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1.1 Taportance of +the Human Cranial Vault

The fact that aucns all the sencoxry orzans of the
auman boay, brain js of narticular immortance, emphasizes
the gravity of problems xelated to the cranial vault. The
cansory uerves tranchilt iopulses fxom the perinhery of the
body-initially from the skin to the epinal coxrd and then
to the brain for intexnxetatior. The various constituents
of the cranial vault play a dominant role in the function-
ing of the different normal movements of the system. Cne
of the vital constituents is the 'motor area' where the
nerve cells initiate all voluntary movements. The cells in
the upper part control the feet and those in the deepest
part control the head, neck, face and fingers. The neXt
important region is the'pre-motor area' which exists imme-
diately in front of the motor area. A group of nerve cells
in the lower part of this area has a strong contrxol over
the different movements necessary for speech. The frontal
area exXtends anterioxrly frxom this pre-motor area as
a Yesult of which a number of association fibres
between thic region and the other regions in the cranial
vault is responsible for the behaviour, character and
emotional state of the individual. The sensory region
transmits sensations of pain, temperature, pressure and
touch where the sense of muscular novement and the
portion of joints are received and interpreted. There
are a few moXe regions inside the cranial vault which

have their own control to respond in hearing, the sense of



suell, taste ard si~nt. Thus Ioxr obvioue reaccns all theese

constituentes have got theixr own imnortance.

Apart frsm the vhysiological imroxrtance of the
cranial vault, 1% is ales a well-establiched fact that

the fatalities resulting

1,

approximately thres guarters o
from accidents invelve injury to the hcad. This
ascertains the disproportionate vulnerability of this
part of the human body. Thus the study of the human
cranial vault deserves special attention in understana-
ing the mechanics involved in head injury. The impoxtance
of studies on the mechanics of the cranial vault will be
discussed in a greater detail in a subsequent section of
this chaptexr. In ordexr to have a fuller understanaing of
the mechanics of the cranial vault, one must have a
knowledge of the relevant anatomical and physiological
concepts. Thie is why, before we deal with the mechanics
of the cranial vault, we try to present in the three
following sections, a bird!'s-eye view of the nervous
system, the various components cf the head and the

composition of the brain matter.

1.2 The Fexvous System

The nervous system is one 9f the vital systems
basically involved in the coordination of various

functione of the human system. It containes a laxge



numt :x of nerve cells and a special typc of connective
tissue. The unit of the nervous syctem 1s designated
by ncurone which cnvelores the nerve cell viith the
diffexent proceccer ci the nerve cell viz. axon and

dendrites.

The nerve cells differ considerably in shape
and size and mostly large cells are found amongst
themeelves. They form the grey matter of the nervous
system and are found at the pexriphexry of the brain, in
the centre of the spinal coxd. Each and every nexrve crll

has one or more processes.

The processes of the nerve cells-axons and
‘dendrites form the white matter of the nervous system,
which are found deep into the brain and at the peri-
phery of the spimal cord. The axons carry impulses away
fiom the nerve cells while the dendxrites carry impulses
towaxds the nexrve cells. Both have similar structures

but the former is much larger in size than the laterx.

The nexrve tissue bein# the main constituent of
the nervous system, has the characteristics of dArritability
and conductivity. Irritability is the powexr to respond
to stimulation while conductivity mecasures the ability
to transmit an impulse. In the system of the human body,

the stimulation may be described as partly electrical



and nartly chemical. On the cther hand she dnmzulec may
he tranenittec frem (1) one nort of theo brain to anothox.
(ii) the brain to striated muncle resvlting in nvscle
convraction, (37i) muncles anc joints t2 the braidn,
Tributing to the maintenance oi balance, (iv) *he
brain to the orpane of the body reeculting the contracth-
ion of emooth muscle ox the sccretion of glanar,
(v) organc of the body to the brair in acsociation
with the regulation of body functioneg, (vi) the outsidc
world to the brain through scnsory nerve endings in the
ekin which are stimulated by tempexature and %ouch and

(vii) the outside world to the brain throush the epecial

Lense organs e.g. eyes. ears, nosc and tongue.

1.3 Various Components of the Human Head

The human head concists of the scalp, the skull,
the dura, the pia~-arachnoid comnlex, the brain, the
blood vessels, the ccrebrospinal fluvid and the tlood.
The hoad-neck junction muet also be taken into consider-
ation inasmuch as 3ts physical characteristics signifi-
cantly affect the resnonse of the head eithcr ¢ a
dircct impact or to accelerations induced in some other
parts of the bedy. A median view of the cranial vault is
shown in Fig. 1.1, while a lateral view of the skull =

is illustrated through ¥ig. l.2 .



— PlA ARACHNOID

DURA

SKULL

SCALP

MID BRAIN

CEREBELLUM

.. ¥ EORAMEN

MAG NUM

SPINAL CORD

SPHENOID
BONE

ETHMOID BONE

ZYGOMATIC BONE

MANDIBLE

FIG.12. A LATERAL VIEW OF THE HUMAN SKULL




The scalp is a combination of five different
tissues overlaying thc cranial bone ac shown in
rig.1.3. It hae a leathery consistency and is under
a conztant lowv tension in the livin~ human. Thic
lcathery laycr is arranged in as.deecending sequential
order as (i) the skin with its hairy covering,

(ii) the layer tela subcutanea (loose fibrous
connective tissue that binde the skin to the deeper
structures), (iii) the aponeurotic layex (a fibrous
structure representing very much flattened tissue
that connects the frontal and occipital muscles),
(iv) a very loose subaponeurotic layer of connective
tissues and (v) the pcricranium (a tough vasculax

membrane with a somewhat looser zone).

The skull rests upon the uppexr cnd of the

crtebral column and its structure is divided into
two parts - the cranium and the face. Thc cranium is
composed of eight separate bones viz. one frontal,
two paxietal, two temporal, one occinital, one

sphenoid and one ethmoid bonrs vhile the face is
compricsed of fouxteen boneg forming the sikeoleton of the
face. As the face apncars to have a negligible influ-
ence with respect to the nroduction of the head injury,
which is the subject of the present thesis, its further

consideration for the subsequent discussions is deemed
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to Le unnecessary. The constituente of the cranium are,
to some extent, resnonsible in causing cranial trauma
and hence for studics on the cranial trauma, a
knowledge of the locabtions of different parts of the
fkull is quite ueeful. ror this reason., a brioef die-
cugsion on the various benes forming the skull is

vresented below. (cf. FPiec. 1.2) .

