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Abstract

Background: Traditional views of the human cranial vault are facing challenges as researchers find that the complex details of its
development do not always match previous opinions that it is a relatively passive structure. In particular, that stability of the vault
is dependant on an underlying brain; and sutural patency merely facilitates cranial expansion. The influence of mechanical forces on
the development and maintenance of cranial sutures is well-established, but the details of how they regulate the balance between
sutural patency and fusion remain unclear. Previous research shows that mechanical tensional forces can influence intracellular
chemical signalling cascades and switch cell function; and that tensional forces within the dura mater affect cell populations within
the suture and cause fusion.

Understanding the developmental mechanisms is considered important to the prevention and treatment of premature sutural
fusion — synostosis — which causes skull deformity in approximately 0.05% of live births. In addition, the physiological processes
underlying deformational plagiocephaly and the maintenance of sutural patency beyond early childhood require further elucidation.
Method: Using a disarticulated plastic replica of an adult human skull, a model of the cranial vault as a tensegrity structure which
could address some of these issues is presented.

Conclusions: The tensegrity model is a novel approach for understanding how the cranial vault could retain its stability without
relying on an expansive force from an underlying brain, a position currently unresolved. Tensional forces in the dura mater have
the effect of pushing the bones apart, whilst at the same time integrating them into a single functional unit. Sutural patency depends
on the separation of cranial bones throughout normal development, and the model describes how tension in the dura mater achieves
this, and influences sutural phenotype. Cells of the dura mater respond to brain expansion and influence bone growth, allowing the
cranium to match the spatial requirements of the developing brain, whilst remaining one step ahead and retaining a certain amount
of autonomy. The model is compatible with current understandings of normal and abnormal cranial physiology, and has a contri-
bution to make to a hierarchical systems approach to whole body biomechanics.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction accommodating its growth and fusing in the third de-
cade of life."> However, recent data suggests that daily

For many years it has been widely accepted that the brain growth is too small to induce sutural osteogenesis,
cranial vault expands through an outward-pushing pres- and that in any case, substantial growth is over before
sure from the growing brain, with the sutures merely the completion of sutural growth.* ® Human facial
sutures normally remain patent until at least the seventh

* Tel.: +44 (0)115 9491753 or eighth decade, whereas the timing of sutural fusion
E-mail address: gscarr3@ntlworld.com in the cranial vault is extremely variable and unreliable

1746-0689/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijosm.2008.03.006
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forensically.”* Many factors affect cranial enlargement —
some are genetic while others are epigenetic.

Understanding the developmental mechanisms of the
cranium is considered important to the prevention and
treatment of the pathologies affecting the neconatal
cranium. Craniosynostosis is the premature fusion of
one or more of the cranial sutures resulting in skull
deformity, and occurs in roughly one in 2000 live
births.* It may be associated with specific genetic
syndromes or occur sporadically, and any cranial suture
may be involved, although with differing frequen-
cies.>”!° Premature fusion results in arrested bone
growth perpendicular to the synostosed suture, with
subsequent abnormal compensatory growth in the pat-
ent sutures.">*!" Another skull deformity, not due to
synostosis, is positional moulding or deformational pla-
giocephaly. When present at birth it is the result of in
utero or intrapartum moulding, often associated with
multiple births, forceps or vacuum-assisted delivery; or
post-natally resulting from a static supine positioning.'?
One of the difficulties during this period is differentiating
premature fusion from abnormal moulding. By the time
children are diagnosed with craniosynostosis, the suture
has already fused and the associated dysmorphology
well-established. Surgical intervention may then be
necessary for neurological or cosmetic reasons.

The adult skeleton is mostly capable of healing defects
and deficiencies via the formation of new bone. However,
while children under the age of 2 years maintain the
capacity to heal large calvarial defects, adults are incapa-
ble of healing the smallest of injuries. The coordinating
mechanisms behind normal and abnormal development
are currently incomplete,'®'® and the model to follow
presents a novel approach to furthering our understand-
ing of the processes involved. Although many readers
will have an extensive knowledge of the cranium,
others may be unfamiliar with the details which underlie
the significance of this model, and a brief overview
follows.

