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SUMMARY 

1 

1 
L 

Three dimensional finite element rnetiiods of analysis were applied 
to the body-head-helmet structural system under conditions of static 
equilibrium and to the head-helmet assembly in a dynamic mode. Com- 
puter programs were written to generate the three dimensional grids, 
to evaluate inertial properties, and to process and display results of 
the structural analyses. Structural analyses were performed using 
Structural Analysis Program IV suppl ied by the University of California. 

Static analysis, using a fixed configuration, is applicable to 
the description o f  displacement and stress component fields in the system. 
The results of this mode of analysis have the potential of yielding infor- 
mation related to loss o f  consciousness due to impact situations. 

Dynamic structural analysis was performed on a computer generated 
pseudospherical model simulating the drop test. 
traces o f  the displacement, velocity, acceleration, and stress components 
at selected nodal points and elements of the system. 

Results provide time 

Methods were demonstrated for the determination o f  a number of 
parameters of potential or proven value i n  evaluating crash protection 
or crash severity. 
tional acceleration profile, shear stress, skull deflection, severity 
index, mass moments of inertia, and regional centers of gravity. Spe- 
cific recommendations were made for applying finite element simulation 
to helmet design. 

These include linear acceleration profile, rota- 
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I .  INTRODUCTION 

A. Objective 

The objective o f  this engineering research was t o  write computer 

programs t o  aid i n  the design of crash protection helmets for  army 

airmen. 

this field although i t  has been used i n  other f ie lds  and is  gaining 

in acceptance. The digital computer has the storage capacity and speed 

that  make i t  possible f o r  as complex a system as the human torso, head, 

and a crash helmet to be contained i n  considerable detail and manipu- 

lated mathematically as a single abstract structural entity. 

Computer simulation represents a new design procedure i n  

I t  is necessary t o  include major portions o f  the body w i t h  the 

helmet i n  order to better simulate crash circumstances. T h i s  inclusion 

affects the direction, magnitude and sequence of impulses. A1 though 

this could be extended t o  include the entire body i t  was f e l t  that  army 

airmen would probably be belted i n t o  seats i n  the a i rc raf t  w i t h  rela- 

t ively 1 i t t l e  unrestricted motion possible, and therefore the torso 

should provide the necessary information. 

Originally i t  was planned t o  model the body, head, and helmet in 

a two dimensional, s t a t i c  simulation, b u t  early i n  the course o f  the 

research i t  was found t o  be possible t o  extend the representation t o  

three dimensions and i n  a dynamic mode. The scope o f  the research was 

expanded t o  include the study and demonstration o f  several possible 

methods o f  f i n i t e  element simulation and the determination of specific 

parameters o f  importance t o  human safety and crash protection. 



I .  

6. tiL,,ian Tolerance 

T h e  crash protection needs of Army  airmen a re  c r i t i c a l l y  important 

wi th  respect t o  head protection. Most f a t a l i t i e s  result d i rec t ly  or 

indirect ly  through head injury.  

against  penetration by sharp objects,  distribute a concentrated load 

A crash helmet can provide protection 

which m i g h t  cause excessive defection of the skull and concussion, 

and reduce the deceleration of the skull and brain d u r i n g  crash impact. 

Holbourn ( lo)* reported the e f f ec t  of shear s t r a i n  on damage t~ 

the brain. His observations were both c l in ica l  and experimental' u s i n g  

gelatincus models. Many other investigators have continued along the 

same direct ions,  examining shear as a possible index of human tolerance. 

Gurdjian (7) found tha t  cont inued  acceleration is damaging and 

reported a re la t ion  between average acceleration and time o f  exposure. 

T h i s  i s  now known as  "The Wayne Sta te  University Cerebral Concussion 

Tolerance Curve'". Gadd (5) incarporated this and other data t o  yield a 

severi ty  index o f  the farm aZ5t ,  where a is the acceleration i n  gravi- 

ta t ional  units and t is time i n  seconds. 

Gadd severi ty  index of 1000 o r  more a r e  c r i t i c a l .  These c r i t e r i a  repre- 

sent the limits of human tolerance although instances have been reported 

Condit ions corresponding to  a 

of greater  tolerance as well as  lesser .  

Wayne Sta te  Curve is t h a t  i t  shows no apparent limit t o  the time tha t  

accelerations below 429 can be tolerated.  

is accumulating supports acceleration as an important c r i te r ion .  

An important feature  of the 

The b u l k  of the evidence tha t  

Hardy and Marcal (9 )  c i ted skull deflection as a c r i t e r ion  and used 

two dimensional f inite element s t ructural  analysis t o  compute skull 

*Numbers i n  parentheses refer to  l i s t i n g s  i n  BIBLIOGRAPHY. 



deflections. A sirJ1ar study was recently reported by Chan (3).  

Th i s  may have i t s  effect  t h r o u g h  pressure on the brain, which has not  

been as actively supported as a mechanism as cavitation i n  the brain. 

Omaya (13) and others have indicated that head angular acceler- 

a t ion  is injurious.  Thus  there are now a variety of parameters that  

may be used as  measures of severity of impact situations. As informa- 

t i o n  i s  accumulated i n  this growing f ie ld  of investigation other para- 

meters will be found. Each may be computed from the results o f  the 

simulation. 

C. Helmet Design 

Helmet design has progressed under several d r i v i n g  forces. First  

there is the basic need t o  afford protection t o  the head, second there 

is the desire on the p a r t  of the systems engineer t o  attach peripheral 

equipment t o  the helmet to  serve various other functions and t h i r d  

there is the limited tolerance of the person wearing the helmet for 

additional loads on the head. 

exists t o  the amount of protection that may be provided by a helmet o r  

There is  no question b u t  that  a limit 

any other safety device. The objective i n  helmet design is t o  extend 

the protection to  include as many and as severe crash situations a s  

possible. Extending the range of protection then dictates that  any 

peripheral devices be eliminated unless they provide a v i t a l  func t ion  

that  cannot be provided i n  some other manner and that the most efficient 

design be used t o  combine materials for the utmost i n  mechanical protec- 

tion a t  a minimum of weight. Parameters such as helmet weight, center 

of gravity and inertial moments may be easily computed for purposes of  



d k  .luation. The relationship of Gurdjian dictates that the time over 

Ahich the head is subjected to deceleration be reduced to a minimum 

in keeping with the exposure-acceleration curve. 

inner liner material used to absorb energy should not only be relatively 

soft and compressible but should recover shape slowly. 

should deform under the action of the impact to allow the head to be 

gradually brought to a new state o f  motion but should not immediately 

spring back’because, if allowed, the period during which the head is 

For this reason the 

This material 

 sub,^ .ed to the accelerations will be almost doubled. Present helmet 

designs incorporate energy absorbing materials with these properties. 

Other features o f  helmets in current use are a harness system of 

straps and deformable clips attached to the inside o f  the helmet. 

harness provides another “no-spring-back“ energy absorbing system as 

well as ventilation between the head and the helmet. The helmet shell 

provide: protection against penetrating objects and distributes 

concentrated loads. 

The 

A recent investigation by Haley et. al. (8) showed the desira- 

bility of using a multiple layer helmet design. 

are essentially two relatively compliant energy absorbing layers and 

In this system there 

two relz’ively thin and stiff structural shells. 

penetration and distributes load and the inner shell further distributes 

load. This design is typical of those that must be considered to 

The outer shell resists 

. 
extend the range of head protection. 

D. Testing 

He?met testing is usually conducted in a drop test in 

helmet i s  attached to a head form, approximating the shape 

4 

which the 

of a human 

.. . 



3 .  

head, with the same overall weight and with an accelerometer attached 

at the center of gravity. The head form is dropped from a predetermined 

height onto a surface o f  controlled stiffness. The helmet i s  dropped 

with the head form and the-amount of acceleration transmitted to the 

center of gravity of the head form is a measure of the effectiveness of 

the helmet. 

usually results in either partial or total destruction of the helmet. 

This i s  a direct means of quality control in helmets that are to be 

used by airmen but is expensive and time consuming. 

tage is, of course, the fact that the actual helmet may be tested under 

conditions that approximate use and extend into the range of severity 

o f  testing that would be beyond any that could be performed with 1.iving 

persons. 

injurious and acceptable to the persons involved. The parameters 

This type of testing requires helmet construction and 

The principal advan- 
I 

Direct testing is limited to conditions that are both non- 

measured in the drop test may be computed from the results o f  a 

simulation. 

E. Simul ation 

Simulation i s  necessary for safety and economy. In a simulation 

it is also possible to maintain certain parameters constant and vary 

others a t  will. 

There are essentially three approaches to simulation: 

simulation involving cadavers, mannikins, head forms , and other physical 

devices; mathematical simulation in which the system is represented by a 

series of physical parameters in the form of a simplified model, the 

This i s  desirable to produce specific information. 

experimental 

response o f  the model to certain external actions is expressed as a 

5 



q y l e  o r  s e t  of d i f f e r e n t i a l  equations t o  be solved i n  closed form o r  

computat ional ly ( f i n i t e  d i f f e r e n c e  methods etc . ) ;  and computational 

simulat ion, genera l ly  employing ma t r i x  a n a l y t i c a l  methods t o  be c a r r i e d  

o u t  by high speed, high storage capaci ty  d i g i t a l  computers. 

these s imulat ion methods o f f e r s  advantages and disadvantages. 

mental s imulat ion i s  r e l a t i v e l y  d i r e c t  but  su f fe rs  from a l l  o f  the 

usual human e r r o r s  and complexi t ies o f  instrumentat ion invo lved w i t h  

Each o f  

Experi - 

fab r i ca t i on ,  t es t i ng ,  and i n t e r p r e t a t i o n .  Mathematical s imulat ion,  

whic'! i s  most promising w i th  respect t o  t h e  general value of the equations 

t h a t  r e s u l t  from the  analysis,  i s  subject  t o  severe l i m i t a t i o n s  i n  terms 

o f  t h e  d i f f i c u l t y  o f  so l v ing  any bu t  t he  most simple equations. 