The frontal bene : This bone belongs to the
forehead, the inner surface of which is grooved by the
brain and blood vessels. At birth the bone is separat-
ed into two parts by the frontal suture but union is

usually complete by the ¢ighth year of life.

Parietal bones < Thesge two bones forxm the
sides and the top of the skull. They articulate with
each othexr and with the frontal, occinital and teap-
oral bones. The innex surxface is concave and also

grooved by the brain and blood vessels.

Temporal bones : These boneslie one on

(R S R e

each side éf the head and form immovable joints with
the narietal, occinital and sphenoic bones. Each
temﬁoral bone is divided into foux parts. The first
part, the fan-shaped nortion articulates with the
parietal bone. The second one is a thickened paxt

which can be felt just behind the ear and it contains



a large number of very small air sinuses which
communicate with the middle ecaxr. The third naxt forms
the base of the skull which contains the organ of
h~aring. The fourth and the last onc is directed
forward and articulates with the zypomatic bone to
form the zygomatic arch. The temporal bone has an
articulating surface for the only movable bone of the
skully, the mandible. The innex surface is deeply ridg-

ed by the brain and large blood vescels.

The occipital bone : The back of the head and

- m

the part of the skull base is formed by this bone. It
makes the joints with the parietal, temporal and
sphenoid bones stationary. Its innexr surface is deepnly
concave and the concavity is completely occupied by
the cerebellum and a few laxge blood vessels, while
the roughened area on the outer surfacc gives attach-
ment to muscles. It has two articular condyles whexe
it forms a hinge joint with the first bone of the
vertebral column and between these condyles there is
a large foramen called the foramen magnum through

which the spinal cord passes.

The sphenoid bone ! It occupiecs the middle

portion of the base of the skull. The shape of the
bone is like a bat with its wings outstretched to-

warde the sides of the cranium. It articulates



with the fonporal, »arictal andg frontal bsnes. On the
sticoth surfacc ci the body crf the bat there is 2
little saddlo~ghaned denreossion in vhich the »nitui-
Tavy gland r-oshe. The booy ¢f the bone containg some
fadxly large sinus~c which fire in communication with
the naegal cavities and foramina for the passage of

bleod vessels and nervec.

The ethmoic bone : It occuniecs the antexriox
vart of the base of the shull anc helpe to form the
crbital cavity, the nasal scptum and the lateral
walle of thc nasal cavity. It is a vexry dclicate bone
having riany air sinusce which appcar to have the same
characteristic as thosc of the ephenoid bone. It has
a horizontal flattened nart which forme the xroof of
the nasgal cavities and has numcrous small openings
through which nerve fibres of the sense of smell

nase unwards from the nacal cavities to the brain.

Hext inwarc skin is known as dura. It con-
sists of two layers of densc fibrous tissues - the
outer taycxr forming the lining of the skull while
the inner layer providees a protcctive covering for
the brain and the spinal cord. The venous blood from
the brain is draincd into venous sinusec which are
formed betvieen the layers of dura mattcx. This

matter ¢ontinues downv.ards to line the vextebral
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canal 2and goes beyond theo end of the spinal coxd.

The ncext inwara tjissve, the arachnoid, a non
vageular nernbrane ic scrarated fron the dura by a
narrovw non-conrmunicating capillary knovin as the
gubdurnl space, which is filled with lymphlike fluid.
There is another delicate membranc known as pia
closely investing the brain and contains white
fibrous tissues and the arachnoid is connected to it.
The cerebrosninal fluid flows within the sub-arachnoid
space where the arachnoid matter is separated from
the pia matter by a definite space. Tt continues
dowvnwards to envelop the spinal coxd and ends by

merging with the dura matter at the level of the

second sacral vertebra.

1.4 Comnosition of the Brain

The brain, almost completely enclosed by the
gkull (excent for th- foramen magnum), consists of
the cerebrum, the mid brain, the pons varolii, the
riedvla oblongata and the cerebellum. The cerebrum
constitutes the largest part of the brain and is
divided by a deep cleft named the longitudinal
cerebral fissure into two distinet parts - the right
and the left cerebral hemispheres. Both the hemis-

pheres are connected by a mass of white matter orx
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n-r.ve rivbres to the cdeen within the brain. The
sup~rficial »nart of the ceredvrum ie comnosed of nexve
Celle or arey maktter foraing the cerebzal cortex.
IEach hemisnhere of the ccrebrva is civided into
variovts lobes by necans cf suncrficial grooves wiz.
frontal, parictal, tcmnoral, occinital, limbic and
insula lobe as shown in rig.l.4. The midbrain occupies
the region of the brain between the cerebrum above
ana pens varolii belovi. The fibres from the cerebrum
anag the spinal cord pass through the mid brain unto
the e¢erebrum and descend from the cerebrum to the
cerebellum and the spinal coxrd. The nerve cells act
ag relay stations for the ascending and deocending
nerve fibreas. Two grounc of nexve cells nrovide cell
stations for the tranemiceion of nerve imvnulces from
thr optic nerves ané the vestibular portion of the
auditory nexves to the cerebellum. These nexve
impulses nlay a dominating zole in the maintenance of
balance of the body. The pons varolil is acccnodated
in front of thce ccrebellun below the midbrain and
above the medula oblongata. The nexve fibrcec of this
region form a bridge between the tvio hemispheres of
the cerebellum which pass bebtvieen the higher levels
0f the brain and the spinal cord. There are also a
few grouvs of nerve cells within thc pons which act

as relay stations and some of which axe concexned



viith cranial nerves. The medula oblongzsa occuvnies
the region between the nons varolii avove and below
the spinal cord which lies just within the cranium
above the foramen masnun. Grey matter or nerve cells
lic at the centre of the medulla while a few of these
cells constitute relay stations for scensory nexves
ascending to the cerebrum. The next and the last
constituent of the brain ie cexrebellum which occupies
the region behind the pons varolii and immediately
below the posterior poxtion of the cercbrum. It
consists of two hemisnheres separated by a narrow
median strip. The grey matter is found forming the

surface of the cerebellum while the white matter

lies deeply forming a branched apnearance.

