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ABSTRACT

A finite element elastic analysis is made of a skull. Measurements were

made of the geometry and thickness of a skull. The skull was then idealized with

a doubly curved and arbitrary triangular shell element. Results suggest that the

skull is well built for resistance to front loads. The importance of using a

composite material through the thickness of the shell was established. On the

basis of tensile cracking at maximum elastic stress, loads of 3,500 lbs. and

1,400 lbs. were predicted for the first cracking of the skull due to front and

side loading respectively.
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Introduction

In recent years much attention and concern has been focused on the

hazards introduced by our two most significant means of transportation, viz.

the automobile and the airplane. In automobile and airplane accidents, serious

injuries involving the head occur most frequently. Kihlberg [1,2] for instance

has estimated that the head is involved in about 70% of all motor accidents.

Yet little is known about the exact causes of injuries to the head and the inter-

action of the skull, brain and central nervous system. Goldsmith [3] has dis-

cussed the causes of injury of the head from the point of view of biomechanics.

The causes leading to such head injuries were divided into three categories:

1) A direct impact or blow, 2) An indirect impulsive load due to sudden

deceleration, and 3) Quasi-static loading produced by relatively long-time

crushing. Perrone [4] in a recent report considered design against impact damage

by energy absorbing devices. The basic idea of these devices is to a2Ssorb the

energy in a controlled manner. Since the energy ruing absorbed is in most cases

stored in the head, it is important to know the level of loading that the head

can tolerate. It is recognized that the brain is the ultimate portion that

decides whether injury has been caused to the head. However, a knowledge of the

ultimate loads or a skull places an upper bound on the behavior of the whole head

system. In this report we shall consider only the loading of the skull. Another

reason for considering the skull is that the severity of damage to the skull is

sometimes judged on the basis of the existence of a line crack. A knowledge of

the stress picture may therefore help in placing a load level on the first crack-

ing of a skull. In this report, we shall examine the behavior of the skull sub-

jected to quasi-static loading. We shall assume elastic isotropic behavior in

the plane of the skull. It will be shown later that the variation of the elastic

modulus through the thickness has an important bea:.ing on the level of stresses

that are predicted.



Theoretical Considerations

In this work we have made use of the finite element method. A doubly

curved triangular shell element due to Dupuis [5] was used in a general purpose

program [6]. The basic features of the shell element are shown in Fig. 1. The

element is a three node triangular isoparametric element with nine degrees of

freedom at each node. Two sets of coordinates are used to describe the geometry

of an element viz. the Cartesian x, y, z and the Gaussian 81, e2 coordinates.
ax ax

Thus geometry of the shell element is specified by giving 81, e 2, x. a' ax a'

ay ~ az az Y Y
y, 30 1 aD2' z, T--, %-, at the nodes. Because this is an isoparametric element

au au av av
the degrees of freedom at each node is correspondingly, u, -e ' a' ' , -l'

aw aw 1 2 1 2
w, •- e -e"The element is based on a cubic interpolation function with rational

functions added to enforce compatibility at the boundaries. The same interpolation

function is used for all directions, u, v, w. Only a constant thickness can be

specified for each element. However, because of the composite nature of the skull

bone the program was modified to allow a variation of the modulus through the

thickness in order to simulate the diploe and the outer and inner table.

Model of Skull and Loading

In this analysis we have only considered the skull. The contents of the

skull has been ignored. Since it was possible to obtain a large variation between

skull dimensions [7], it was decided to concentrate the analysis on a single skull

and leave a parametric study to a subsequent project. A triangular mesh was

first inscribed on a skull and measurements of its Cartesian coordinates were made

by means of a traveling microscope. A micrometer survey was also performed to

find the average thickness of each region of the skull. The mesh pattern is shown

in Figs. 2 and 3. Table 1 summarizes the thickness survey. A program was then

written to obtain the necessary coordinate and rates of change of coordinates data

for use in defining the element.
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Two analyses were performed on the model with one a front pressure load

and the other a side load. The pressure loads were applied on elements 28 and 29

and elements 36 and 37 respectively.

Boundary conditions were applied so as to enforce symmetry about half the

skull. In addition nodal point 29 was fixed in all three directions u, v and w

and nodal point 21 was fixed in the u direction to prevent rotation. The

u, v and w displacement directions correspond to the x, y and z axis respec-

tively and these axis directions are shown in Figs. 4 and 5. The boundary

conditions on nodes 29 and 21 are somewhat artificial since resistance to loads

is effected either by inertia effects and hence more diffuse or by transmission to

the body via the neck. It was however thought that the manner of support would not

affect the stresses near the loaded region.