The approach taken i n  t h i s  research i s  t o  simulate using a three 

The advantage i s  dimensional f i n i t e  element computational procedure. 

t h a t  t he  c o n s t i t u t i v e  equations may be appl ied t o  simple, three dimen- 

s ional  volume e'!wnents which are homogeneous i n  a l l  respects and are 

assigned p roper t i es  t o  represent selected regions of the system. 

react ions o f  each element t o  a c t i m  from neighboring elements and 

u l t i m a t e l y  from surface act ions are expressed i n  a d i r e c t  se t  of equa- 

t i o n s .  

The 

The t o t a l  s e t  o f  equations f o r  t h e  e n t i r e  system i s  then solved 

simultaneously I!;ing t h e  c a p a b i l i t i e s  o f  t he  d i g i t a l  computer. 

The hear t  o f  t he  s imulat ion i s  i n  the se lec t i on  o f  the three dimen- 

s ional  elements; and t h i s ,  o f  course, leads t o  any approximation o r  

e r r o r  i n  the r e s u l t s  o f  t he  analysis.  

however, subject  t o  analys is  and any e r r o r  may be reduced t o  a to lerabl 'e 

The degree o f  approximation i s , '  

and p r a c t i c a l  extent  by r e d e f i n i n g  element s izes and shapes. A complete 

6 
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k .  

. 

firtite element structural analysis should include this consideration 

and usually involves a number of separate determinations with different 

configurations of finite element grids. 

Simulation or modeling systems should provide for representations 

o f :  

1 .  Overall structure shape 

2. Mass distribution 

3.  Kinematics of the components within the system 

4.  Mechanics o f  the various materials employed 

5. The mechanics o f  the system as a unit. 

A computer modeling system should provide for: 

1. Generation o f  coordinates 

2. Calibration o f  the system to ensure proper shape, mass 

distribution, kinematics, etc. 

3.  Analytical capabilities to determine centers-of-gravity, 

inertial moments, etc. 

4. Features to facilitate comparisons 

5. Methods for convenient output o f  data such as three 

dimensional projective drawings. 

In this research a number of computer programs were written to pro- 

vide the above features in essentially two methods o f  simulation, fixed 

nodal points or parametric, which is computer generated. B o t h  three- 

dimensional finite element inertial property analyses, and two modes of 

structural analyses were performed. One mode i s  a static representation 

based on a balance o f  forces which must be compared, indirectly, t o  t he  

dynamic situations that occur. The second is a dynamic analysis which 

7 



provides time traces. These two methods are demonstrated and explained 

in the third an6 fourth sections o f  this report. 

presents a brief review of finite element methods of analysis. 

A is a listing o f  the nodal point coordinates and connection arrays for 

the static model, Appendix B is a similar listing for the dynamic model, 

and Appendix C i s  a listing of SERVICE which performs all o f  the special 

functions except structural analysis. 

The next section 

Appendix 

c 

+ 
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I I .  FINITE ELEMENT SIMULATION 

1 

c 

A. The Structural System 

The human body i s  a complex composite structural system supported 

by approximately 206 bones and operated by approximately 300 pairs o f  

muscles. 

and shape but are not active structural elements. 

The materials of the other parts o f  the system contribute mass 

The bones are i n  con- 

tact at the joints in a manner that allows them to pivot relatively 

freely. 

traction and relaxation, in the muscle groups. 

Each motion in the body is produced by opposing actions, con- 

Bone is a composite material with characteristic materials properties 

listed in Table 1; and muscle is a composite viscoelastic material, a lso  

with characteristic properties. 

that it is capable o f  producing mechanical action. Other characteristic 

properties o f  the materials in the human body are listed in Table 1. 

A unique characteristic of the muscle i s  

Table 2 is a compilation of appropriate anthropometric data. 

The principal structural member in the upper portion o f  the body 

is the spinal column which consists o f  seven cervical, twelve thoracic 

and five lumbar vertebrae counted from the head down. The general shape 

o f  the spinal column is shown in Figure 1. Each vertebra is effectively 

a stiff structural member that is in contact with the neighboring verte- 

brae through thin, relatively frictionless layers. A three dimensional 

finite element representation o f  the spinal column is shown in Figure 2 

as a column of seven "brick type" volume elements. 

be assigned properties from Table 1 as a first approximation but struc- 

tural analysis shows that the spinal column determined in this way is too 

These elements can 

9 



TABLE 1 

PROPERTIES OF MATERIALS IN THE HUMAN BODY 

Property, Dimensions Materi a1 s 
Bone F1 es h Brain 

Density, g 1.94 1.00 1.05 

1.1 105 - - Youngs Modulus, MPa , 

Bulk Modulus, MPa 1.6  104 - 2.1 lo3 

10 



TABLE 2 

ANTHROPOMETR I C DATA 

Segment Description Measurement 
(1 )* (4  >* 

Lengths, cm 

Head Breadth 

Head, Length 

Head Height 

S i t t i n g  Height 

Chest Breadth 

Chest Depth 

Neck Breadth 

Weights, kg 

Head 

Torso 

Torso and Head 

15.49 

19.56 

23.62 

79.25 

25.00 

22.86 

6.20 

5.08 

18.28 

23.36 

14.3 

18.9 

25.0 

97.9 

33.4 

22.6 

4.76 

17.86 

22.62 

* Measurements a re  from references (1) and (4) i n  the BIBLIOGRAPHY. 

11 



Figure 1 .  Lateral view o f  the vertebral column ( 6 ,  page 301 ) . 
1 2  



- - .. . - . .. . . 

Figure 2. Stereographic drawings of the f i x e d  model vertebral  column. 

13 



stiff unless special  prov is ions are made fo r  free p i v o t i n g .  

element representat ion may then e i t h e r  inc lude low f r j c t i o n  pads as 

s t r u c t u r a l  elements o r  may be reassigned mechanical property values t o  

The f i n i t e  

assure t h a t  the o v e r a l l  mechanical proper t ies of t he  f i n i t e  element 

sp ina l  column approximates those o f  the r e a l  spinal  column. Other 

elements must be added t o  represent o ther  po r t i ons  o f  the to rso  before 

t h e  system mechanics are evaluated. 

The dimensions o f  tk spinal  column are chosen f i r s t  t o  s a t i s f y  the  

o v e r a l l  body dimensions as represented i n  Table 2. 

elements are chosen t o  represent t h e  f l e x i b i l i t y  o f  t he  sp ina l  columri 

but with a minimm o f  data and var iab les t o  be handled i n  the computer 

analysis.  

The other  po r t i ons  o f  t he  body are represented by s i m i l a r  b r i c k  elements 

as shown i n  Figure 3. 

sentat ion of shape and the p rov i s ion  o f  mass t o  s imulate t h e  actual  Dody 

Second, a number of 

Thus the  24 i n d i v i d u a l  vertebrae are not  separately represented. 

The a d d i t i o n  o f  these elements al lows the repre- 

mass and t o  provide f o r  t he  i n e r t i a l  moments of the body. 

I n  a d d i t i o n  t o  the b r i c k  type element a v a r i e t y  o f  others may be 

conceived and employed. 

i t  may be poss ib le  t o  e f f e c t  an economy i n  c a l c u l a t i o n  espec ia l l y  i n  t h q  

s t r u c t u r a l  analys is  p a r t  o f  t he  program. A group o f  t y p i c a l  elemerIs i s  

shown i n  Figure 6. 

p rog raming  t o  date on the  body-head-helmet system studies i n  t h i s  

research. 

element s imu la t i on  i n  which the  body i s  represented by a column o f  beam 

type elements support ing a pseudo spher ical  head. 

described i n  a l a t e r  sect ion o f  t h i s  repo r t .  

By us ing d i f f e r e n t  element types i n  the  analys is  

Only one type o f  element has been employed i n  the 
, 

However, dynamic analys is  ha$ been performed using a composite 

Dynamic s i m u l a t i o n ’ i s  

14 
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Figure 3 .  Stereographic drawings of the fixed model t o r s o .  
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The term, f in i te  element analysis, generally refers t o  structural 

analysis b u t  in the broader sense includes other operations such as the 

study of mass distribution and inertial moment distribution, which may 

also be conveniently performed on the system of f i n i t e  elements. Each 

of these will be briefly described i n  relation t o  their  use in this  

research. 

B. Stereographic Drawings 

A number of the figures are computer drawn stereo pairs t h a t  pro- 

The l e f t  and r i g h t  hand drawings are formed vide it depth  perspective. 

sepat.a "ely by projecting the nodal poin ts  from a rb i t r a ry  projection 

points onto a viewing plane. 

respect t o  distance and direction from the nodal p o i n t  group b u t  are 

related so that the two projected figures may be fused by the observer. 

The  fusion may best be implemented with.a stereo viewer o r  simply by 

training the eyes. 

i n  f ron t  of the nose and perpendicular t o  the drawing. 

t o  separately fuse the two sets of coordinate axes a t  the bottom of 

The projection points are a rb i t r a ry  w i t h  

T h i s  is  aided by holding a hand o r  piece of cardboard - 

I t  may be easiest 

Figure 10 before attempting the entire figure. T h i s  fusion enhances 

detai l ,  making i t  possible for many internal features t o  be distinguished 

f 

that  are otherwise obscure. 