Macroscopically, the egg-shaned brain is
something like a jel and composed of (i) about 78 /.
water, (ii) 10-12 /. phospholipids, an ester contain-
ing phosphate, fatty acids and nitrogeneous compounds,
(iii) 8 /. protein, (iv) small amount of carbohydrates,
(v) inoxganic salts and (vi) éoluble organic
substances. The length and transverse diameter of the
human brain are about 165 mms and 140 mms respectively.
The average adult brain is 1200 c.c. by volume and

1500 gms by weight.
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1.5 ilechanical Pronexrties of the Diiferent

Comnonents of *the Himan Head

The probleas dealt with in the present thesis
are basically w»nroblems of Continvum {echanics having
physiological annlicaticns. So as in the study of
other applied probiems of the .echanics of Continua,
for the study of the Cranial Biomechanics too, a
thoxough knowledge of the mechanical properties of the
various tissues composing the cranial vault described
in section 1.3, is extremely essential. For this xeason,
the main mechanical properties of the principal comno-
nents (which are particularly immortant in studying
the mechanics of the cranial vault) will be reviewed
in this section, basing upon the obeservations of pre-

vious experimental studies.

The experimental observations renorted by
Advani and Owings (19%4) and Gurdjian (1975) indicate
that the outermost component of the head, viz. the
scalp pocsesses viscoelastic properties. The average
value of the bulk modulus has been reported to be
approximately 2 GPa while the ultimate tensile
strength and elongation are renorted to be around
0.46 lPa and 54 /. respectively. iloreover, the
scalp is anisotropic 4§ its thickness varies fxom

6.5 mms to 13 mms.



The skull conesists of an osuter and an innex
tabic of solid bon~ ncpaxrated by a trabecular dGomain
(diploéb with a total thickness rangine betveen
6.5 mnsand 7.9 mus. (of. Fig: 16).'As mentloned in a forersoirs
scetion, the ekull consiets of cight sceparate bones,
their junctions in an adult spccimen ie so calcified
that it composcs a single strvctural unit. Thus
mechanically the skull matcrial is nonhomdroncous and
non-isotropic. The mechanical »nropexrtice of skulls
Xeported by various rescaxchcrs (Haynes et al.,

1869 , Hubbard, 1970 3 licElhaney ct al., 1970 3
ddelvin et al., 19702, b 3 Robbins and Wood, 1969
Roberts and ilelvin, 1969) scem to vary widelysy it
appcars that the propexties vary according to the
sitec of a given skull snecimcn. The different
conditions (e.g. biopsy, autospy, frozen, cmbalmed
€tc.) also contribute to the determined physical
constants of the tested specimen. Foxr unembalmed
coripaat skull bonc the average isotropic values of
the tensile and compession modulus have valucs
around 14 ilPa while the tensile and comprcssive
strength are approximately 70 and 165 (Pa zespce-
tively. The tensile failure strain scems to lic
between 0.55-0.7 . . The average vaiue of the
compressive strencth of the diploe ig 34 ilPa .

When the skull is treated as a composite structuxe



poscessing transversc isotropy, the average radial

compression modulue ranges irom 0.4-2.6 GPa while the

compression modulus ranges between 2.6 GPa and 5.6 GPa.

Also the mocdulus In tangential tension variee betweon
5.2 GPa and 3.3 GPa. The Poisgen's ratio ranges from
0.19-0.22. Corresrvonding to a structural Young!'s
modulus of 10.2 GPa, Hubbard (1971) determined the
bending stiffness of the skull to be nearly 2.75,Nm2.
The equivalent shear modulus was found to vary from
133-745 MPa and 133-690 MPa for the composite and for
the core respcctively. Melvin and Evans (1971) as
also Wood (1971) reported the values of the ultimate
strength as 71-145 ilPa and 50-97 wlPa when the samples
were tested in radial compression and in tangential
compression respectively, the value in tangential

tension being 43 WP a.

Piekersky (1970), Popc and Outwater (1972) as
also Wright and Hayes (1977) observed that the stress
intensity factor (S.I.F.) of cranial vaults varies
with the density of cranial bone 3 for a specimen of
density 2 Kg/m39 the $.I.F. has got the value

3/2

4.0 MM/m , the corresponding strain-encrgy r=lease

2
rate being reported to be 1600 L-m/m .

Vibrational modes in living humans have been

found by Gurdjian (1975) and Gurdjian et al. (1970)
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at abcut 300 (anbizesonance), 500 and D00 Hz (reconance),
with some variaoility Gepend:in~ uncn the location sr the
drivin~ force and towo~=ranh, oir tiuec indaividual. Delow

=00 Hz, the siull moves as a xisic beay and will <o

resnond to immacts of more than 5 ms curation. The Quasi-

static elastic modulus and ultimate chear ctrenzth of
dura were found to be 42 Pa and <.3 Pa while ite
complex Young's modulus has been determined as 32.8 +
3.45 i ilPa frown free vibration tcsets at a particular

frequency of <o Hz by Galford and JcBlhancy (1970).

Lxneriments show that brain exhibite viscoelastic
properties, Its: bulk modulus ic around « GPa (almost equal
to that of water). Jamison et al. (1963), Galfoxd and ilc
aney (1970) and Goldsmith (197z) reported that foxr a direcct
shear at 10 Hz,if the cownlex modulue ¢ be reprecsented ae
Gy
Pa and 225-655 Pa. But the corresnmonding ranges for torsion
tests executed from 2-400 Hz vwere found to be 827 -

137, 900 and 2¢5-35,700 Pa zrespectively. etz et al.
(1970) carricd ocut experiments on animal brair and
observed a decrease in moGulus with time after death.
Completely different values ranging between 0.46 - 50
poises were reported by various investigators for

the viscosity of brain, at normal body temperature,

the differences being attributed to the method of

¢¥ 4+ 4GS, the ranges for Gi and G are respectively 550-110

13
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rneazurenent. It was remarked that an averase valu~ of
. . 0 . : . -
arouna 40 poisce near 20 C may be takten for practical

PULDNO &CG.