The two analyses were first performed on models with uniform material

through the thickness. An examination of the results suggested that the skull was

surprisingly strong. This led to speculation on the effect of the presence of the

diploe. The skull was again analyzed as a three-layer composite shell. A quarter

of the thickness on the outside and also on the inside was assumed to represent the

5 2outer and inner table with a modulus of four times (E = 6.0 x 10 lbs/in ) that of

the central diploe (E = 1.5 x 105 lbs/in 2).

Numerical Results

Uniform Material Through the Thickness

Front Load: The following results were obtained for a pressure load

corresponding to a 1000 lb. load on the front of the skull. An equivalent

modulus of 200,000 lbs/in2 was assumed [8]. Half of the load was applied on
2

elements 28 and 29 which had a combined surface area of 1.1 in

Figure 4 shows the variation of displacement around a horizontal section

of the skull cap while Fig. 5 gives the variation of displacement around the
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Saggital or mid-section. Figures 6 and 7 give the equivalent stress on the outer

and inner surface of the horizontal and Saggital section of the skull.

Side Load: The results are shown for a load of 1000 lbs. applied to

elements 36 and 37 on the side of the skull. The full load was applied to an area

2of about 1.44 in

Figures 8 and 9 give the variations of displacement for this load and

Figs. 10 and 11 show the equivalent stresses induced by the loading.

Composite Material Through the Th5ckness

Front Load: The analysis was repeated for the case of the front load.

This time the inner and outer table were simulated with a modulus four times

that of the diploe. The thickness of the diploe was allowed to take on the values

of 0.5 and 0.66 of the skull thickness.

Side Load: The analysis was also repeated for the side load case. Here

a 0.5 diploe/thickness ratio was used. Figure 14 gives the stress distribution

on the horizontal section.

Finally Table 2 gives the maximum stresses encountered in the region near

the applied loads. The stresses were mainly compressive with a bending stress

superimposed on a high compressive membrane stress.

Discussion

The most striking feature of the results is the very rapid transition of

the bending stress states in the shell to a membrane state. The skull appears to

be well 'designed' for front loads. A comparison of Figs. 7 and 10 shows that the

skull is more severely stressed when loaded in the side.

An examination of Table 2 shows the importance of considering the skull as

made up of a composite shell. In thickness surveys of the cranial bone, the inner

-- ° i
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and outer table were not found to vary in proportion to the variation in thickness.

The inner and outerv table remained almost constant with increase of thickness.

The relative moduli and thicknesses of the layers obviously have a great

effect on the skull stresses. In order to study the sensitivity of the stresses

to these parameters it was first decided to fix the diploe to skull thickness

ratio at 0.5. Because the inner and outer table do not increase significantly

with overall thickness, this ratio increases to about 0.66 ir thicker sections.

The frontal load analysis subjects the thicker sections of the skull to high

stresses so that the final analysis was made with a composite shell with one sixth

the thickness on either side representing the inner and outer table.

In future analysis where deflections may be important it will be necessary

to include a variable diploe to thickness ratio for each element in the skull.

This will require further modification of the progran. With the constant diploe

to thickness ratios used in the analysis the maximum tensile stresses increased

by 40% and 30% in the front and side load case, respectively. This establishes

the importance of treating the skull as a composite shell.

The failure loads predicted on the basis of a maximum ten.,ile stress of

27500 lbs/in [9] are shown in Table 3. On this basis the skull in a front load

situation is able to resist 2.5 times the load that it can resist in a side load

situation. The maximum displacement corresponding to the failure load is also

shown in Table 3. The difference between the maximum displacements in the iso-

tropic and the composite shell analysis may be explained by the difference in the

values of the assumed Young's Modulus. The predicted £ailure loads are 3500 lbs.

and 1400 lbs. for the front and side load respectively. This load is surprisingly

high but is consistent with the range of the energy (400-900 lb.-in.) required to

fracture cadaver skulls [10]. On the basis of these elastic loading to tensile

I
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failure results, it would appear that the structure of the skull need not be con-

sidered in considering brain damage. The damage to the internal brain matter can

be expected before the 3500 and 1400 lbs. required to cause fracture of the skull.

However, the predicted displacements at fracture are of the order of 0.2 ins. and

0.34 ins. and this displacement may affect the brain either by extruding it out

of the foramen magnum at the base of the skull or by imparting vibrational move-

ment to the brain. It is now useful to consider the loads found here also to be

an estimate of the load required for the first appearance of a line crack. Since

this has been observed to occur with the onset of concussion, it is interesting to

speculate that the brain is well packaged and supported in the skull.

Finally, it is interesting to note that, in the case of the front load,

the compressive yield stress is reached at the same time as the maximum tensile

stress. This is another example of the optimization of a structure in nature.

Conclusions and Future Work

A linear elastic finite element analysis was performed on a model of the

skull. Results suggest that the skull is well built for resistance to front loads.

