham, Switzerland, 2019.

96. White, A.A.; Panjabi, M.M. Clinical Biomechanics of the Spine, 2nd ed.; Lippincott Williams & Wilkins:
Philadeplhia, PA, USA, 1990.

97. El-Rich, M.; Shirazi-Adl, A.; Arjmand, N. Muscle activity, internal loads, and stability of the human spine in
standing postures: Combined model and In Vivo studies. Spine 2004, 29, 2633–2642. [CrossRef]

98. Crisco, J.J.; Panjabi, M.M. Postural biomechanical stability and gross muscular architecture in the spine.
In Multiple Muscle Systems, 1st ed.; Winters, J.M., Woo, S.L.Y., Eds.; Springer: New York, NY, USA, 1990.

99. Lovejoy, C.O. The natural history of human gait and posture: Part 1. Spine and pelvis. Gait Posture 2005, 21,
95–112.

100. O’Rahilly, R.; Müller, F. Human Embryology & Teratology, 3rd ed.; Wiley-Liss: New York, NY, USA, 1996.

http://dx.doi.org/10.1098/rsif.2011.0687
http://www.ncbi.nlm.nih.gov/pubmed/22112652
http://dx.doi.org/10.1016/S1095-6433(01)00463-9
http://dx.doi.org/10.3171/FOC-07/07/E4
http://www.ncbi.nlm.nih.gov/pubmed/26838801
http://dx.doi.org/10.1016/j.jbiomech.2011.05.040
http://www.ncbi.nlm.nih.gov/pubmed/21703626
http://dx.doi.org/10.1016/j.jbiomech.2009.03.048
http://www.ncbi.nlm.nih.gov/pubmed/19433325
http://dx.doi.org/10.1097/01.BRS.0000096673.16363.C7
http://dx.doi.org/10.1371/journal.pone.0069610
http://dx.doi.org/10.1002/ar.1156
http://www.ncbi.nlm.nih.gov/pubmed/11590593
http://dx.doi.org/10.1073/pnas.0703267104
http://dx.doi.org/10.1002/ajpa.20284
http://www.ncbi.nlm.nih.gov/pubmed/16288480
http://dx.doi.org/10.1002/(SICI)1096-8644(199609)101:1&lt;55::AID-AJPA5&gt;3.0.CO;2-C
http://dx.doi.org/10.1007/BF02111285
http://www.ncbi.nlm.nih.gov/pubmed/3125341
http://dx.doi.org/10.3171/2014.1.FOCUS13551
http://www.ncbi.nlm.nih.gov/pubmed/24785474
http://dx.doi.org/10.1002/ajpa.21633
http://www.ncbi.nlm.nih.gov/pubmed/22052243
http://dx.doi.org/10.1002/ajpa.21575
http://www.ncbi.nlm.nih.gov/pubmed/22102995
http://dx.doi.org/10.2106/JBJS.D.02043
http://dx.doi.org/10.1097/01.BRS.0000132312.78469.7B
http://dx.doi.org/10.1097/01.brs.0000146463.05288.0e


Biomimetics 2019, 4, 60 19 of 20

101. Slack, J.M. Essential Developmental Biology, 2nd ed.; John Wiley & Sons: Philadelphia, PA, USA, 2009.
102. Kaplan, K.M.; Spivak, J.M.; Bendo, J.A. Embryology of the spine and associated congenital abnormalities.

Spine J. 2005, 5, 564–576. [CrossRef] [PubMed]
103. Corallo, D.; Trapani, V.; Bonaldo, P. The notochord: Structure and functions. Cell Mol. Life Sci. 2015, 72,

2989–3008. [CrossRef] [PubMed]
104. Nolting, D.; Hansen, B.F.; Keeling, J.; Kjær, I. Prenatal development of the normal human vertebral corpora

in different segments of the spine. Spine 1998, 23, 2265–2271. [CrossRef] [PubMed]
105. Lawson, L.Y.; Harfe, B.D. Developmental mechanisms of intervertebral disc and vertebral column formation.