C .  Inertial-Properties 

1. Nodal Points 

The data i s  introduced i n t o  the computer i n  essentially four  sets 

o f  statements. 

specified relative t o  the same coordinate system. 

One se t  contains the coordinates for each nodal p o i n t  

There also i s  

16 



information r e l a t i n g  t o  the degrees o f  freedom allowed for each nodal 

point. Figure 4 represents the informatlon f o r  one such nodal point .  

2. Elements 

Each element o f  the type employed i n  t h i s  study i s  defined by e igh t  

o f  these nodal points from the l i s t .  This arrangement i s  i l l u s t r a t e d  i n  

Figure 5A w i th  nodal po ints  numbered i n  sequence. 

f o r  the elements shown i n  Figure 5A i s  

The connection array 

1 2 3 4 5 6 7 8  

For every element i n  the s t ructure a connection a r r a y  i s  entered i n t o  

the program. An example i s  element no. 104 (see Appendix A )  f o r  which 

the connection array i s  

166 167 227 226 174 175 187 186 

The f i n i t e  element representation o f  the body-head-helmet system uses 

382 nodal points and 204 elements. Element 104 which i s  l i s t e d  above i s  

a lso defined t o  be material type 2. A l l  o f  t h i s  information i s  entered 

w i th  the connection array. 

computer i s  the values o f  other parameters such as mater ia ls propert ies 

and loading condit ions and the fourth type of information i s  general 

ins t ruc t ions  r e l a t i v e  t o  the mode o f  computation t o  be performed. 

t h i s  data i s  stored i n  the computer i n  a way i n  which i t  can be read i l y  

accessed for use and reuse. 

A t h i r d  type o f  information entered in to  the 

All o f  

3. Centers o f  Gravity 

The centro id  o f  each element i s  determined by averaging each 

This i s  expressed i n  equations I 1  3 .  component se t  of coordinates. 

17 
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Figure 4. The coord inates o f  nodal p o i n t  p. 
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Figure 5. The brick type element, a .  Nodal, points numbered 
sequentially from 1 t h r o u g h  8. b .  Typical corner-type 
tetrahedron. c. Typical central tetrahedron. 
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i = l  

The coordinates of the centroid are xc,  yc, and zc. 

4. Element Volume 

To faci l i ta te  computation, each element is subdivided i n t o  f-ive 

tetrahedra as defined:by the following nodal points referred t o  in 

Figure 5A. 

1 3 2 6 

3 1 4 8 

8 1 5 6 

6 3 7 8 

5 2 7 4 

The f i r s t  four sets represent tetrahedra t h a i  are typified by the 

corner-type tetrahedron of Figure 5B and the las t  set  is  typified by 

the tetrahedron in Figure 5C.  

f 
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Three non-planar edge vectors are defined f o r  each tetrahedron with 

components corresponding t o  the di f ferences between the corresponding 

coordinates o f  the nodal points. For example, the vector Vij i s  given 

bY 

-+ 

+ - - t  --* 

where a, b, and c are u n i t  vectors along the x, y, and z-axes, respec- 

t i v e l y .  The volume o f  each tetrahedron i s  then 

1 -  3 

6 
Vol = - vij x i&( Vil l31 

f o r  the tetrahedron of nodal points i , j, k, and 1. 

element i s  the sum of the volumes of i t s  tetrahedra. 

The volume o f  the 

5. Element Mass 

The mater ia ls property data provides densi t ies f o r  each mater ia ls 

type, and the mass of each element i s  calculated as the product o f  i t s  

volume and density. 

6. Mass Moment o f  I n e r t i a  

The i n e r t i a l  moment i s  also computed f r o m  the tetrahedra o f  each 

element; each tetrahedron mass, volume, and centro id  are, computed and 

combined t o  y i e l d  the i n e r t i a l  moments about the tetrahedron centroid. 

These are then recomputed about the centro id  o f  the parent element and 

combined t o  produce the element centroidal  i n e r t i a l  moments. Each 

element moment i s  then recomputed t o  a corresponding moment about the 

element group centro id  and these are combined f o r  the f i na l  resu l t .  The 

de ta i l s  are l i s t e d  i n  subroutine S1800 i n  Appendix C. 
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7 Element Group Propert ies 

The group value f o r  each o f  the above parameters i s  computed f o r  a 

spec i f i ed  group o f  elements by accumulating the appropr ia te in format ion 

f o l l o w i n g  each element ca l cu la t i on .  For example, group mass and volume 

are t he  sums o f  t h e  i n d i v i d u a l  element masses and volumes. 

cen t ro id  i s  found by accumulating t h e  sum o f  the products o f  element 

The group 

masses and c e n t r o i d  coordinates, and f i n a l l y  d i v i d i n g  each sum by the  

accumulated mass. 

of Li .1  element group c e n t r o i d  x-coordinate, xc f o r  a group o f  NL elements. 

For example, Equation 4 i l l u s t r a t e s  the  c a l c u l a t i o n .  

i = l  x, = r 41 L 
NL 

m i  

mi i s  t he  mass o f  the i t h  element, and xi i s  t h e  x-coordinate of i t s  

cent ro id .  

D. S t a t i c  S t ruc tu ra l  Analysis 

The element i s  again t h e  basic u n i t  t o  which the s t r u c t u r a l  analys is  

i s  appl ied. As o r i g  

t h a t  i s  spec i f i ed  by 

forces and dependent 

o f  which the  system 

n a l l y  formulated each nodal p o i n t  has a p o s i t i o n  

i t s  o r i g i n a l  coordinates. Under the a c t i o n  o f  new 

upon the mechanical c h a r a c t e r i s t i c s  o f  the ma te r ia l s  

s composed, the coordinates o f  each nodal p o i n t  w i l l  

f 

probably change unless subject  t o  some special  cons t ra in t ,  genera l ly  ' 

termed ''boundary condi t ions" .  

ments each element w i l l  become d i s t o r t e d  i n  shape and angles between 

As a r e s u l t  o f  these nodal p o i n t  d isplace- 
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faces. The form of the new con f igu ra t i on  corresponds t o  a s a t i s f a c t i o n  

o f  the p r i n c i p l e s  o f  d e t a i l e d  fo rce  ( e q u i l i b r i u m  cond i t i ons )  balance a t  

each nodal p o i n t  and minimizat ion o f  energy o f  the system. These r e l a -  

t i onsh ips  are ensured because o f  t he  nature o f  the process by which the 

element equations were derived. 

1. Variables and Equations 

I n  general, each nodal p o i n t  requi res the s p e c i f i c a t i o n  o f  three 

coordinates and hence contr ibutes three degrees o f  freedom o r  three , 

var iab les t o  the  system. The s t a t i c  con f igu ra t i on  used here has a t o t a l  

o f  1146 degrees of freedom, o r  there a re  1146 unknowns t o  be determined. 

However, s ince 15 boundary condi t ions a re  speci f ied,  on l y  1131 va r iab les  

remain t o  be determined. 

the fo rce  a t  each node i n  each d i r e c t i o n  t h a t  i s  caused by u n i t  d i s -  

placement o f  each o f  t h e  nodal po in ts  i n  a corresponding manner. 

Equations 5 represent t h i s  s e t  o f  24 equations. 

Each element provides 24 equations t o  de f i ne  

Where Fj, yij and Dj represent force,  s t i f f n e s s  and displacement compo- 

nents r e l a t i v e  t o  the coupl ing between the i and j nodal po ints .  The 

23 



above the symbol relates the variable to the element rather than to 

the system as a whole. 

written in simplified matrix notation as 

The group o f  equations f c r  each element can be 

Tic? entire system of elements is described simply by a similar matrix 

equa t i an 

W,,,. 2 the system stiffness matrix [ S ]  contains all o f  the ind:viaual 

element stiffness matrix terms. There are 1131 x 1131 or 1,279,161 

values to be set in the static analysis problem referred to here. 

2 .  Solution and Results 

The unknown displacements are found by inverting [ S]. 

The force can be spec fied in many ways such as concentrated or d,stri- 

buted surface loads, residual stresses, etc. Equation 8 represents a 

critical step in the solution procedure. The inversion o f  matrix [ S ]  

represents an overwhelming number of arithmetic operations. This step, 

perhaps more than any other, dictates the use o f  a modern high-speed 

digital computer. i 

The strain components are calculated for each element from the origi- 

nal and new coordinates. 

of engineering strain. 

This is performed according to the definition 

The stresses are calculated using the 

? 

F 
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stress-strain relations t h a t  apply f o r  the material. Finally, stored 

energy and other derived parameters are calculated f r o m  these results. 

3.  Accuracy and Execution Time 

If the elements'-are so planned tha t  the parameters o f  each are a 

good approximation o f  the average real value i n  the related region o f  

the original subject, and if the variation i n  the calculated displacement 

f ie ld  i s  not great t h r o u g h  the region, the overall calculation will pro- 

duce accurate results. 

However, computer time and capacity may prove t o  be the overriding con- 

sideration. 

1. 

These can easily approach a fraction of a percent. 

Accuracy can be improved by: 

Increasing the number of elements used, and hence 

reducing element size. 

L i m i t i n g  the forces used i f  the structure i s  deformed 

beyond true e las t ic  limits. 

Changing element type o r  computational procedure in 

order t o  correct the above problems. 

2. 

3 .  