The cranial vault or calvarium surrounds and encloses
the brain, and is formed from several plates of bone which
meet at sutural joints, unique to the skull, and which
display a variety of morphologies specific to each
suture.>”!'"'*15 The high compressive and tensile
strength of bone provides mechanical protection for the
underlying brain, while the sutural joints provide a soft
interface and accommodate brain growth.'® The vault
bones are the frontal, parietals and upper parts of the
occiput, temporals and sphenoid. Inferior to the vault is
the cranial base, or chondrocranium, which is made up
of the lower parts of the occiput and temporals, the
ethmoid and the majority of the sphenoid. In the embryo,
the vault bones develop through ossification of the
ectomeninx — the outer membranous layer surrounding
the brain; while the cranial base develops through an ad-
ditional cartilaginous stage, the significance of which will

be discussed later. (Individual bones spanning both
regions fuse at a later stage.) Enlargement of the neurocra-
nium occurs through ossification of sutural mesenchyme
at the bone edges, and an increase in bone growth around
their perimeters."'> During this process, the ectomeninx
becomes separated by the intervening bones into an outer
periosteum and internal dura mater. By the time of
full-term birth, the growth of the different bones has
progressed sufficiently so that they are in close apposition,
only separated by the sutures which intersect at the fonta-
nelles (Fig. 1). At full-term birth, sutural bone growth is
progressing at about 100 p/day, but this rate rapidly
decreases after this. Maintenance of sutural patency is
essential throughout for normal development of the brain
and craniofacial features.>*'® The brain has usually
reached adult size by the age of 7 years but the sutures
normally persist long after this — until at least 20 years
of age. Even after this, there is considerable variation in
the pattern and timing of sutural fusion in the human
adult throughout life.>”*!® Animal studies of the cranial
vault clearly demonstrate sutural patency throughout.*'¢

The dura mater: the dura mater is the outer one of
three membranes surrounding the brain (Fig. 2). Its outer
surface, the endosteal layer, is loosely attached to most of
the inner bone surface, particularly in children, but more
firmly attached around the bone margins, the base of the
skull and foramen magnum. The inner meningeal layer of
the dura mater continues down through the foramen
magnum and surrounds the spinal cord as far as the
sacrum. This layer also reduplicates inwards as four
sheets which partially divide the cranial cavity and unite
along the straight sinus — the falx cerebri, falx cerebellum
and bilateral tentorium cerebelli.

sagittal
coronal

Anterior
fontanelle

metopic

lambdoidal

squamous

Fig. 1. Full-term foetal skull showing vault sutures and anterior
fontanelle.
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Fig. 2. Schematic diagram of the superior sagittal suture in coronal
section. Note the firm adherence of the endosteal ‘layer’ of dura mater
at the bone margins, and reduplication of the meningeal ‘layer’ of dura
mater between the cerebral hemispheres to form the falx cerebri (draw-
ing not to scale).

The internal structure of the dura mater consists of
inner and outer elastic networks and integumentary
layers, and a collagen layer; although abrupt boundaries
between these ‘layers’ cannot be distinguished histologi-
cally.!” The collagen layer occupies over 90% of its
thickness, with collagen fibres arranged in parallel
bundles and differing orientations, varying from highly
aligned to apparently random, and arranged in lamel-
lac."® Typically, with age, the dura mater thickness
changes from 0.3 to 0.8 mm.'”'® Collagen has the stron-
gest mechanical properties of the different structural
proteins, and fibre orientation has been observed to
coincide with the direction of tensile stress.”'87°

The sutures: adjacent cranial vault bones are linked
through fibrous mesenchymal tissue, referred to as the
sutural ligament (Fig. 2).'*> The two layers which derive
from the embryonic ectomeninx — the periosteum and
dura mater — continue across the suture, and also unite
around the bone edges.'” In the cranial base, ossification
occurs through cartilage precursors, some of which fuse
together in the foetus or early childhood. The syn-
chondroses are the intervening cartilages between the
bones of the cranial base. The spheno-basilar synchond-
rosis normally ossifies in the third decade, and the petro-
occipital fissure (synchondrosis) in the seventh.”! The
cranial base is relatively stable during development,
with the greatest size changes taking place in the vault.

Morphogenesis and phenotypic maintenance of the
sutures are a result of intrinsic differences within the
dura mater.">!%162922 The significant factors in this are
cellular differentiation, intercellular signals and mecha-
nical signals.”