Wiley Interdiscip. Rev. Dev. Biol. 2017, 6. [CrossRef]
106. Alkhatib, B.; Ban, G.I.; Williams, S.; Serra, R. IVD development: Nucleus pulposus development and

sclerotome specification. Curr. Mol. Biol. Rep. 2018, 4, 132–141. [CrossRef]
107. Szpinda, M.; Baumgart, M.; Szpinda, A.; Wozniak, A.; Mila-Kierzenkowska, C. Cross-sectional study of the

neural ossification centers of vertebrae C1-S5 in the human fetus. Surg. Radiol. Anat. 2013, 35, 701–711.
[CrossRef] [PubMed]

108. Jinkins, J.R. Atlas of Neuroradiologic Embryology, Anatomy, and Variants, 1st ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2000.

109. Budorick, N.E.; Pretorius, D.H.; Grafe, M.R.; Lou, K.V. Ossification of the fetal spine. Radiology 1991, 181,
561–565. [CrossRef] [PubMed]

110. Stemple, D.L. Structure and function of the notochord: An essential organ for chordate development.
Development 2005, 132, 2503–2512. [CrossRef]

111. Holland, L.; Laudet, V.; Schubert, M. The chordate amphioxus: An emerging model organism for
developmental biology. Cell Mol. Life Sci. 2004, 61, 2290–2308. [CrossRef]

112. Qian, G.; Zhu, B.; Liao, X.; Zhai, H.; Srinivasan, A.; Fritz, N.J.; Cheng, Q.; Ning, M.; Qie, B.; Li, Y. Bioinspired,
Spine-Like, Flexible, Rechargeable Lithium-Ion Batteries with High Energy Density. Adv. Mater. 2018, 30,
1704947. [CrossRef]

113. Bin, L.; Xuewen, R.; Yibin, L. Review and analysis of quadruped robots with articulated spine. In Proceedings
of the 26th Chinese Control and Decision Conference (2014 CCDC), Changsha, China, 31 May–2 June 2014.

114. Asano, Y.; Okada, K.; Inaba, M. Design principles of a human mimetic humanoid: Humanoid platform to
study human intelligence and internal body system. Sci. Robot. 2017, 2, eaaq0899. [CrossRef]

115. Metta, G.; Natale, L.; Nori, F.; Sandini, G.; Vernon, D.; Fadiga, L.; Von Hofsten, C.; Rosander, K.; Lopes, M.;
Santos-Victor, J. The iCub humanoid robot: An open-systems platform for research in cognitive development.
Neural Netw. 2010, 23, 1125–1134. [CrossRef] [PubMed]

116. Bellicoso, C.D.; Bjelonic, M.; Wellhausen, L.; Holtmann, K.; Günther, F.; Tranzatto, M.; Fankhauser, P.;
Hutter, M. Advances in real—World applications for legged robots. J. Field Robot. 2018, 35, 1311–1326.
[CrossRef]

117. Karakasiliotis, K.; Thandiackal, R.; Melo, K.; Horvat, T.; Mahabadi, N.K.; Tsitkov, S.; Cabelguen, J.;
Ijspeert, A.J. From cineradiography to biorobots: An approach for designing robots to emulate and study
animal locomotion. J. R. Soc. Interface 2016, 13, 20151089. [CrossRef] [PubMed]

118. Nyakatura, J.A.; Melo, K.; Horvat, T.; Karakasiliotis, K.; Allen, V.R.; Andikfar, A.; Andrada, E.; Arnold, P.;
Lauströer, J.; Hutchinson, J.R. Reverse-engineering the locomotion of a stem amniote. Nature 2019, 565, 351.
[CrossRef] [PubMed]

119. Sharabi, M.; Wertheimer, S.; Wade, K.R.; Galbusera, F.; Benayahu, D.; Wilke, H.; Haj-Ali, R. Towards
intervertebral disc engineering: Bio-mimetics of form and function of the annulus fibrosus lamellae. J. Mech.
Behav. Biomed. Mater. 2019, 94, 298–307. [CrossRef] [PubMed]

120. Schätz, C.; Ritter-Lang, K.; Gössel, L.; Dreßler, N. Comparison of single-level and multiple-level outcomes of
total disc arthroplasty: 24-month results. Int. J. Spine Surg. 2015, 9, 14. [CrossRef]

121. Thomas, S.; Willems, K.; Van den Daelen, L.; Linden, P.; Ciocci, M.C.; Bocher, P. The M6-C Cervical Disk
Prosthesis: First Clinical Experience in 33 Patients. Clin. Spine Surg. 2016, 29. [CrossRef]