I t  is frequently desirable t o  limit the number of elements in the struc- 

ture. One s t a t i c  analysis run o f  tfie fixed (382 nodal p o i n t ,  204 

element) structure requires approximately one hour of active computing 

time and four  hours resident time i n  the machine, occupying approximately 

60% o f  the available operational space. 

operating parameters and even t o  simultaneously refine the mesh s.ize i n  

selected regions. 

I t  i s  possible t o  improve these 

E. 

the 

Dynamic Structural Analysis 

Equation 7 i s  the basis of the s t a t i c  analysis and Equation 9 i s  

related equation for a dynamic analysis. 
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Where [ S] , Id) and {f}  are the same as defined before, [ M] and [ K] are 

mass and damping coefficient matrices respectively and and Cd) are 

velocity and acceleration vectors respectively. Again ther'e are solu- 

1. 

tion procedures similar to (8) but involving the solution o f  differ- 

ential equations, frequently involving integration. Hybrid computers 

are suited b this type o f  analysis, but equipment and procedures have 

not JI'.C been developed to fully realize this potential. 

'Two solution approaches are possible. One involves the detemina- 

tion o f  the natural frequencies in the system and calculating the dis- 

placement contribution from each mode. 

Each method allows the action to be applied as either: 

The other is by direct integration. 

1. A time varying load which may be in the form of concen- 

trated or distributed loads in all o f  the various 

manners that are allowable for the load determination 

under static loading conditions. 

A time varying ground motion which can lead directly to 

the evaluation o f  inertial behavior o f  the system. 

2. 

A graat amount of flexibility is allowed in terms o f  the specification o f  

the load variation. 

to program the acceleration profile, including the onset rate, peak 

acceleration and the rate of drop o f f .  

For the ground motion specification it is possible 

The results of the solution o f  Equation 9 are in the form of dis- 

placements, stk-esses, etc. similar to those obtained through the static 

c 
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analysis but are determined at individual time steps, thus allowing the 

tracing o f  time hlstories. 

section of this report. 

F. 

These are illustrated in the fourth 

General Comments on Computer Operations 

Service programs were written to generate nodal points and con- 

nection'arrays. 

semi-automatically and is fixed in form. 

It is not easy to reduce the element size maintaining the same con- 

figuration volume and total mass. The near spherical configuration used 

to model the head, inner liner, and helmet shell was completely computer 

generated and hence is adaptable to studies involving the variation o f  

mesh size. 

distribution parameters described above and to make projective drawings 

and other special representations to aid in the evaluation of the results. 

These programs are listed in Appendix C. 

The system used in the static analysis was generated 

It therefore lacks flexibility. 

Other'service programs were written to compute the mass 

The structural analysis program, SAP IV (2) was purchased to be 

incorporated into the system o f  programs. 

arid the documentation are available from the University o f  California 

(15). 

'letter of transmittal received with the program explain the conditions 

for its use. 

Both the program in tape form 

The following two quotations from the documentation manual and a 

"The development of the computer programs SAP including 

SAP IV has been supported by many organizations during the past years. 

The final phase of development and documentation o f  SAP IV was sponsored 

by a grant from the National Science Foundation." 

SAP IV is unlimited, but the program is not t o  be used for direct profit 

without authorization. 

"The distribution o f  

In other words, royalty or development charges 

27 



a re  no t  allowed, and the program should not be so ld .  However, please 

fee'l f r ee  t o  give the program t o  other organ4zations a t  the cost o f  

duplication, mail ing and handling." 

There a r e  a number o f  other s t ructural  analysis programs tha t  are  

camnercially avai lable  and tha t  might be used. 

vides a number of convenient features  fo r  the analysis such as the 

SAP IV, however, pro- 

f l e x i b i l i t y  and specif icat ion of forces and ground motions and includes 

8 di f fe ren t  element types as. shown i n  Figure 6. 

m y  b e  com&ined irr one configuration t o  improve the economy of operation 

o r  t o  prwide some o the r  benefit. 

malys.is on a given configuration, i t  is r e l a t ive ly  simple t o  make addi- 

tions o f  other eTements to evaluate, for  example, the ef fec t  of peripheriil. 

equipment on t h e  mechanics of t h e  system. 

means o f  the nature o f  its design, pravides for the addition of other 

elements tkt may be ctexelaped t o  meet specif ic  needs. 

Many of these elements 

A l s o ,  having performed a s t ructural  

Finally,  this program, by 

I t  is possible t o  run t h e  same sample configuration by di f fe ren t  

modes of  anaTysis for purposes of comparison. 

presented i n  the fuTTowing sections a re  simply a small sampling of 

those that may be performed. 

programs fv: finite element modeling i s  a very f lex ib le  and eas i ly  

controlled design tool. 

T h e  analyses tha t  a r e  

Once formulated, a system of computer 

J 
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b. THREE DIMENSIONAL 
a.TRUSS ELEMENT BEAM ELEMENT 

c.PLANE STRESS,PLANE STRAIN AND AXlSYMMETRlC ELEMENTS 

Q b 

Bf 
dTHREE DMENSIONAL; SOLID e.THICK SHELL ELEMENT 

f.THIN SHELL AND BOUNDARY ELEMENT 
A c . c .  

TANGENT 

9. PIPE ELEMENT 

BEND 

t 
Figure 6. Element Library o f  SAP I V .  
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111. RESULTS: STATIC ANALYSIS 

A. System Mechanics 
-. . 1. Linear Deformation 

S ta t i c  analysis provides information about the shape and dimen- 

sions o f  a mechanical system under the act ion o f  various forces. 

a force i s  appl ied t o  the surface o f  an object  i t  deforms u n t i l  i t s  

When 

in te rna l  forces oppose and balance the external force. 

f o x  

throh,n a continuous sequence o f  force balance states. . 

defined t o  have l i n e a r  e l a s t i c  propert ies, the magnitude o f  each defor- 

As the external, 

i q  gradual ly (s lowly) appl ied the system may be assumed t o  pass 

Fo- a system 

mation mode i s  proport ional t o  the magnitude o f  the applied force. 

i s  t rue  as long as the accumulated changes do not  make an appreciable 

change i n  the dimensions o r  shape o f  the structure.  Also, i n  a l i nea r  

e l a s t i c  system the deformations r e s u l t i n g  from d i f f e r e n t  external forces 

can be superimposed d i r e c t l y .  

t h a t  l i nea r  e l a s t i c  analysis does not  apply, a d i f f e r e n t  mode of analysis 

Th is  

If the deformations are so extensive 

must be used. 

2. Relat ionship t o  Dynamic Loading 

Under dynamic loads, as are encountered i n  

the k ine t i c  energy o f  the system contr ibutes t o  

vehic le crash si tuat ions,  

the deformation. A 

method o f  comparison i s  through the mechanical work i n  the system. 

work o f  deformation i n  the dynamic system i s  calculated as the equivalent 

o f  the .k ine t ic  energy o f  the system p r i o r  t o  the moment of impact. This 

correspondence i s  reasonable as long as the ve loc i t i es  involved do no t  

approach any o f  the ve loc i t i es  o f  sound through the system. The spec i f i c  

The 
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assumption made i s  t ha t  the forces and displacements used i n  ca lcu la t ing  

the work o f  deformation a r e  average, steady. s t a t e  values fo r  the system. 

Kinet ic energy i s  the product o f  one h a l f  the mass t i m e s  the square o f  

i t s  ve loc i ty ,  assumfng t h a t  the mass i s  brought t o  rest .  The mass IS o f  

those port ions o f  the system t h a t  are affected. 

E, = -mv 1 2  
2 

The work, o r  energy o f  deformation, Ep, i n  the s t a t i c  case i s  the 

product o f  the force, P, times the distance i t  moves, A&, summed over 

every pa r t  o f  the system, f o r  each deformation mode. For the l i n e a r  

e l a s t i c  system studied here t h i s  i s  given by 

. 
. 

C 

* 

r 

[ 111 1 - - PAR 
EP - 2 

which i s  i l l u s t r a t e d  i n  Figure 7. 

maximum possible deformation can occur i f  the k i n e t i c  energy i s  trans- 

formed w i th  maximum eff ic iency.  This does not take sequential changes 

i n t o  consideration but  provides a useful approximation f o r  events tha t  do 

not occur a t  ve loc i t i es  approximating the ve loc i t y  o f  sound. It provides 

an upper l i m i t  for  the determination o f  the deformation t h a t  can occur 

under these conditions. 

Thus i t  can be reasoned t h a t  the 

B. System Formation and Character ist ics 

1. Dimensions 

A spec i f i c  three dimensional conf igurat ion was formulated t o  

represent the torso, neck, and head w i th  a helmet consist ing o f  a re la -  

t i v e l y  t h i n  spheroidal shel l  and an inner l i n e r .  

o f  the system was described i n  Section I11 A and shown i n  Figure 3 .  

The body por t ion  
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The helmet s h e l l ,  which i s  shown i n  Figure 8 was generated separately 

and added t o  the  system. It i s  hemispherical except f o r  t h e  p o s i t i o n s  

o f  f o u r  nodal points,  a t  t he  f r o n t  edge on each ear cover, and f o r  t he  

l a y e r  a t  t he  bottom edge i n  t h e  back. There i s  a l so  a small opening 

on each s ide corresponding w i t h  the pos i t i ons  o f  t he  ears. 

s l i g h t l y  over one centimeter i n  thickness. 

The inner  1 i n e r  i s  shown i n  Figure 9. It i s  represented by a s e t  

o f  elements formed by making an a n a l y t i c a l  connection between the  i nne r  

surface o f  the helmet s h e l l  and corresponding near nodal po in ts  on the  

s k u l l .  

each inner  l i n e r  element using the  nodal p o i n t  numbers o f  t he  s k u l l  

and helmet s h e l l  surfaces. 