The blood vessels of the cranial vault arc
nonlincarly viscoclastic. It viae reportad by Yamnda
(1970) that the ultimatc tensile strength of a carotid
artery is aroundé 115 KPa and the ultimate elongation
is approximately 36 /. . These values correspond to
human specimens of the age groun of 20-29 years ; of

coursc both of these values decreace with increasing

age.

Since in one of the problems considexred in the
thesis the effect of the head neck junction has been
considered, a few available informations are also glven
here. Yamada (1970) reported that the average ultimate
tensile strength and ultimate elongation for cervical
vertebrae are around 0.33 {Pa andé 0.8 7. . Also stress-
strain curves for vertebrae, diccs and skeletal muscle

exhibit concave unward trends.

The main mechanical properties of dura which
represents the interior lining of the skull, are aniso-

tronicity and inelasticity.

The pia-arachnoid complex ics made up of a

gossame? tissue whose strength characterietice are

19
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ignorable. The cerevrospinal fluic containcd in the
subdural space (describcda in scction 1.3 ir a colour-
lese fluid having epcecific gravity of 1.004-1.003 and

can be anproxinately represcented as a llevtonian fluid.

1.6 Lxpcriments on Skulls of Cadavers, Live and

Dead Aninmals and Usc of Bxperinental Models

AllL the expeximental studies which were
referxred to in the preceding scction verxre made for
tho determination of the mechanical properties of
different components of the cranial vault. In the
present sectiony; an attempt 1s made to briefly xeview
some of the important ezxperimental investigatiens
which werc performed on the skulls of embalmed and
unembalmed cadavers, live and dead animals and artil-
ficial hcad forms in ordex to ascertain causes of
head injury and to collect enough patholoszical

information to establish tolerance limits.

Evans ct at. (1953) studicd the relationshin
of energy, velocity and deceleration to ckull frac-
ture in their experinental investigation. The intact
human heads from adult cmbalmed cadavers vicre taken
in their free ana guided fall tests on to an auto-
mobile insﬁrument panel and they have comc to the

conclusion that not only the magnitude of the



available cnexrgy but also itc rate of avbscrption is
imnmortant to coneider the mecchaniem of skull frac-

ture. Jisesncr ot al. (1960) investigated whether ox

not the boay veisiit wgmentea the impact of the head

in the scnee that whethexr the body was attached to

the head nroduced a more severe impact to the head

than if thc hoad alonc wore dronped on the pancl. By
making a gclatin-filled head strike a thin still plate,
an autoriobile pancl and a large stecel block they tried
tc establich a relationship between the acceleration
and the intracranial precssure. Gurdjian et al. (1950)
Observed the arcac of Gifferent stress levels in the
skull subjected to blows in various locations on the
skull surfacc and finally corxrelated their observations
with clinical skull fracturcs. In 1961, Gurdjian and
Lissner (1961) investigated thc relationship betvieen
intracranial acceleration and impact velocity in theix
experiments in which the heads of human cadavers struck

laminated tempered safety glass pancls.

Hdextz and Patrick (1967) obscrved the kine-
matics of rear-end collisions bascd on known accelera-
tion pulses of actual car-to-car collisions on a crash
sinulator using anthropomorphic dummics, human cadavers
and a voluntecexr. The responses of both dummicre used
were not comparable with those of cadavers or the volun-

teer or to cach othgr. Based on their observations, they



arrived 2t a conclusion that the hcad torcuc rather

than the nrek shear ox avial forcrw ie the major [achor
in prodauecing neck injvry. Oamaya cf al. (1966a) tricd
te jlluetrate the poscible injury mechanisme occurxring
in whiplash ang head imvact. vron their cxneriricntal
observations on monkcys they concluded that multinle
ncchanisme are involved in cercbral concussions 5 among
them rotational acceleration of the head, flexion-
extencion-tension of the neck and intracranial prescurc
gradients arec perhaps the most significant. Patrick
(1966, 1967) wncrformcd an expcrisient impacting cadavers
v.ith autonobilc windshiclds to investigate the potential

head and neck injury.

Hodgson ¢t al. (1967) nmeasured the force input
by ueing é force gencrator attached directly to the
skull of an cmbalmed bhuman cadaver and obtained the
effective mass and stififness in the frequency range ( &
to 5000 Hz ) with the help or a linear simpnle degree-
of-freedom model. The driving point impedance chara-
cteoristice of the human and rionkcy hcad over the fre-
guecngy ran”c 30 to 5000 tiz was detezrmiined by Stalnakex
et al. (1S70). In vitro cxpcriments on a fresh human
cadaver as also both the in vivo and in vitro experi-
riecnts on monkeys were carried out. Using a linear tvic
degrces of freedom model, the results viere precented

viith appreciable accuxacy.
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Holbourn (1943), in his experimental study viith
a gelatin-filled model, illustrated thc stress paterne
gencrated betveen the brain and the skull owing to an
innhut angulaxr acccleration. He also obscrved that the
shcar strainc produccd by lin-ar acccleration arc found
mainly in thec ncighbourhood of the foramen and in the
ncighbourhood of the ventricler duc to slisht differ-
cnces in density betwecen the cercbrospinal fluid and the
brain tissue. He further concluded that the shcar strains
PrXoduccd by lincar acceclcration could be neglected con-
pared to thosc produced by rotational acccleration.
Gurdjian and Lissncr (1961) furthcr observed that the
generation of pressurc gradients axrising from acceclera-
tion or deformation of the skull may cause shear stresses
in the brain stem area. They used a two dimensional
photoclastic model to show that the region of the
craniocerebral junction is an area of high shear stress

concentration.

Unterharnschcidt and Sellicxr (1966) pointed out
that head acceleration and skull deformations nroduce
intracranial pressure changes in sufficiently xreduced
form which result in cavitation at the antipole and
points of skull outbending. They claimed that this cavi-
tation hypothesis is the principal causc of brain

damage. Gross (1953) produccd cxpcrimental cavitation



tillec human s'tuli, *he pressure ryradienic viere
Aeagnred in thrice nubuvally noxvn-ndicviar directions
by Robextes e al. (LuH06) ard th~ resianec ol nesativo
piessure were pointed out. Curdjlan and Lirenex
{(1Y6l) ailso conciLuoed that the foramen magnurn o1 the
model Jz a region in which an external blow %o the
skull responds in the development of shear strains
in the fluid. A plastic model of a sagittal section
of the skull including formamen magnum f£filled with
1.5 7. solution of milling ycllow was used for theix

exper iment.