122. Patwardhan, A.G.; Havey, R.M. Prosthesis design influences segmental contribution to total cervical motion
after cervical disc arthroplasty. Eur. Spine J. 2019. [CrossRef]

123. Wilke, H.; Kettler, A.; Claes, L.E. Are sheep spines a valid biomechanical model for human spines? Spine
1997, 22, 2365–2374. [CrossRef]

http://dx.doi.org/10.1016/j.spinee.2004.10.044
http://www.ncbi.nlm.nih.gov/pubmed/16153587
http://dx.doi.org/10.1007/s00018-015-1897-z
http://www.ncbi.nlm.nih.gov/pubmed/25833128
http://dx.doi.org/10.1097/00007632-199811010-00003
http://www.ncbi.nlm.nih.gov/pubmed/9820904
http://dx.doi.org/10.1002/wdev.283
http://dx.doi.org/10.1007/s40610-018-0100-3
http://dx.doi.org/10.1007/s00276-013-1093-5
http://www.ncbi.nlm.nih.gov/pubmed/23455365
http://dx.doi.org/10.1148/radiology.181.2.1924805
http://www.ncbi.nlm.nih.gov/pubmed/1924805
http://dx.doi.org/10.1242/dev.01812
http://dx.doi.org/10.1007/s00018-004-4075-2
http://dx.doi.org/10.1002/adma.201704947
http://dx.doi.org/10.1126/scirobotics.aaq0899
http://dx.doi.org/10.1016/j.neunet.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20864311
http://dx.doi.org/10.1002/rob.21839
http://dx.doi.org/10.1098/rsif.2015.1089
http://www.ncbi.nlm.nih.gov/pubmed/27358276
http://dx.doi.org/10.1038/s41586-018-0851-2
http://www.ncbi.nlm.nih.gov/pubmed/30651613
http://dx.doi.org/10.1016/j.jmbbm.2019.03.023
http://www.ncbi.nlm.nih.gov/pubmed/30951990
http://dx.doi.org/10.14444/2014
http://dx.doi.org/10.1097/BSD.0000000000000025
http://dx.doi.org/10.1007/s00586-019-06064-4
http://dx.doi.org/10.1097/00007632-199710150-00009


Biomimetics 2019, 4, 60 20 of 20

124. Kettler, A.; Liakos, L.; Haegele, B.; Wilke, H. Are the spines of calf, pig and sheep suitable models for
pre-clinical implant tests? Eur. Spine J. 2007, 16, 2186–2192. [CrossRef] [PubMed]

125. Casaroli, G.; Wade, K.; Villa, T.; Wilke, H.-J. Animal Models for Spine Biomechanics. In Biomechanics of the
Spine: Basic Concepts, Spinal Disorders and Treatments, 1st ed.; Galbusera, F., Wilke, H.-J., Eds.; Academic Press:
Cambridge, MA, USA, 2018.

126. Teunissen, M.; van der Veen, A.; Smit, T.; Tryfonidou, M.; Meij, B. Effect of a titanium cage as a stand-alone
device on biomechanical stability in the lumbosacral spine of canine cadavers. Vet. J. 2017, 220, 17–23.
[CrossRef] [PubMed]

127. Schulz, K.S.; Waldron, D.R.; Grant, J.W.; Shell, L.; Smith, G.; Shires, P.K. Biomechanics of the thoracolumbar
vertebral column of dogs during lateral bending. Am. J. Vet. Res. 1996, 57, 1228–1232. [PubMed]

128. Molnar, J.L.; Pierce, S.E.; Hutchinson, J.R. An experimental and morphometric test of the relationship between
vertebral morphology and joint stiffness in Nile crocodiles (Crocodylus niloticus). J. Exp. Biol. 2014, 217,
758–768. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00586-007-0485-9
http://www.ncbi.nlm.nih.gov/pubmed/17721711
http://dx.doi.org/10.1016/j.tvjl.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28190488
http://www.ncbi.nlm.nih.gov/pubmed/8836380
http://dx.doi.org/10.1242/jeb.089904
http://www.ncbi.nlm.nih.gov/pubmed/24574389
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	A Biomechanical Perspective on Spine Evolution 
	Jawless Fish 
	Jawed Fish 
	Tetrapods 
	Spine Regionalization and Specialization 
	Bipedalism 

	Embryology and Development of the Spine 
	Discussion and Implications for Biomimetics 
	References