It i s  

This was performed by adding a connection a r ray  statement f o r  

2. Mass 

This con f igu ra t i on  provides a s i n g l e  g r i d .  The s t r u c t u r e  was 

generated semiautomatical ly and i s  o f  f i x e d  form. 

a r e  classed i n t o  seven groups t h a t  a l l ow  t h e  assignment o f  ma te r ia l s  

proper t ies t o  a d j u s t  mass d i s t r i b u t i o n  and t o t a l  weight i n  t h e  d i f f e r e n t  

par ts .  The o v e r a l l  s i z e  and shape parameters correspond t o  those o f  t he  

Automotive Safety Committee (1 )  and Ewina and Thomas(4). The dens i t y  

values are adjusted p r i m a r i l y  t o  prov ide the desired t o t a l  sect ion 

weights. These values a re  l i s t e d  i n  Table 2. This necessi tated the 

assignment of unreal dens i t y  values t o  some o f  the elements. 

assigned mate r ia l s  proper ty  values a re  l i s t e d  i n  Table 3. 

i n  t h i s  aspect o f  t he  s imulat ion requ i res  the use o f  more elements o f  

smaller s i z e  and poss ib ly  special  shapes. The agreement between body 

Elements o f  t he  system 

The 

Improvement 
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Figure 8. Helmet Shell 

Y 

Figure 9. Inner .Liner 
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TABLE 3 

MATERIALS PROPERTIES ASSIGNED I N  THE FIXED 

BODY - H EAD - H ELMET S I MU LAT I ON 

Mater ia l  Description Youngs Poisson Densi tj 
Number Modulus Rat io  (9 cm- 1 

(MPa 1 
I 

1 Sku1 1 4.52 x 105 0.3 1.47 

2 Brain 2.83 x lo1 0.3 1.05 

3 Helmet ,Shel l  2.83 x lo4 0.3 1.75 

4 Inner L iner  0.6894 - 0.6894 x lo4  0.3 0.06 

I 

5 F1 esh 2.83 103 0.3 1.00 

6 Spine 4.52 lo5 0.3 3.01 

7 
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aiid model sectional weights and centroids is good with respect to the 

appearance o f  the geometric correspondence. The ultlmate evaluation will 

depend upon other measurements such as moments of inertia. The total 

model, including the body, head, and helmet, is shown in Figure 10. 

3. Inertial Moments 
7 -  

The inertial moments can be calculated for any group o f  elements 
? .  or for the entire system as described in I 1  C. 

w a s  established to represent a "typical" person, the moments were iteter- 

Since the fixed model 

mined for sections through the torso in a manner similar to that 

studited by Liu and Wickstrom ( 1 1 )  on cadavers. 

only approximate, since the cadaver slices corresponded to vertebral 

sections, T5, T6, etc. (see Figure l), and the simulation provides only 

The correspondence i s  

six layers to correspond wfth the torso and neck. Nevertheless an 

examination of the radiographs (1 1 ) showed that the correspondence 

between layers might be close to that listed in Table 4. 

The masses of the cadaver and simulation slices, however, differ 

considerably. 

cadavers and living bodies; in fact, evaluating these and body inertial 

properties are the objectives in their paper. Table 4 lists the masses 

of the layers in the simulation and o f  the corresponding cadaver slices. 

The ratio of the two masses is 8.4 which indicates that not only are the 

materials different but the distributions are different. 

shows the inertial moments of the cadaver slices and the simulation. 

There is a large variation here too. 

A calculation was made of inertial moments corrected for section 

Liu and Wickstrom clearly show differences between 

Table 4 also 

we-ight. The cadaver moments were scaled up in proportion to the 
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Figure 10. Fixed Model of Body-Head-Helmet System with C-ordinate Axes. 
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TABLE 4 

INERTIAL PROPERTIES OF SECTIONS OF THE TORSO 

See t i o n* Mass . Inertial Moment 
(kg) (kg cm2) 

Ixc IY C Izc 

I 

T1-T2+ 0.2032 12.95 2.36 24.65 

I 
7 31-36 0.312 2.20 1.91 1.87 
L 
! T3-l-6+ 0.3834 38.05 11.95 48.62 

25-30 2.435 71.28 69.62 3 4 . , i  

T7-T10+ 0.4512 40.04 19.33 56. I: 
1 

i 19-24 5.041 204.13 244.21 344.4; 

Tll-Ll+ 0.4373 34.37 18.52 5 0 . 8 ~  

13 - 18 4.634 173.27 212.88 289.15 

5 L2-U+ 0.3476 27.95 13.90 38.24 

1 

7- 12 3.444. 101.04 126.10 150.17 

L4-L5+ 0.3696 29.27 13.61 39.09 

1-6 2.552 65.15 69.71 73.27 
4 

I Increase o f  Scaled Valoe 
( % I  

Average 276.08 20.56 463.33 

Standard Deviation 263.35 37.64 720.33 

* The indicated combination o f  cadaver slices or the layer o f  elements, 

+ Data o f  Liu and Wickstrom (11). 

> as marked. 

I 
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difference in mass between the corresponding sections as ldentif ied 

here. The percent increase of each scaled moment in relation to the 

corresponding simulation moment was calculated (but not listed). As 

an example, referring to Table 4, I,, = 12.95 kg cm2 for T b T 2  and is 

scaled to a value o f  19.88 kg cm2 which corresponds to an increase of 

803.64% relative to I,, = 2.20 for simulatiqn elements 31-36. 

average value and standard deviation for each type of moment is listed 

at the bottom of each column of values. The basic differences between 

the model and the cadaver are due to the lack of mass distribution 

detail. The inertial moments can be directly adjusted for comparison. 

If the weights and shapes are similar, the inertial moments can be 

compared. 

centroid of both systems lies on the Y-axis which is a line of near 

The 

compares well over the fulT set which indicates that the 
*YC 

symnetry. The consistently high values in the other two experimental 

moments indicate that the mass of the cadaver is concentrated more to 

the front and back than in the simulation. 

4. Stress Field 

The system was anchored at the base so that no vertical deformation 

was allowed for nodal points 1 through 12, nodal point 2 .is completely 

fixed and nodal point 5 was fixed to prevent rotation about a vertical 

axis. The coordinate system is shown in Figure 10. 

applied, simultaneously, at two nodal points on the front of the helmet, 

horizontally backward in the negative Y-direction). This set of 

boundary conditions is unsymnetric to a small extent and results in 

slightly unsymnetric d splacements in otherwise symmetrically located 

regions of the system. 

The surface force i s  
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The sparcity of  elements t h r o u g h  any single section does not  allow 

the generation of stress prof i les .  

drawing of the midsagittal section w i t h  maximum normal stresses and 

maximum shear stresses represented f o r  each element centroid on {his 

plane. 

magnitude of the maximum normal stress and the second arrow the maxi- 

mum shear stress i n  that  element. 

logarithms of the stresses. 

circle.  The direction and position of the applied forces is shown 

I W U  applied forces of 6.22 N each were applied on nodal points 3 ,  ! 

and 374, neither of which l i e s  on the midsagittal plane b u t  are syn- 

Instead Figure 11 presents a scale 

The length of each near horizontal arrow represents a relative -7 

The lengths are proportional t o  the 

The  materials type i s  l is ted in the 

. 

metrically an opposite s ides .  

The plot shows that  the general trend i n  the deformation may be 

followed by concentrating attention on a few nodal po in t s  and elements. 

These results are sham below. 

C. Effect of Inner Liner Mdulus 

1. Materials Properties 

The inner l iner can be identified as the energy absorbing por t ion  

This may include the deformable suspension system w i t h  of the system. 

the foam material. The st iffness of this material o r  system of 

materials may be approximated by a single parameter for  a f i r s t  analy-  

s i s .  The deformation characteristics of a typical foam material are 

shown i n  Figure 12. The secant modulus may be chosen as the single, 

representative parameter over the expected range of deformation. This 

represents the rat io  of stress required t o  produce an expected strain 
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Figure 11. Midsaggi t a l  stress p l o t .  
Forward and downward directed arrows show d i rec t ion  and 
logarithm o f  magnitude of maximum normal and shear stresses, 
respect ively.  Mater ia ls  type number i s  i n  center o f  octaaon 
and the element i s  above and t o  the r i g h t .  

Symbols located a t  element centers. 
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F"qure 12. Schematic stress-straim curve f o r  a typical inner liner 
material. 
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t 

along an average, linear deformation path. 

absorbing materials have non-1 inear characteristics is important and 

for the most faithful simulation elements with non-linear capabilities' 

must be used in the simulation. 

The fact that real energy 

2. Displacements 

With the above approximation in mind a series of simulation runs 

was performed for the system with all parameters fixed except that in 

each run a different inner liner modulus was used. 

from .6894 to 0.6894 x lo4 MPa (lo2 to lo6 psi). This represents 

a broader range than that actually used and includes the level of 

The moduli ranged 

. stiffness in actual inner liner materials, The results are sumarized 

in Figures 13 through 21. Each of these figures shows the variation 

of one measured parameter with liner stiffness. A trend is evident. 

The helmet front displacement at the point of load application 

shows a monotonic decrease a.s the inner liner stiffness is increased. 

Figure 14 shows 

different trend, 

The two opposing 

increase in noda 

force transmi tta 

hat the displacement at the front of the head has a 

increasing initially and passing through a maximum. 

trends which produce this maximum are first the 

point displacement and force due to the more direct 

through the stiffening inner liner and zecond, the 

decreased force in line because o f  the more effective force redistribu- 

tion through the more rigid liner. 

the assymetric nature of the system. 

that the difference in displacement between the two nodal points is 

very small. 

the region o f  the force application. 