1.7 Head Injury Mechanics, Different Types of
Head Injuries
That the behavicur of a head during and
Immediately after the anmnlication of a blow can be
studied by emnloying Newton'g lawes of motion through
the use of the physical vropertics of the var-‘ous
comnonents of the head, indicatee that there exists

a mechanice of heac injury.

An injury to the head may occur due to damage

of its various comnonents, viz.



i) §p§{gw9§§3§§ : A gamage to the scalp nay
occur owing to an impact with a sliding object, which
may xresult in denuding the suncxficial skin or due
to a cut of the skin by a sharp object. The injury

to the skull may also involve leakxass of blood from

the broken vessels into surrounding tissucs below the

skin.

ii) Skull damage : There may be various reasons

for skull damage. It may be in the form of a depre-
sgion of the skull due to a high speed nrojectile ox
a heavy falling object (e.g. bricks ox stones) or
interior vehicular structures under crash conditions,
which may lead to pexforation of the skull borne and
fracture. The depression may also be caused due to a
missile which may lead to fragmentation of the bone.
A damage to the brain may also occur due to a static
or quasi-static loading on it, produced by a relati-
vely long time cruching of a heavy object. In the case
of young children where the skull is a bit shofter,
there may be a permanent deformation of the skull

without fracture.

iii) Brain damage : The two typecs of damages to the

head, described above arc invariably duz to a direct
impact or a blow, whereas a direct impact or an

impulsive load duc to a sudden acceleration (oX



dec.leration) of a considerablec magnitude can cause
braip injury. The injury may be in the form of
concussion, contusion, laceration or intercerebral
hematoma. In most cascs, an injury to the brain can
not be easily detccted. This is why, the occurrance
of brain injury has to be speculated by neurological
or pathological malfunction. Based upon the obser-
vationes of past cxperimental as well as theoretical
inveetigations on intracranial trauma, three diff-
crent, reclatively independent, postulates have been
put forward, which help understanding the growth and

development of neurological damage.

1.8 Hypotheses on Brain Damage

The first hypothesis for expnlaining the
mechanicm of brain injury, usually described as the

cavitation hypothesis, illustratcs the contrecoup

lesions which are usually observed at the pole
opposite to the point of impact. According to this
postulate, following an impact on the head, an area of
negative pressure is developed at the contrecoup site
and this causcs capi}lary rupturing in this region.
The pressure in the eontrecoun region is described as
'negative! by Unterhaxnscheidt and Selliex (1966) in

the sense that the pressure is less than that before



the impact has occurred. They cxamined the cffect of

a blow on a fluid-fillcd spherical vesscl as a

physical zcplica of the headsiand: obcerved “thrt if the
vesael be struck by a blovwi of a duration longer than

the transit time of a preossure wave through the veseel,
thc pressure that is deoveloped within the vessel varics
lincarly from thc point of application of the blow to

the contrccoup site where the negative prossurc is
devcloped. Similar obscrvations werce also xeported by
Robecrts ¢t al. (1966). In an attcempt towards dctcrmin-
ing thc cxtent to which the flexibility of tho shell

and thc compressibility of the fluid can be ignorcd,
Kopccky and Rippcrger (1969) used a scalcd cylindrical
shell (the shape of the shell being considered unimpor-
tant) madc of plcxiglass and filled with a hydraulic

01l of specific gravity 0.85 and concluded that in the
case of a rcal fluid, thc absolutc pressure (atmospheric
prcesurc minus magnitude of the 'negative presessure')

can ncver drop below the cavitation pressurc of the
fluid and that the ncgative prcssure at a given accel-
cration varics nonlincarly with thc bulk modulus of the
fluid. Scllicr and Untcrharnscheidt (1965) als; reported
that the capillarics mentioncd absve arc normally
subjected to a pressurc differential of only a few mm Hg.
In most cascs the maximum value of the developed ncgative

pressure ls around - 1 atmospherg, dut as the acceleration
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is increcasca, the presevze cxerted by tic surrounding
tissuce is rapidly rcduccd and thorcby the pressvice
diffcrential  neross the capillary wall ds incrcascd
¢noxrmously. As a rcsult the emall vegeels rupturc.

Thecy, however, rcmarked that thc word !'contrccoup!

does not £it well in refcrence to cavitation hypothesis
since the injury to brain occurring in thc antipole

rcgion is not due to the impact of tissue on bonc.

The sccond postulate suggcete that brain injury
can occur due to flcxion or ¢xtcnsion of the upper
cervical cord followed by fracture and dislocation of
the cervical spine. Such fractures can occur when the
head is fixed but is subjected to scverc hyperexten-
sion whilc thc body moves furthcr forward. This situa-
tion is dcescribed as !'whiplash!'! and is rossible in the
casc of a rcar-cnd vohicular collision. It has becn

rcported in the litcrature that such a situation may

also lcad to ccrcbral concussion (Ommaya ct al., 1967.).

The third postulatc describcd as the rotation
hypothesis,states that angular acccleration of the head
plays a vcry dimportant rolc in causing damage to brain.
in fact somz investigators arc of thc opinion that
rotational acccleration is thc most scrious causc of
brain damaze. Holbourn (1943, 1944) seems to be first

to propound thisg idca on thc basis of his cxperimental



obs rvations. He remarked that the cffccet of trans-

lational or lincar acccleration is nicagrc, comparcd

- to that of rotationalaccclcration, in producing

daximum shcaxr. The angular accclcration causcs a

shcar which ie normal to the radius of rotation. As

pointed out by Strich (1969), thc shcar may damage

tissucs in the cortical and subcortical regions when

fhc forces arc considerably great. In resulting con-

cussion also, the effcct of angulaxr accclcration on

pressure gradicente across the skull 1s significantly

important. The experimental obscrvations of Ommaya ct al.

(1964, 1967a, 1967.) also confirmed this postulatec.
Deny-Brown and

Deny-Brovwn (1945)”\Ruesol (1941) as also Scllicr and

Untcrharnscheidt (1965a, 1965b) determined the velocity

and acccleration that can causc ccrebral concussion in

cxpcrimental animals.