(1) Cells of the dura mater beneath the suture undergo
epithelial—mesenchymal transitions — a mechanism
for diversifying cells found in complex tissues, and

migrate into the suture as distinct cell popula-
tions.?*~2° Fibroblast-like cells in the centre produce
collagen and maintain suture patency. Those with an
osteoblast lineage also produce a collagen matrix,
but lead onto bone formation at the suture margins,
causing the cranial bones to expand around their
perimeters.'? Osteoclast mediated bone resorption
may be necessary for changes in the complex mor-
phological characteristics at the sutures edges.”® A
complex coupling between fibroblast, osteoblast
and osteoclast populations determines the actual
position and rate of sutural development.>!'%26->7
In addition, a critical mass of apoptotic cells within
the suture is essential for maintaining the balance be-
tween sutural patency and new bone formation.'®'*

(2) Intercellular signalling influences cellular function
through the production and interactions of soluble
cytokines such as the ‘fibroblast growth factors’
and ‘transforming growth factors’.?** The cells at
the approximating edges of the bones, either side
of the suture (bone fronts), set up a gradient of
growth factor signalling which regulates the sequen-
tial gene expression of other cells, and causes
changes in the spatial and temporal development
of different cell populations.'®-!32228

(3) Mechanical signals. The morphology of the suture
also reflects the intrinsic tensional forces in the
dura mater, in the order of nano or pico New-
tons.'**?% Regional differentials in this tension
create mechanical stresses which interact and exert
their effects on the cells, stimulating them to
differentiate and produce different cell popula-
tions.*?*>3272%  The sensitivity of the cellular
cytoskeleton to tensional forces, and the particular
pattern of stress application, has been shown to be
crucial in determining the cellular response through
a process of mechanotransduction.>**3* Given
that the cytoskeleton is attached to the surrounding
extracellular matrix through mechano-receptors in
the cell membrane, a mechanical force transfer
between them can produce global changes within
the cell by altering the cytoskeletal tension. Multiple
chemical signalling pathways are activated within
the cell as a result, and together with intercellular
chemical signals, provides multiplexed switching
between different functional states such as differenti-
ation, proliferation and cell death.?*-3%-32

It is actually not an essential requirement for
a spherical tensional structure to be maintained
through an expansive force (such as a growing brain)
in order to remain stable.**> The proposal here is
that the calvarium of the neonate could be such a struc-
ture which maintains its shape through other mecha-
nisms, being influenced by the expanding brain as
a secondary factor.
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2. The tensegrity model

The concepts of tensegrity have become increasingly
recognised over the last 30 years as a model for under-
standing some of the structural properties of living
organisms.”>>%37*> This appreciation follows from
investigations in the 1940s by the sculptor Kenneth
Snelson, and the architect Buckminster Fuller, into
novel structures in free standing sculpture and building
design.**' Although Snelson actually coined the term,
and has used it to great effect in his sculptures, it was
Fuller who defined the mathematics. The word ‘tensegr-
ity’ is derived from the words ‘tension’ and ‘integrity’
and describes structures which are inherently stable as
a result of their particular geometry.

Fuller described two basic types of tensegrity struc-
ture, geodesic and prestressed, and found the icosahe-
dron a useful shape for modelling them — itself
a geodesic structure.’>® The outstanding feature of geo-
desic structures is that they have a rigid external frame
maintaining their shape, based on a repeating pattern
of simple geometry (Fig. 3a). In the human body, this
type of structure is found in the cytoskeletal cortex of
most cells*®; and in the erythrocyte, the geodesic
structure is considered a primary contributor to the
functionality of its peculiar shape.** Prestressed struc-
tures have been well-described by Ingber in the inner
cytoskeletons of cells*°; and Levin in the shoulder,
pelvis and spine,** *° suggesting their ubiquity through-
out the organism.