The two curves in Figure 14 show 

The scale on the ordinate shows 

Nodal points 162 and 163 are on the front of the head in 
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Figdre 13. Displacement o f  t he  f r o n t  o f  helmet a t  the p o i n t  o f  s t a t i c  
load app l i ca t i ons  (Nodal p o i n t  374). 
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Figure 14. Displacement a t  the front  of head (nodal points  162 and l 6 3 ) ,  
approximately i n  line with the s t a t i c  load.  
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:. Skul l  De f lec t i on  

Figure 15 shows the o r i g i n a l  o u t l i n e  o f  the,head along an approxi- 

mately ho r i zon ta l  plane a t  t he  l e v e l  a t  which the f r o n t a l  f o r c e  i s  

appl ied. 

f o r  the most compliant inner  l i n e r  and curve C i s  s i m i l a r  t o  B bu t  

iLpresents the displacement f o r  the l e a s t  compliant inner  l i n e r .  

exaggeration between C and B i s  10,000,000 times. -The r e s u l t s  show 

r e l a t i v e  head p ro tec t i on  by the  presence o f  a helmet and can be com- 

paied t o  the separate analys is  o f  unprotected head d e f l e c t i o n  repc r t r - '  

by Hdrdy and Marcal, (9) and s t ress (propor t ional  t o  d e f l e c t i o n )  3n 

the  s k u l l  by Chan ( 3 ) .  Although the d i f f e rences  are exaggerated, the 

d i r e c t i o n s  o f  t he  displacements are f a i t h f u l  t o  the analys is .  Overal l  

Curve B shows the  displacement (exaggerated 10,000 t imes) 

The 

t r a n s l a t i o n  o f  the head i s  a dominant p a r t  o f  the displacement, bu t  

there i s  a l so  a change i n  shape. 

metry i s  r e f l e c t e d  i n  the s k u l l  deformation. 

The lack  o f  boundary cond i t i on  sym- 

The poss ib le  use o f  s k u l l  d e f l e c t i o n  in format ion i s  i n  connection 

w i t h  evaluat ing the  pressure t h a t  may r e s u l t  on the b r a i n  and i n  detec- 

t i n g  the  l i m i t s  o f  loading t h a t  lead t o  s k u l l  f r ac tu re .  

4. Stresses 

The s t a t i c  anAlysis y i e l d s  s t ress in format ion which i s  o f  v i t a l  

i n t e r e s t  i n  terms o f  l oss  o f  consciousness and concussion. There i s  a 

growing body of evidence t o  r e l a t e  these t o  shear stresses i n  the bra in .  

Figures 16 through 21 summarize the s t ress r e s u l t s  f o r  elements 193 and 

01 and 

traces 

nner 

194 i n  the inner l i n e r ,  numbers 68, 71, and 74 i n  the s k u l l  and 

104 i n  the bra in .  

and Figures 17, 19, and 21 show the shear s t ress t races f o r  the 

Figures 16, 18, and 20 show the  normal s t ress 
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Figure 15. Skull deflection. 
a transverse section a t  the level o f  the positions of 
s t a t i c  load application. 

This i s  a trace t h r o u g h  nodal points on 
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Figure 16. Maximum m o m 1  stress as a function o f  inner liner modulus 
in elements 193 and 194 at the front o f  the head in the 
inner 1 iner . 

Figure 17. Maximum shear stress as a function o f  inner liner modulus 
in elements 193 and 194. 
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Figure 18. Maximum normal stress as a function o f  inner l i n e r  
modulus i n  the brain (elements 101 and 104). 

Figure 19. Maximum shear stress as a function of inner l i n e r  modulus 
i n  elements 101 and 104. 
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Figure 20. Maximum. normalI stress as- a function o f  i nner 1 iner 
modul'us irr ttte skull i n  el'ements 68, 71 and T 4 .  

x 

I 

CT I 

Figyre 21.. Maximum shear stress i n  elements 68, 71 and 74. 



t '  

liner, skull and brain elements respectively, These stress patterns 

show the maximum occurs in the range o f  1 MPa inner liner modulus. 

The maximum shear stress occurs in the inner liner at a modulus value 

that is an order of magnitude lower. Again, the initial increase (as 

inner liner modulus is increased) in calculated stress can be attri- 

buted to the more direct action of the applied force against the 

in-line nodal points o f  the skull. However, as the liner modulus i s  

further increased it attains a maximum followed by a stress reduction. 

It must be noted, however, that these peaks and reversals do not occur 

simultaneously. Thus the only trend indicated favoring head protection 

is to limit the modulus to low values. This is consistent with proper- 

ties of foam materials now in use. 

The multiple layer helmet (8) should be advantageous with a thin 

intermediate shell to distribute forces but without an overall stiff- 

ening effect. 

readily by computer simulation and checked experimentally with a limited 

number of helmets. 

A parametric study o f  this design can be performed 

Examination of the configuration and the results indicates the need 

for refinement of the structure in a number o f  ways. Simplification in 

c 

many regions is desirable. Grid generation totally by computer is 

mandatory. 

Figure 6, should be used for the helmet shell and the layered regions; 

and concentrated masses with three dimensional beam elements should 

Other types of elements, such as the thick shell element of 

replace large element groups where possible. 
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5 .  Work of Deformation 

The 12.44N total force t h a t  i s  applied t o  the BHH system i s  

orders of magni-tude below forces of interest  in crash simulation. 

ever, each s t a t i c  analysis computation i s  representative of the reaction 

of the system t o  the applied forces. 

How- 

For any one configuration as used 

in a single run  the reactions as evaluated by displacements of the 

nodal points and any other calculated parameters are proportional t o  the 

applied force. 

i s  100 times larger, the corresponding results would be 100 times larger. 

Table 5 l i s t s  the work performed by the applied forces i n  these cc q u t a -  

tions. 

the in-line displacement. 

cally i n  Figure 13 as a function of inner l iner  modulus variations. 

T h u s ,  i f  the calculation were repeated for  a force t h a t  

This work i s  calculated as the product of the applied force and 

The in-line displacements are shown g r a p h i -  

Gurdj ian  (7)  reports that 25 in lbs i s  c r i t i ca l  f o r  skull fracture. 

Using 20 in lbs for the helmet configuration with the s t i f f e s t  inner 

l iner  wfiich provides the least  protectiotl the work ra t io  i s  1.27 x 10’. 

This yields a force r a t i o  of 3.56 x lo3.  

increased t o  22.lkN under these conditions, the impact will be c r i t i ca l .  

If this same force i s  applied t o  the system with the most compliant 

inner l iner,  only 1.52% of the work will be performed on the body. 

inner l iner will absorb more than 98%. -,he percent work absorbed by 

the inner l iner is shown i n  the l a s t  column. 

Thus  i f  the applied force i s  

The 

The force scaling factor (force r a t i o )  can be applied t o  the normal 

stress and shear stress curves f o r  an order of maanitude approximation 

of the stresses involved i n  a t e s t  situation that approximates usage. 
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TABLE 5 

1 

WORK OF DEFORMATION I N  THE FIXED MODEL 

Inner L iner  Total  Work Force Inner L iner  
Modulus Work Rat io (Displacement) Work 

(MPa 1 (Ncm) Rat io (%) 

1.45 x .11979 19.2 x 105 4.38 

7.25 x ,026 14 8.80 104 2.97 

98.48 

93.05 

1.45 x 10-1 .01444 1.60 x lo6 1.26 x 103 87.42 

7.25 x 1O-I .00511 4.50 2.12 

1.45 .00396 5.83 2.41 

1.45 x lo1 .00199 1.16 x 107 3.40 

64.44 

54.17 

8.75 

1.45 x lo2 . 00 182 1.27 107 3.56 0 
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Sh2ar stresses developed at the front o f  the head are of the order o f  

1 MPa, and in the brain o f  the order o f  MPa. The interpretation 

of-such values requires close correlation with experimental data. 
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IV. RESULTS: DYNAMIC ANALYSIS 

A. Drop Test Simulation 

A feature o f  SAP I V  i s  the a b i l i t y  t o  apply dynamic analyses as 

explained i n  Chapter 11. This was explored as a s imulat ion o f  the drop 

test .  The drop t e s t  involves a head form frequent ly cast  i n  aluminuni 

but more recent ly  made w i th  composites af various me ta l l i c  and poly- 

meric materials more c losely  representing the charac ter is t i cs  o f  the 

human head. 

released t o  accelerate under the act ion o f  the grav i ta t iona l  f i e l d  and 

a t ta ins  a maximum veloc i ty ,  vo, a t  the moment of contact which depends 

upon t h i s  i n i t i a l  drop height. The re la t ionsh ip  i s  given i n  Equation 

I 1 2 1 0  

The head form i s  ra ised t o  a predetermined height and 

where g i s  the grav i ta t iona l  accelerat ion and h i s  the drop height. 

the mass o f  the head form i s  m, the k i n e t i c  energy o f  motion i s  given by 

Equation [ 1 3 ] .  

If 

I 1 3 1  1 2 
2 mvO K.E. = - 

= mgh 

This i s  converted t o  a potent ia l  energy o f  deformation w i th  a t o t a l  force 

Fm a t  some short  t ime a f t e r  contact. 

1 2  P.E. = - Fm /AE 
2 

l 7 4 1  
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, .s the maximum force i s  a function of drop  height. 