1.9 Importance of ifodel Studies in the Recalm of

Cranial Biomechanics

Since harmful cexpcriments cannot bc carricd out
on living hurian bcings and since obscrvations on the
tcets carricd out with experimcntal animals cannot be
rcadily used for human bodics, th¢ conesidcration of
models in the study of human hcad impact has got its own
importance. For this purposc onc can consider either

physical modcls or mathematical oncs. It is agrccd that
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although »nhysical modcls can be constructced noxc
rcalistically than the nnthematical modcls available
till date, thodir applicability has got limitaﬁions duc
to difficultics onc facte while taking ncccsesary mecasu-
réricnte and duc to the time required to collect the
ncceessary data. But by considering mathcmatical models
onc can ¢xplorc a varicty of casce in a comparatively
sriall span of time. The use of such models is also
incvitable in cascs whexe experimental investigations

arxrc rather difficult or even somctimce impossiblc.

1.10 Gecomctrical Shape of thc Head

In most of the previous model studics, the
geomctry of the brain casc was considercd to be per-
fectly spherical. This assumption simplyfics the studics
to a considcrable cxtcnt, whecther it is a casc of a
nathcematical model ox a casc of cxpcrimentation by the
usc of a physical rcplica of thc head. But Unterharns-
chcidt ¢t al. (1966) and Goldsmith (1972) indicated that
the eccentricity of riost of the skulls is considezrably
pronounced. Goldsmith (1972) suggecsted that a prolatc
spheroidal shcll (with thc ratio of its major to minoxr
axis cqual to 4/3) could be a better rcpresentative of
thce human hcad than a spherical shcll. In fact the skull

cceentricity was proved to bec a potential factor in the
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studies or varioug asnects of the cranial biomechanics
by sewveral investisators (cf. ilexchant and Criepino
(1974), Talhouni and Tiilaggio (1975), ilisra (19784,

1873b), ilisra et al. (1977, 1973) ).

A brief account of previour theoretical studies
xelevant to the problems considered in the present

thesis 1s given in the following section.

1.11 A Brief Account of Previous Analytical Studies

on the Mechanics of the Cranial Vault

Since World War II a good number of analytical
studies on the mechanics of the cranial vault with
particular emphasis on the head injury mechanics has
been made alongwith relevant experimental investigations.
The importance of analytical studies in this area has
been indicated in section 1.9 . A brief account of
theoretical studies relevant to the problem considered

in the thesis, will be precented here.

The first systematic study in this area through
the use of a simple mathematical model seems to be made
by Anzelius as early as 1943. He consldered the effect
of a certain impulse load on a mass of inviscid lidquid
contained in a closed rigid spheiical vessel. The vessel
considered was assumed to have a constant translational

velocity for +<0 and suddenly brought to rest at +=0.
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Gutinger (1950) put foiwafd a similér'analysjs for a
fluid filled rigid sphexicai chell initially at rest
ane: at =0, a romentary impact .forcc‘ war aceumed to
accelexate dinstantencyucly hhe verscel to a constant
velocity whichi the vesrel retained for all t>0.
Though their basic assumptions were slightly different,
both of them concluded the same i1dea regarding the
cauce of brain damage. They concluded that an initial
compression wave axrises from the pole of impact and due
to the rigidity of the shell, instantaneoucly a tension
wave is emitted from the counterpole and finally both

the waves approach towards the geometric centre of the

system. The superposition of the two waves at the centre

vroduces large changes in the fluid pressure. This fact
wag considered to be the cause of brain damage. A cne-
dimensional version of the Anzelius-Gutinger mociel was
considered by Hayashi (1969). He also examined the case
of a rigid vesrel containing an inviscid fluid (renres-
enting the brain) when the vessel is connected to a
linear spring which represented the composite structure
of the scalp, skull etc. The effects of mild and hard
impacte on the stiructure were studied analytically. But

due to the assumption of xigidity of the container, *he

studics mentionea above fail to account for the influence

of skull deformation on the craniscerebral trauma and %o

determine the possible locations of the skull fractuxe.
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Thie defect led Goldsmith (19066) to cuggest that for
studying the mechanics of head injury, the braincase

be considered as elastic. By removing the rcstriction

of rigidity of the shell, Engin (1969) made an impro-
vement of the »nroblem and studiced the axisymmetric
transient responsc or a thin clastic sphecrical shell
filled with inviscid comprcssible fluid subjected to a
local radial impulsive load, as a model for hcecad injury.
He consideréd the shcll material and fluid inside to be
lincar, homogcneous and isotropic. A continuum model,
intended for vertical impact studies, basced on small
deformations and rotations was proposed by Liu and
Murray (19266) consisting of an elastic rod surmounted
rigidly to a mass, the rod being the representative of
the torso and the attached mass that of the head. The
model was improved subsecuently by Martinez and Garcia
(1963) as also McKenzic and Williams (1971) by consider-
ing linear and nonlinear lumped parameter models.
Axisymmetric vibration of a fluid-filled elastic
spherical shell (with reference to a head) was considecred
by Engin.and Liu (1970), using thin shell theory. Further
Engin and Liu (1370) like nmost of the carlicr investi-
gators, considered the skull to be thin and homogeneous.
Lee and Advani (1970) studied the effect of torsional
impact acceleration of the head by considering a math-

ematical model. They studied the transient response of a
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linc ax olasfic.Spherc to a stcp innut accclézation

abont a diansirical axis through the wee of supcrroci-
tion principlc. Corresmonding rosvltr oY the linca
viegostlartic xieponer vwirs aleo dexrivaed. Bencdict,

Harrie anc Rosonbors (1970) dn thoir investiration
considcred the skull to bc a thin, homogencous and
isotropic sphcrical shell as alsc the brain to be an
idcal acoustic fluid and the impact tc be arbitrary

timc dependent. Engin's solution was further cxtcended by
Liu, Chan and Nclson (1971) by retaining bending torme
and considcring a finitec duration pulsc as input.