In development of the model, the geodesic icosahe-
dron is converted into a prestressed tensegrity structure
by using six new compression members to traverse the
inside, connecting opposite vertices and pushing them
apart (Fig. 3b). These rods do not pass through the
centre but are eccentric and oddly angled. Replacing
the edges with cables now results in the outside being
entirely under isometric tension. The inward pull of

a

the cables is balanced by the outward push of the struts,
providing structural integrity so that the compression
elements appear to float within the tension network. A
load applied to this structure causes a uniform change
in tension around a// the edges (cables), and distributes
compression evenly to the six internal rods, which
remain distinct from each other and do not touch.?
(Some of the edges of the geodesic structure (Fig. 3a)
have disappeared in the transition to prestressed
tensegrity (Fig. 3b) because they now serve no structural
purpose and are redundant. However, enclosing this
new structure with a plastic film, for example, would
restore the full geodesic icosahedral shape.) Replacing
the straight rods in Fig. 3b with curved ones (Fig. 3c)
maintains the same stability, but they now surround
a central space. In the same way, the curved rods can
be replaced with curved plates (not shown) and the
structure still retains its inherent stability.

The plastic adult skull model illustrated in Figs. 4—7
shows curved plates of cranial bone — representing the
compression struts, apparently ‘floating’ in the dura
mater — shown here as elastic tension cords. The bones
do not make actual contact with each other at any point.
As this paper essentially concerns the cranial vault, the
facial bones have not been separated. Bones of the
cranial base are shown here as part of a prestressed
structure in spite of the synchondroses being under a cer-
tain amount of compression in vivo. Their development
in the early embryo could serve as a prestressed tensegr-
ity, only changing to a more geodesic structure as the
cartilage growth plates replace membrane between the
bones. They are shown as they are in order to demon-
strate the potential of the prestressed tensegrity principle
through all stages of cranial development. Substituting
the tension cords of these model sutures with a compres-
sion union would not alter that principle in the vault.
The spheno-basilar synchondrosis (Fig. 7) has been
distracted in order to display the isolation of each

b c

Fig. 3. Diagram showing how a geodesic tensegrity icosahedron (a) can be converted into a prestressed tensegrity structure using straight internal
struts (b). The straight struts can be replaced with curved struts without altering the tensegrity principle (c). Curved plates (not shown) could be fixed
to the curved struts so that they do not contact each other directly, and the structure would still remain stable. See text for details.
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frontal

Fig. 4. Tensegrity skull model, antero-lateral view.

bone within the dura mater more clearly. (It also sup-
ports the unbalanced weight of the face pending further
modelling.) Internal cranial structures have been
omitted for the sake of clarity.

A fundamental characteristic of prestressed tensegrity
structures is, as Fuller described it, “...continuous
tension and discontinuous compression”.”> These con-
cepts are illustrated in Fig. 8a which shows a schematic
diagram of the bones spread out in two dimensions. The
bones are the compression elements which are being
pulled by dural tension (only a small number of tension
forces pulling in one general direction are shown in this
diagram). Here they remain distinct from each other and
do not make contact with each other at any point —
‘discontinuous compression’. This contrasts with
Fig. 8c, which shows the compressive load of a stone
wall bearing down through the keystone and both sides
of the arch — the compression force here is continuous.
Returning to Fig. 8a, the tension cords are pulling in
different directions, but a resultant tensional force
develops (large arrows) which is dependant on the size

and direction of the contributing tensions (the ‘parallel-
ogram of forces’ in mechanics terminology). Starting
with the left temporal: the tension pulls the left parietal
(indirectly here) towards the left temporal in the direc-
tion of the resultant force. At the same time, the left
parietal is pulling on the right parietal through the
same mechanism, and this in turn is pulling on the right
temporal. The consequence of all this is brought
together in Fig. 8b, showing the same bones arranged
in a circular anatomical sequence, the resultant tension
pulling on each bone in turn, passing around the circle,
and ultimately pulling on itself — ‘continuous tension’.
Before running away with thoughts of perpetual motion,
it must be pointed out from Newton’s third law of
motion that ‘action and reaction are equal and oppo-
site’. So, an equal and opposite tensional force will
also be pulling in the opposite direction with the effect
of — zero — nothing happens! This same isometric
tension is acting across all the sutures in three dimen-
sions, and because it is a prestressed tensegrity, the
consequence is that all the tensional forces are balanced,

parietal

Fig. 5. Tensegrity skull model, postero-lateral view.
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parietal | frontal

To frontal

Fig. 6. Tensegrity skull model, right orbital view.