Fm I =  2mAEgh [ 151 
. -  

A i s  the area over which the force i s  distributed and E i s  the modulus 

n f  elast ic i ty  of the material . 
Each particle of mass i n  the system must be b r o u g h t  t o  res t  even- 

tually and w i l l ,  therefore, undergo a deceleration. 

each.particle times i t s  mass accounts for the farce acting on that  

particle and this can be substituted i n t o  an appropriate equati. ; +r 

determine the new configuration o f  the system t o  balance o u t  this new 

force w i t h  forces resulting from internal "strains. 

T h e  decleration of 

T h i s  is the basis of the simulation. I t  i s  possible t o  sinulc7te 

calibration runs u t i l i z i n g  head form configurations w i t h o u t  helmets and 

t h e n  simulate t e s t  runs w i t h  the added helmets and mass i n  the system. 

B. The Configuration 

A simple, pseudo-spherical head and helmet were generated t o  pro- 

vide for the needs explained i n  ear l ier  parts of the report. 

computer generation program allows regeneration of the configuration w i t h  

different numbers of elements occupying approximately the same volume i n  

the system. A "packing factor" can be added t o  the p r o g m n  t o  adjust 

each structural region such as the helmet shell t o  a cons tan t  mass as 

average element size i s  varied. 

The 

The method adopted i s  t o  begin with a basic block of cubes and t o  

project the nodal points, i n t o  a spherical form. The nodal points on the 

surface of the basic block are projected radially onto  the surface of a 
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sphere o f  predetermined radius. The interior nodal 

block are also projected radially b u t  in proportion 

distance t o  the basic block surface. This produces 

group w i t h  surface points conforming t o  the surface 

~ 

surrounding shells of elements can be added; and above these, partial 

shells can be added. 

various significant layers. of the helmet and helmet l iner.  

These are used t o  represent the skull and the 

The nodal points of these outer layers are generated t o  register 

properly w i t h  the surface nodal points from the original projection of 

the basic block. T h u s ,  there i s  the desired correspondence t h r o u g h o u t  

the system. 

described i n  Table 6. 

Figure 22 shows the configurations for the systems 

Other forms may be adopted in place o f  the spherical projection 

surface. Also, other projection schemes may be used t o  reduce the 

variation i n  element volume w i t h i n  the various layers. 

Only the simplest configuration, based on the 3 x 3 x 3 basic block 

configuration was used in the dynamic analyses. 

C. Inertial Properties 

The  inertial  moments were computed for  the head, inner l iner ,  and 

helmet shell separately and i n  combination t o  i l lus t ra te  the effect  c f  

points i n  the basic 

t o  their radial 

a mu1 ti-el ement 

o f  a sphere. Full 

the helmet as an additional load. The  results 

The form of the system i s  shown in Figure 22a. 

30>.12%, the inertial  moment increase is 52.17% 

are tabulated i n  Table 7 .  

The weight  increase is  

about  ei ther horizontal 

a x i s  and 56.46% greater around the vertical axis through the center o f  

gravity. 

relative t o  the orientation i n  the d rop  test). 

The center of g r a v i t y  i s  raised 1.052 cm (lowered 1.052 cm 
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a . 3 ~ 3 ~ 3  

b . 5 ~ 5 ~ 3  

c . 7 x 7 x 3  

Figure 22.  Three pseudo-spherical, computer generated head form- 
helmet models with d i f fe ren t  meshes for  the dynamic simula- 
t i o n .  
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TABLE 6 

1 

PARAMETERS OF THE PSEUDO-SPHERICAL MODELS 

. _. 

a. Comnon Parameters 

Dens tr Region Radius or Youngs 
Thickness Modulus (g  cm- 1 

(cm) (MPa 1 

A1 umi num 

Brain 8.26 

Skul 1 0.6 

Inner Liner 1.0 

Helmet Shell 0.35 

~ ~ ~~ ~~~~ 

6 . 8 9 4 ' ~  l o 4  
6.894 x 10 

1.6 105 

6.894 104 

6.894 x 10-1 

2 .1  

3.04 

1.23 

6 .O 

b. Structural Units 

. '  

I tern Configuration 
3 X 3 X 3  5 X 5 X 3  7 X 7 X 3  

Nodal Points 

Elements 

Total 

Brain 

Skul 1 

Liner 

She1 1 

87 

56 

8 

24 

12 

12 

223 

160 

32 

64 

32 

32 

415 

3 12 

72 

120 

60 

60 
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TABLE 6 

PARAMETERS OF THE PSEUDO-SPHERICAL MODELS 

c. Computed Volume and Mass 

I tern Configuration 
3 X 3 X 3  5 X 5 X 3  7 X 7 X 3  

Total Volume, an3 2824.8 3193.1 3260.2 

Total Mass, kg 

Brain, kg 

Skull, kg 

Liner, kg 

Shell, kg 

6.62 

3.80 

1.29 

.52 

1.02 

7.49 7.65 

I 

* 

..- 
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TABLE 7 

INERTIAL PROPERTIES OF THE DYNAMIC MODEL 

Region Coordinates Mass I n e r t i a l  Moments 
(4 (W (kg cm2) 

I X Y Z  I,, I Y C  12, 

. Head 0 0 0  5.08 170.5 170.5 170.5 

Inner L iner  0 0 4.336 0.52 16.1 16.1 25.9 

She1 1 0 0 4.648 1.01 48.5 48.5 70.4 

He1 met 0 0 4.543 1.53 64.7 64.7 96.3 

Total  0 0 1.052 6.61: 259.5 259.5 266.8 
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0. Boundary Conditions and Inertial Loading 

1. Loading Points 

Contact is made with five points on the center of the outside 

surface of the helmet. 

tion as oriented in this simulation. 

frcm motion in the z-direction, of which the center point is totally 

restricted from motion, and another is sufficiently restricted to pre- 

vent any free rotation of the system. All other nodal points are 

cornrletely free to be displaced due to the action of the deceleratioq 

field. 

These are the lowest points in the configura- 

These five points are restricted 

2 .  Ground Acceleration 

In this orientation the helmet is positioned below the head form 

and together they are dropped onto an arresting surface. 

ation field acts vertically downwards in the negative z-direction. 

The acceler- 

A simple triangular acceleration profile was adopted because it 

is reported to represent the actual acceleration history in these tests. 

This profile is shown in Figure 23.  

within a period of 12 milliseconds, reaching its maximum of 400 g at 

9 milliseconds after initiation. 

It is initiated and terminated 

This can be very easily changed t o  a 

trapezoidal or  more complicated form hy specifying an appropriate time 

function. 

function. 

Up to 40 points may be used in the specification of the time 

Only 5 are used in the computations reported here. 

When the deceleration field is applied 'the equations of motion 

become 

I 

. 
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Figure 23. The leading portion o f  the applied deceleration field 
profile. The following portion i s  held a t  zero. 
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wta'zh is equivalent to Equation [ 91. 

[ 9 ]  is replaced by the force field due to the deceleration field, 

{-dIB). 

is the matrix of element masses as defined in Equation [ 9 ] .  

element generates a force acting on its nodal points'due to this field. 

Each element force depends upon its mass and upon the instantaneous value 

The applied force term of Equation 

This field produces inertial body forces in each element. [MI 

Each 

of the deceleration field which is determined by interpolation from the 

time function described above. 

3 .  'isplacement Time Trace 

Equation [ 161 is solved repeatedly at incremental time steC 

specified. 

lated for the system from nodal point coordinate data, connection array 

data, and materials property data. The boundary conditions are appl ied 

to isolate the degrees of freedom. The matrices in Equation 1161 are 

inverted, (see Equation [8]) and eigenvalues are found to represent the 

important deformation modes (direct integration can a l s o  be performed to 

bypass this step). Actually all of these steps through the evaluation 

of the eigenfunctions and the natural frequencies in the system can be 

performed for a given configuration and the results stored for repeated 

determinations of displacement and stress time histories. 

The Stiffness, Damping, and Mass matrices are first formu- 

The following are performed for each time step without repeating 

the preceding: 

partitioned to each nodal point. 

are included in the formulation for this step. 

calculated and listed as well as other information called for. 

result is a displacement history which is shown in Figure 24 for a basic 

The body forces are evaluated in each element and 

Any displacements from a prior step 

The displacements are 

The 

conTiguration. 
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Figure 24. The center-of-gravity displacement for the aluminum head- 
form with most compliant inner liner (0.6894 MPa) 
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Figures 24-26 show the time variation of displacement, noda'l point 

velocity, and acceleration 04 the central nodal point, nodal point 14, 

in the 3 x 3 x 3 configuration. See Table 5 and APPENDIX B. 120 time 

steps o f  0.0001 second each were used over the total time period. 

Figure 27 represents the same structural configuration and test 
- conditions, but with an extended time trace. The period o f  the analysis 

is 120 milliseconds, ten times the length of the period of action o f  tshe 
I 

ground motion. 

(iecays. This is characteristic of all dynamic analyses performed. It 

The system is seen to go into oscillation, which 

will be possible, using the same structural analysis program, but with 

modified input data, to perform the dynamic analysis with critical 

damping to better simulate the damping in the real systems. 

Therefore each time trace exhibits two parts, the first is when the 

system is directly driven by the ground acceleration, and the second when: 

it. is oscillating. Both the magnitude and frequency o f  the oscillation 

are dependent upon the composition and properties of the structural 

sys tem. 