Engin and Roberts (1971) studied the rcsponse of a fluid-
fillcd clastic shcll subjectcd to a global axisymmotric
impulsc on its boundary. The detcrmination of thec cxeoss
pressurc distribution in the fiuid was considered to
¢xplain thc bchaviour of thc brain undcr conditions in
which the application of local forcecs on the skull is
avoided. This study may bce considexcd as a gencralisation
of the modcls uscd by Anzelius ané Gutinger mentioncd
above, in the scnsc that the rcstrictiorn of the rigidity

of the shell wae removed in this study.

A poroclastic sphorical shell moael foxr the
human hcad was studied by ¥owinski and Davis (1970). In
this study, the osscous tissuc was considorcd to bo a
lincar pexfectly clastic solid while the fluid substances

filling the cavitics was treated ac Nowtonian viscous. In



the analysie, they madc usc or the Heinrich - Desoyer
iormulation of the consolidation thcory of Texrzaghi -
Biot adaptcd to th: sphcrical bodics and the Laplace

tranefcrmation.

A matnematical model bascd on the principles of
continuurn mcechanics was devecloped by Engin and Wang
(1970) foxr thc detcrmination of thc viscoclacstic
bchaviour of in-vivo primatc brain. The complex dynamic
shcar modulus of the primatec brain in-vivo was obtaincd
from thc combined relationships of thcorctical analysis
and cxperimental data. From the mathematical point of
vicw, thc problem being taken up was that of stcady
statc responsc characteristics of a solid sphexe of
lincar viscoelastic material whosc mating surface with
the 1rigid boundary is free from shecar stresses. The
cxternal load was choscen to be local radial harmonic
¢xcitation. This theorctical modcl corrcspondced to an
experimental sct up consisting of an clectromecchanical
device with a small driving point impedancc probc which
vias placcd in dircct contact with the pia-arachnoid

through a hole in thc skull of a Rhcsus monkey.

By using thrce dimensional cquations of 1lincar
viscoclasticity both for thc skull and thc brain, thce
stcady state solutions for the case of axisymmetric

torsionless deformations woere obtained using a Fourier
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synuuesis ty Hickling and Wenper (1972). The distri-
bution of etrecee:. in the chull ard the brain as viell
1e the pressure dictribution in the brain was also
cstimated by using their analysins. They all considez-

ed sgnherical gcometry for the head.

By assuming the skull as a rizid sphexrical shell
and the brain as a lincar viscoelastic material, the
problem of finding the steady state rcsponse character-
istice of a head subjected to a local radial harconic
excitation, was studied by Wang and Wineman (1972a). They
established an equation for the material parameters in
terms of the force and displacement of the excitation
and developed 2 technique for solving these parameters
when experimental data are known. With similar assumptions
for the skull and the brain, Wang and Wineman (1972Db)
considered the stress relaxation induced by a small step
displacement of a probe. The problem was formulated as a
quasi-static boundary value problem 3 a nonlinear Volterra
integral equation is established from which the shear
stress relaxation function can be solved in texms of the
probe displacement and force. A numcrical method of solu-

<

tion was also developed.

A finite clement analysis for the skull treated
as an elastic material was put forward by Hardy and

Marcal (1973). They concluded that the skull 1s strongex



to front loace thsn the cide loads. On the basgie cof
tensile fracture at maximun elactic stress loads of
1600 Kge and 635 Kgs (avprox) viere predicted for the
rracturing of the skull due to fron%t and side loadine

regpectively.

In all the aforementioned model studies related
to hcad injuries the georietry of the braincase was
considered to be perfectly spherical. This assumption

simplyf ies the stuaiec to a conciderable extent. Due to
lack of sphericity of the skull, Goldsmith (1972)
suggested that a human skull can be better represented

by a prolate spheroidal shell, with the ratio of major to
minor axes of about 4/3. In fact the skull eccentricity
vias nrxoved to have a significant contribution in the
studies of various aspects of the cranial biomechanics by
several investigators (cf. lexchant and Crispino, 1974
Talhouni and DiMaggio, 1975 3 lisra, 1973a, 1978b 4 Misra
et:al., 1977, 19738). By considering a prolate spheroidal
shell filled viith an inviscid liquid, Talhouni and
Diillaggio (1975) obtained the distr ibution of stresses in
the shell and pressure in the fluid by finite diffexence
method, the load applied on the shell suifaces, was in
the form of a uniform step pressure. Also ilerxrchant and
Crispino (1974) studied brain damage caused by the

generation of tensile pulses in the bLrain for axisymmetric
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" dmpoct .by mbdcll’ing the hc;a(} ac &'ll"luid—fill.éd spherical
chcll and a proléto cllipsoidal shell cf rovolhtion.,
Solutions werc obtained by employing nuncrical tochnigues.
The mcchanical-wavc propazation scncrated in the brain
when the hcead is subjoctcd to an angular accclcration of
2 given amplitude and duration wars studicd by Bycroft
(1973) . Hc obtaincd a closcd foxm solutions of thc
mathcrniatically formulatcd problen and finally oxprosecd
the gcngratcd shcar etrain in terms of infinitc szries.
His prediction mentioncd above was on the basis of a
numerical computation of the infinitc scxics. Liu and
Chandran (1974), howcver, raiscd qucstions regarding the
accuracy of the nuncrical rcsults reported by Bycroft.
They pointcd out that the type of infinite scries as In
Bycroft's solution is very slowly convirgent and hence
is not convenient for numerical corputation in general
and morc particularly for s4iall valucs of timc. The
exact, closcd form solution of a wave propagation pro-
blem for the casc of a purcly clastic material containcd
in a rigid sphcrical shell subjccted to a rotational
acccleration considered as a gencral function of time,
wag reported by Liu and Chandran (1873). It was indicatcd
that the infinitc scrics in tdms of which the analytical
solution vias obtained, wecre rapidly convergent. The
response of a linear viscoelastic (Kelvin type) matcrial

contained in a rigid spherical shell subjected to
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rotational accelerationc., in reference o rotational
vrain injvry models, was studied by Liv et al. (19:5).
NMumerical methoce were applied for treating the
problem. Ljuna (1075) studied¢ analytically the effect
of a rotational iapact on head. e considered ;jgid
shelle with viscoelartic material as models of his
study. Three Gitierent pgeometries were examined viz
a long cylindrical shell, a cemi-infinite cylindrical
shell bounded by a nlane wall at one end and a spheri-
cal shell. By using a sandwich sphexrical shell model,
a dynamic problem of cranial mechanice was analysed
by Akkas (1975) through the use of numerical methods.
He considered the shell to be thin and elastic while
the fluid contained in it representing the brain was
taken to be inviscid and compressible. In all the
studies mentioned above, the gkull brain system has
been considered as a free-floating system. 3But in
reality, the motion of the head is certainly controlled
by the neck and its muscles and ligaments. The role of
the neck in studies relating to injuries of the cranial
system ceems to be fixst discusced by Landkof, = Gold-
and Sackman
smithA(1976) who ptudied the nroblem through the consid-
eration of a mathematical model as well as a physical
model of the human head. They dvielt on direct axisymmetric

impacts (ofccuree non-destructive} sn the head.