the bones appear to float, and unless acted upon by
another force (Newton’s first law of motion) the struc-
ture will remain as it is forever. The precise placement
and directions of the tensions are extremely important
if the structure is to maintain itself as described, and is
detailed later. While the simple six-strut model is useful
for demonstrating prestressed tensegrities, such struc-
tures can be made using any number of compression
struts from two upwards, with the compression mem-
bers remaining distinct from each other.*

The model was constructed from a full-size plastic
adult skull obtained from a medical suppliers and cut
into the individual bones using a fine coping saw, with
the exceptions of the facial bones which remained as
a unit with the sphenoid. Although the intricacies of
the serrate sutures could not be followed exactly,
comparison with a real bone skull confirmed their essen-
tial similarities for the purpose described. Holes drilled
at the bone perimeters were threaded with an elastic
cord, as used in textile manufacture. The tension cords
are positioned so that they illustrate the nature of the
tensegrity structure and do not necessarily follow any
particular anatomic structure. However, during posi-
tioning of the attachment holes, it became apparent
that they should be as close to the edge as possible in
order for the structure to work effectively. It was also

evident that the various curves of the bone edges, in
all three dimensions, facilitated a separation of the
bones by making alternate attachments between the
peaks of opposing bone edge convexities (Fig. 9a).

3. Discussion

One of the difficulties found in constructing this
model was the unexpected vault shape changes caused
by adjusting individual cord tensions. Prestressed ten-
segrities have viscoelastic properties similar to biological
structures, and this can cause them to behave unpredict-
ably because of a non-linear relationship between stress
and strain.”*>*® A summary of some of the significant
mechanical aspects of prestressed tensegrity design and
how they apply to the human skull is as follows.

3.1. Stability

Stability is achieved through the configuration of the
whole network, and not because of the individual
components. The model describes a mechanism whereby
the calvarial shape could be maintained independently
of any outward-pushing pressure from the brain
within,'~® a position currently unresolved. The sutures

1 eft temporal

Right temporal

Fig. 7. Tensegrity skull model, left infero-lateral view (SBS — spheno-basilar synchondrosis).
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temporal
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Fig. 8. (a) Schematic diagram of the vault bones spread out in two dimensions in order to illustrate how the compression elements (bone) of the
prestressed tensegrity structure remain discrete, and do not make direct contact with each other (‘discontinuous compression’). A tension force
pulling on one side of a bone (small arrows) will pass through that bone and generate another tension force on the opposite side. This pulls on
the adjacent bone through the dura mater and the process repeats itself. Large arrows show the direction of the resultant tensional force. Many
of these resultants (not shown) will be acting in different directions in the model. (b) Diagram of the bones arranged in a circular anatomical
sequence, showing the same resultant tensional force moving around the sequence (dark arrows) (‘continuous tension’). The white arrows are the
tension force pulling in the opposite direction. (c) Diagram showing compression bearing down on the keystone of a stone arch and distributing

itself either side through continuous contact.

remain under tension (tension being necessary for
regulating bone growth), while the bones remain
mechanically distinct from the brain, being influenced
through cells of the dura mater to expand. It is likely
that the vault shape of the early foetus would be reliant
on the expanding brain pushing outwards on the ecto-
meninx,>*'® but prestressed tensegrity could become
a significant factor after 8 weeks, as ossification stiffens
the membranous tissue and transfers tensional stresses
across the developing bone (Fig. 8a).>> Chondrification
would transform the base into a more geodesic structure
with greater stability, and reorient certain vectors of
growth influencing the greater expansion of the vault.'

During construction of the model, it became evident
that it would only work effectively if the tension cords
were attached near the edges of the bone. In children,
the strongest attachments of the dura mater are also
around the bone margins, suggesting that this may be
significant and congruent with the mechanism being
modelled.”® Continuity of dural tension is thus

maintained beneath the bone and may affect intercellu-
lar signalling from one side to another. Firmer attach-
ments of dura mater in the centre of adult bone would
not affect the tensegrity principle, but implies a change
in that signalling, and may influence the lack of bone
healing capability in the skull after early childhood.

It must be emphasised that this model describes
a structural mechanism which may be functioning in
living tissue. It would not work in preserved skulls or
cadavers where sutural and dural tissues have lost their
elastic resiliency, and the structure becomes fixed under
continuous compression (Fig. 8c).