The side of the skull is less resistant to load. The importance of using a com-

posite shell model for the skull analysis was established. On the basis of tensile

cracking, a load of 3500 lbs. and 1400 lbs. was predicted for the first cracking of

the skull due to front and side loading. This result is consistent with experimental

observations of the energy required to cause fracture in cadaver skulls.

Future work should be concerned with the effect of dynamic loads on the

complete skull brain structure.

Acknowledgments

The authors are grateful to Dr. Perrone of the Office of Naval Research

for the initial suggestion of the problem and also for many useful discussions.



Table 1. Thicknesses at location of nodes,
Brown Biomedical Center Skull #27

Node h (inches) Node h (inches)

1 0.210 24 0.215

2 0.255 25 0.125

3 0.265 26 0.210

4 0.225 27 0.170

5 0.280 28 0.165

6 0.265 29 0.300

7 0.265 30 0.100

8 0.345 31 0.060
*

9 0.190 32 0.110

10 0.250 33 0.050

11 0.225 34 0.285

12 0.275 35 0.235

13 0.195 36 0.515

14 0.305 37 0.870

15 0.260 38 0.100

16 0.280 39 0.600

17 0.203 40 0M210

18 0.188 41 0.185

19 0.155 42 0.450

20 0.253 43 0.120

21 0.232 44 0.120

22 0.290 45 0.120

23 0.290

in certain regions, e.g., the skull base, it was not possible
to define a thickness; therefore these figures are only rough
approximations.



Maximum Maximum
Compressive Tensile Shell

Stress Stress Material

Load lbs/in2  lbs/in2

Front pressure -2600 1500 Isotropic

Side pressure -6000 4050 Isotropic

Front pressure -3600 1850 0.5 diploe/thick.

Side pressure -8300 5200 0.5 diploe/thick.

Front pressure -4200 2120 0.66 diploe/thick.

Table 2. Meridional Stresses due to 1000 lb. load.

I
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Failure Maximum Elastic Energy
Shell Load in Displacement at Failure,

iLoad Material Tension,lbs. at lb.-ins.
Failure,ins.

Front Isotropic 5000 0.48 1200
P 0.5 diplos/thick. 4300 0.21 450

0.66 diploe/thick. 3500 0.20 350

Side Isotropic 1900 0.27 256
Pressure 0.5 diploe/thick. 1400 0.34 476

Table 3. Failure Loads and Maximum Displacements

IJ
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DEGREES OF FREEDOM -1 NODAL COORDINATES
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FIG. I TRIANGULAR SHELL ELEMENT WITH NONORTHOGONAL
GAUSSIAN COORDINATES.



zI
w

CIJ -J

r4)

K)

x~ 0

I /e r

r4'))
\ 1/j
Ix X,

0) , X,.

C\J I



4x

Ur)

- w

00)

0)0

I~I

C~C)

C~j LA-



LLIi

0-0

* -~J z
-

U )

0~0

2:I-
0

N

00

-xI-C~A



z F-
z

x x C

a_ 0

0 1 0
w c
-J L

N *U / /10
X I"-

w

-I C

CfD

LL

>~0

4'xt 0

(D -d
LO Ud

tox u0
C~l I <

q- 13 -



Cl)
ui Cf)

ww
Cf-)

(0 0
U- LL.

X w *-to

D z

oz LU

0

z '
OD 0
_ Cl)

Cf)

H 0

D 0

LL



Cf,

U)) u

x?() Ld.ja
00

N~t w

C)

xt( 0e

0:
LL-

(nx U)

z Z-o

00

CM x W LL-

O.E.
co'IT)ýU

_O_ J



z
w

0--

(I) cfO

xI

0 z
Cl 0

I Ni

(DN

o 0OD m

Lo/L

t~J -~ 0-

zI

LLJ



..........

z
w

x~ w<
00

//C,) 0

0 U)

0 I.-

- %Ii C,)
LA-

-X~ 0f
IL-

z
w

(ox

x ~ (3 CD (.



w U

LLi

0

too

Idi IJ ui
F- zz- q.JW) -.

o 0-
x CWl N

0
A-

Nz

0I
LLI



I L
U0 N- C

ctJ

N I-

z
C; 0

L(I)

I-

U)f

IC)l;
QU)

.00

aJ



C ~CC

w
x0) :

_ 0

o V'
u CD
U. U- Fy

0 U;

z
wWLL N

0

w

09 -0

-1 <J

5- - 2 0

D <
Cy I



LUJ w
< ý kiF- c

LC' Vn)

w/ 1.0 z
Lix 0 0A

j 0

0 0

Cf)

LLU
C/)

w w.

LI-O

xl 0~) x0
a_ Q- >

xl
x wi

q0 -S C

o~o

x mm



&0 V)
_ wxcii

0U)U)

zUl) xo
N
WZ
0

z
XOD 0

(1)

C/)

C/))

U--w

00