o\ |
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Recently, vwhilc conesidering the vibration of
the human ckull brain gyeten, .idiera (1973a) modelled
the siull as a preiate snhersidal shell of vieco-

clactic material ard thie fluid contained in it

|-

Srcprcsentiug the brain) aleco as viecoclastic. Tnis
moadelling 51 the human hcad seemz to be the aoet
improve=d, one among all cthexre available till cdate, in

as much as tho viscoelasticity of . both the brain

Fallenstein,

(as cxperimentally cstablished by Jamison, 1963 , Hulce
and delvin, 1969 )anc the skull as well as the cccen-
tricity of the shell was taken into account undexr the
purvicw of a single analysis. The cffects of various
pulse shapes on injuries to the brain and the skull
werc aleo studicd by Misra, Hartung and Mahrenhslhz
(1577, 1978) and iisra (1978Db). Unlike most of the

earliexr studies, due attention was paid to the thickness

of the skull in these investisrations.

1.1= Scope of the Precrent Thesis

As rcpoxrted in the nrevious section, a good
nunber of analytical studies on cranial Biomechanics
has been mad@iby pievicus rescarchere. Even then 1t is
felt that some important aspmects oi this domain of Bio-
mechanics have not been paid due attentisn. The present
theglie deal= with a few nroblecme of this field, which

-

are helievzd to be of much intcrest to bioengineers
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as ell as to medical ncrscrns. All thc problems arc
trcated by analytical nothods togothexr with the vece of

numerical technigues vwhcerevhr ncocosrary.

Of concern in the sccond chaptcr is tho nroblewm
of frcc-vibration of the cranial vault. The discipative
matcrial bchaviour of both the skull and the brain (in
conformity to obscrvations of prcvious cxperimental
studics rcported in scction 1.5) has becen accounted for.
Two modcls arc considecrcd for studylng the problem. In
onc modcl, the layered structurce of the skull is paid
duc attcention, the outcr surface of tho skull being
assumcd tc bc traction-free. The second modcl assumcs
homogencity of $the skull but takes into account tﬁc
mechanlcal influencc of the scalp. Results of numecrical
computation of thc derived analytical cxprcssions
indicatc that the dissipative bchaviour of the skull and
the brain and also the mechanical cffect of the scalp
infiucnce significantly the frcquency spcetrum of the

freely vibrating cranial system.

The third chapter is dcvotcd %o a study on the
threshold of concussion causcd duc to brain injurics

which may occur owing to an input angular acccleration,

v .

The'eocentxicity of thc cranium is incorporated through
the consideration of a prolatc sphcroidal shcll as the

represcntative of the skull. Here too, viscoslasticity

i1



of thc brain is consiéircd, as in the preccding chaptcr.
Prolatc sphoroidal cooxdinatcs have been uscd in the
analysie. The solution of the problem aftor formulat-
ing 1t mathcmatically, i Lixet cought in the Laplace
transform spacc. Ugt of finite diffcrcence technique, and
altcrnating - dircction - implicit mothod togethox with
Thonias algorithn arc &scé for obtaining the transformcd
angular acccleration. The Laplacc inveorsion is carricd
out with thc help of numcrical procccdurcs (Gauss
quadraturc formula is uscd for thc purposc). The xcsulte
of a paramctric ctudy arc prcscntced through graphe. The
plots illustratc thoe thrcehold of ccrobral concussion.
A comparison of thc computational rcsults with those of
prcvious investigations indicatc that the cccentricity
of the braincasc plays a dominating role in the detcr-

mination of the threshold of concussion.

 Tho dynaric rcsponsc of the head-ncck system to
an impulsivc load is Gealt with in the fourth chapter of
thc thesis. For this study too the ccecntricity of the
skull is taken into consideration and the fluid containcd
in it which scrvce as the rcprecscntative of the brain
matter is trcated as viscoclastic. The ncck is considercd
as a viscoelastic becam attachced to the shell reprceenting
the skull. Tho impact force is assumed to be distributcd

uniformly over a particular rcgion of the skull. Thc case
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of an input pulse varying sinusoidally with time is
studicd in particular. Thc problerm is eslved by resort-

ing to nuncrical tcchniquces.

In thc fifth chaptor we discuss the stability of
fluid-fillcd rchells undexr cxtcxnal hydrostatic pressures,
with refercpee to head injury mechanics, The problcm
approximately rcprescnte the situation of skulls of skin
divcre who have been reported to recach pressurcs cqui-
valent to 1000 ft. of sca watcr. By apnlying thc cnergy

method, the critical loads of such systcms are cxamined.

A poroclastic modcl for thc cranial biomechanics
is considered in thc sixth chapter.tWhile the porosity
of the skull has not becn accounted for in the study of
the problems dcscribed in the forcgoiqg chapters, the
analysis given here ie baecd on the a;éﬁﬁbfidn tﬁat in
between the outcr and inncxr tablces of the skull thexrc is
a porous layecr (called the diplo€) . The problem
concidered herc corrcsnmonde to a casc of an axisymmetric

impact loed applicd to thce hcad. Thc damping offect of

the brain mattcr is paid duc attcention.

The seventh and the concluding chapter is
conccrned with the use of an analytical rodel to study
the c¢ffcct of solar radiation on a human-gized hcad.

The braincase is taken to be consisted of two laycrs, -



onc xcprceenting the scalp and the othcr, the skull.
The material of each laycr is considercd elastic

and transversely isotropic. The applicability of the
rioacl is 1llustratcd through the computation of the

stress-ficld in the scalp as well as in the skull.
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