3.2. Balance

The tension and compression components are bal-
anced mechanically throughout the entire structure,
which will optimise automatically so as to remain inher-
ently stable. The various curves of the bone edges, in all
three dimensions, facilitate a separation of the bones
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a b

Fig. 9. Schematic diagram of part of the cranial vault showing how the
bones could be kept apart through a prestressed tensegrity mechanism.
(a) An internal view showing stylised curves found at sutural edges,
and tensile stresses in the dura mater (dotted lines). These tensile
stresses create a secondary force (arrows) at their attachments that
pushes the bones apart in a perpendicular direction. (b) A serrated
suture as found in the sagittal suture, with the same effect seen at
a smaller scale.

through alternate tension attachments between opposing
bone edge convexities (Fig. 9a). The attachments on
either side naturally settle along the tension line. Conse-
quently, if those attachments are at the peak of each
convexity, the bones will be pushed apart in a direction
perpendicular to the tension force, and held there. Direc-
tional tensile stresses in the dura mater and collagen fibre
orientations have been found.”'®™* For example,
symmetrical fibre orientations in the temporal regions
were observed to be 6.3 degrees (£ 0.8) in respect to
the sagittal suture.'® At a different size scale, Fig. 9b
demonstrates the same principle in a serrated suture.
The serrate sutures increase the surface area between
adjacent bones because of their interlocking projections,
but the tension attachments holding the bones apart, as
described above, would also decrease the potential for
sutural compression in this model. In Fig. 9a and b the
tension cords are causing the bones to be pushed apart.
This is a strange behaviour indeed, considering that
tension is generally noted for pulling, and not pushing.
It underlines how the non-linear relationship between
stress and strain in prestressed tensegrity and biological
structures could be brought about. Conflicting forces
resolve themselves by taking the paths of least resistance,
eventually settling into a stable and balanced state of
minimal energy. However, a living organism has a field
of force dynamics which are in a continuous state of
flux, so that stability and balance are constantly changing
(if that is not a contradiction in terms).>>*748

Cells of the dura mater respond to brain expansion
and influence bone growth, allowing the cranium to
match the spatial requirements of the developing brain,

whilst remaining one step ahead and retaining a certain
autonomy.'~® This position renders the vault more
adaptable to other functional requirements, such as
the demands of external musculo-tendinous and fascial
attachments.”>! A tensegrity cranium balances its stabil-
ity through all stages of development, by allowing small
and incremental changes compatible with the mechani-
cal demands of all connected structures.

3.3. Energetically efficient

Energetically efficient means it has maximum stability
for a given mass of material. The geodesic dome can en-
close a greater volume for minimal surface area, with less
material than any other type of structure apart from
a sphere. When the diameter of a sphere doubles, the
surface area increases four-fold and the volume increases
eight-fold. The entire structure of the model neurocra-
nium resembles a sphere-like tensegrity icosahedron,
with a dural ‘skin” under tension and bones enmeshed
as an endoskeleton. In mechanical terms, a prestressed
tensegrity structure cannot be anything other than in
a balanced state of minimal energy throughout.’>*’

3.4. Integration

In a prestressed tensegrity structure, a change in any
one tension or compression element causes the whole
shape to alter and distort, through reciprocal tension,
distributing the stresses to all other points of attach-
ment.??*%3235741 Iy this model, the occiput is fixed at
the condyles whilst the sphenoid exerts an elastic
compression through the spheno-basilar synchondrosis.
Apart from this, the frontal, ethmoid, sphenoid, occiput,
temporals and parietals do not make direct contact with
each other at any point (‘discontinuous compression’),
and are suspended all around (‘continuous tension’)
(Fig. 8). It has been known for a long time that cranial
base dysmorphology may be fundamental to the aetiol-
ogy of premature suture closure.' The cartilage growth
plates in the chondrocranium have been shown to
respond to mechanical stresses, although normally the
spheno-basilar region is the only one to remain metabol-
ically active for very long after birth, and remains so
until adolescence.®**** The dural sheets connecting
across the neurocranium short cut mechanical stresses
from one part to the other' — the falx cerebri/cerebelli
linking the ethmoid, frontal, parietals and occiput; and
the tentorium cerebelli linking the sphenoid, temporals
and occiput with the falx along the straight sinus.

The icosahedron has several attributes that are advanta-
geous for modelling biological structures.”=® A full
account is beyond the scope of this paper, but a few signif-
icant points are worth mentioning. It is fully triangulated,
which is the most stable of truss configurations (Fig. 3a);
it comes closest to being spherical, with the largest volume
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to surface area ratio of all the regular polyhedrons —
making it materially efficient; its surfaces can be divided
equally into smaller triangles and the structure scaled up
into higher frequencies — making it even more energetically
efficient® *; it provides a link between close-packing in
two and three dimensions; and as a fractal generator, it
can polymerise into a sheet, stack in a column or helix,
and create complex patterns and shapes. Fractals are
common in natural structures. Their formal definition is
rather obtuse for the purposes of this paper, but a working
definition could be: ‘a shape or pattern which evolves as it
changes, reappearing in a hierarchy of different size scales’.
Although the frequencies and amplitudes of the ‘wave’
curvatures seen at the bone edges in Fig. 9a and b vary,
they are both examples of a fractal nature — with a similar
pattern appearing at different size scales.”’ Fractals are
probably relevant to linking structural hierarchies through-
out the body,****>3 thus making the icosahedron partic-
ularly versatile, because it also gives rise to structures
with geodesic and prestressed tensegrity properties.

As the vault bones approximate each other, a sort of
hybrid geodesic/prestressed tensegrity structure would
provide the required rigidity for brain protection, but
with the facility for micro mobility at the sutures.'*!3
Prestressed tensegrity in the cranium allows for flexibility
during development, and whatever other functions that
patent sutures might serve beyond cranial expan-
sion.*”1%2! The cranial base naturally develops a geode-
sic structure and provides a platform from which the
vault bones could expand, through prestressed tensegrity,
to accommodate brain growth. If the transfer of tensional
forces in the dura mater, and the suggested mechanisms
illustrated in Fig. 9 really do form an essential part of su-
tural patency, an aberration in this system which leads to
compressive bone contact at any point could be one step
towards a rigid geodesic cranium.'>'> This may explain
why cartilage sometimes appears in sutural joints."'*

A local tensional stress generated within the cellular
cytoskeleton could transfer to the extracellular matrix
of the dura mater and produce effects on other cells at
some distance, with structural rearrangements through-
out the network. Long-distance transfer of mechanical
forces between different tissues could contribute to dural
development, and be responsible for spatially orches-
trating bone growth and expansion ?-830:32:34:47.49.52
Similarly, an ‘aberrant’ tensile stress from elsewhere in
the cranium could exert its effects on sutures some dis-
tance away, and contribute to a change in interactions
between the dura mater, bones and brain, ultimately
leading to premature synostosis.'

4. Conclusion

The tensegrity model is a novel approach for under-
standing how the cranial vault could retain its stability

without relying on an expansive force from an underly-
ing brain, a situation currently unresolved.'® Tensional
forces in the dura mater have the effect of pushing the
bones apart, whilst at the same time integrating them
into a single functional unit. Sutural patency depends
on the separation of cranial bones throughout normal
development, and the model describes how tension in
the dura mater achieves this, and influences sutural
phenotype. Cells of the dura mater respond to brain
expansion and influence bone growth, allowing the
cranium to match the spatial requirements of the devel-
oping brain, whilst remaining one step ahead and retain-
ing a certain amount of autonomy. Tensegrity may also
be an integrating mechanism in a hierarchical structure
that extends from the cell to the whole organism, with
complex 3D patterns the outcome of a network of inter-
actions which feedback on each other.>?%-30:32:36-40.47.52
This provides a context for this model and could indi-
cate a new approach for understanding the pathologies
seen in the neonate.

One of the most significant aspects of biology is the
efficiency with which it packs multiple functions into
minimal space. This presents a conundrum in physical
modelling, as any structure will inevitably be limited in
its behaviour if it is incomplete or in isolation. It must
be emphasised that much of the supporting evidence
for this model is circumstantial, and more research is
needed to verify it, but it is compatible with current
understandings of cranial physiology, and has a contri-
bution to make to a hierarchical systems approach to
whole body biomechanics.
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