4. Rotational Acceleration 

The rotational acceleration of the brain can be represented by the 

rotational acceleration of a line segment in the  brain. The choice of 

segment may be significant, but there is probably a strong correlation 

between the rotational accelerations o f  most line segments that might be 

chosen. 

the centroid of the head) and 15 (immediately adjacent at a physical 

distance of 8.26 cm along the x-axis) was selected in the spheroidal 

Quite arbitrarily, the segment connecting nodal points 14 (at 
' 
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Figure 25. The velocity t ime trace of the headform center-of-gravity, 
derived from the data of Figure 24. 
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Figure 26. The decelerat ion time t race  o f  the headform center-of-gravi ty  
derived from the data o f  Figures 24 and 25. 
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Figure 27. Linear acceleration time trace f o r  the center-of-gravity, 
which is in the brain o f  the humanoid head form. 
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r.:odel o f  the dynamic analys is .  Propert ies o f  the head were assigned 

an i nne r  l i n e r  modulus o f  6.89 x l o 3  MPa. The angle between the l i n e  

segment d i r e c t i o n  and the  o r i g i n a l  d i r e c t i o n  a r e  computed f o r  each t ime 

step from the  nodal p o i n t  displacement t i m e  h i s t o r y .  

* 

Ve loc i t y  and 

acce le ra t i on  h i s t o r i e s  are obtained by d i f ferences.  P 

The r e s u l t s  o f  the r o t a t i o n a l  accelerat ion analys is  a r e  shown i n  

Figure 28, 

i n  form t o  t h e  l i n e a r  accelerat ion t ime t race .  The r e s u l t s  shoQ t h a t  

Th is  tau i s  a decaying o s c i l l a t i o n  curve which i s  very s i m i l a r  

in format ion i s  a v a i l a b l e  f rom the  computer s imulat ion and ' t h a t  This type 

o f  response should be f u r t h e r  examined. 

E. E f f e c t  o f  Lnner L i n e r  Modulus V a r i a t i o n  

1. Aluminum Head Form 

The e f f e c t  o f  t h e  i nne r  l i n e r  modulus on the  dynamic r e s u l t s  was 

s tud ied o v e r  t h e  same range o f  modulus v a r i a t i o n  as w i t h  the s t a t i c  

analys is  o f  t h e  body-head-helmet system. 

appl ied i n  each dynamic run. 

The same qround motioh was 

T k  s implest  conf iqurat ion,  based:upon a 

3 x 3 x 3 basic block, described i n  Table 5 and shown i n  Figure 22a, was 

used. The assigned proper t ies and r e s u l t i n q  masses are tabulated i n  

Table 6. 

aluminum, but r e t a i n  t h e  dens i t i es  o f  t he  b r a i n  and s k u l l  as l i s t e d  i n  

Table 6. 

Both the b r a i n  and s k u l l  sect ions are assigned the  modulus o f  

The r e s u l t s ,  which f o l l o w  motion a t  the center o f  g r a v i t y  a f  the 
P 

head, are o f  the same form as the  curves shown i n  Figures 24-28. Each' 

contains two parts,  the f i r s t  shows the e f f e c t  o f  the ac t i on  o f  ;ground 

motion and the f i n a l  i s  decaying o s c i l l a t i o n s .  
f 

The r e s u l t s  are summarized 

* 
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Figure 28. Angular accelerat ion time t race i n  the  bra in  of the 
humanoid head form. 
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i n  Table 8, which l i s t s  the maximum acceleration l is ted and the lowest 

natural frequency on the system, 

are effective i n  head protection. 

Low modulus inner l iner materials 

2 .  Humanoid Head Form 

An equivalent series of runs was perfokmed with properties of the 

hrain and skull assigned t o  the corresponding regions i n  the model. 

All dimensions and densities were as l is ted.  

were used. The results are o f  the same form as those o f  the aluminum 

No properties o f  aluminum 

head form but the magnitudes are different. 

in Table 9. 

l iner  absorbs most of the energy i n  the system. 

exaggerated in the case of the aluminum head form. 

The results are sumarized 

In  both series i t  i s  obvious t h a t  the compliant inner 

This i s  apparently 

3. Severity Index 

The dynamic results o f  the tes t s  w i t h  the humanoid head form are 

used i n  J demonstration of t h e  computatih of the severity index ( 5 ) .  

Each acceleration profile was scanned once t o  compute an average value 

f o r  the magnitude o f  the acceleration a t  the center o f  gravi ty  of the 

head. Then a second review o f  the acceleration data was made t o  deter- 

mine the to t a l  time over which the head was subjected t o  th i s  on a 

higher 2vel of acceleration. The severity index was calculated using 

Equation [ 

Where the 

a t i o n  and 

Index fo r  

171. 

SI = (average A~celera t ion) ' '~  (exposure time) I 1 7 1  

average acceleration i s  in multiples o f  gravitational acceler- 

time i s  in seconds. Table 10 l i s t s  the results of Severity 

the range of inner l iner modulus used. 
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TABLE 8 

THE EFFECT OF INNER LINER MODULUS ON MAXIMUM ACCELERATION 

AT THE HEAD FORM CENTROID AND NATURAL OSCILLATION 

IN ALL ALUMINUM HEAD FORM 

Inner Liner Maximum Period 
Acceleration O f  Oscillation Modulus 

(s 1 (MPa 1 (cm s-2) 

0.621 x 0.726 x 10'1 0.6894 

0.3447 x 10 0.183 x 0.331 x 10-1 

0.470 x 10-14 0.240 x 10-l  0.6894 x 10 

0.380 x 0.131 x 10'1 0.3447 x lo2 

0.6894 x 102 0.586 x lo-' 0.113 x 10'' 

0.6894 x lo3 0.314 x 0.846 x 

0.6894 x lo4 0.306 x 0.615 x 
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TABLE 9 

THE EFFECT OF INNER LINER MODULUS ON MAXIMUM ACCELERATION 

AT THE HEAD FORM CENTROID AND NATURAL OSCILLATION 

I N  THE HUMANOID HEAD FORM 

Inner L ine r  
Modu 1 us 

(MPa.) 

Maximum 
Accelerat ion 

(cm s-2)  

Period 
O f  O s c i l l a t i o n  

6) 

0.6894 0.801 x 10-14 0.726 x 10-1 

0 .34-7  x 10 0.128 x 

0.6894 x 10 

0.3447 x lo2 0.383 x i 

0.111 x 10-12 

0.331 x i 0 - l  

0.240 x 10-1 

0.132 x 10" 

0.6894 x lo2 0.426 x 0.114 x 1O-I 
.. 

0.6894 x 10' 

0.6894 x lo4 

0.247 x lo6 

0.230 x 106 

0.864 x 

0.691 x lo'* 
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TABLE 10 

THE EFFECT OF INNER L I N E R  MODULUS ON 

SEVERITY INDEX FOR THE HUMANOID HEAD FORM 

Inner Liner 
Modulus 

(MPa 1 
SI 

( g 2 4  1 
~ ~ 

0.6894 0.355 10-44 

0.3447 x 10 0.227 x 

0.6894 x 10 0.217 x 

0.3447 x 10' 0.659 x 

0.6894 x lo2 0.297 x 

0.3447 x lo3 

0.6894 x 104 

0.875 x lo3 

0.714 x lo3 

\ 
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V .  SUMMARY AND RECOMMENDATIONS 
FOR FURTHER WORK 

The f i n i t e  element method of ana lys i s  i s  app l i cab le  t o  t h e  simu- 

l a t i o n  o f  t he  body-head-helmet system and helmet design. 

dimensional s imu la t i on ,  a l thouqh r e l a t i v e l y  demanding o f  computer 

f a c i l i t i e s ,  i s  poss ib le  and advantageous e s p e c i a l l y  i n  t h e  dynamic 

mode. Analyses were demonstrated on two types o f  model con f iqu ra t i ons ,  

f i x e d  and parametr ic .  

more’ des i rab le  because i t  a l l ows  paramet r ic  rep resen ta t i on  , automatic 

v a r i a t i o n  o f  mesh s i z e  w i t h o u t  chanqe i n  massg and dependable hand l ing  

o f  t h e  voluminous q u a n t i t y  o f  data invo lved.  

Three 

The computer(l qenerated type  o f  c o n f i a u r a t i o n  i s  

Parameters can be prov ided 

t o  s p e c i f y  shape, mass d-istribution, i n e r t i a l  moment d i s t r i b u t i o n ,  and 

m a t e r i a l s  and systems p r o p e r t i e s .  The r e s u l t s  o f  a f i n i t e  element ana 

s i s  y i e l d  displacement and s t r e s s  p r o f i l e s  f o r  a s i n q l e  e q u i l i b r i u m  

:onf igurat ion , displacement, v e l o c i t y  , a c c e l e r a t i o n  , and s t r e s s  h i s t o r  

which represent  t h e  t ime  v a r i a t i o n  o f  these parameters a t  any chosen 

I 

V- 

es 

nodal p o i n t  or element i n  the  system. Th is  i s  a powerful s i m u l a t i o n  t o o l  

because i t  can be made t o  e x a c t l y  conform t o  s p e c i f i c  i n p u t  cond i t i ons .  

A .  I n e r t i a l  P roper t i es  Ana lys is  

Size, shape and i n e r t i a l  p r o p e r t i e s  were s e t  and analyzed f o r  bo th  

t h e  f i x e d  and parametr ic  models. 

t o  conform t o  standard (1,4) values. 

moments were computed and compared, where poss ib le ,  t o  measured values. 

Cadaver s l i c e s  (11) were found t o  con ta in  cons iderab ly  lower  masses than 

corresponding f i x e d  model sec t ions .  Moments o f  i n e r t i a ,  ad jus ted  f o r  

Sect ion s i zes  and masses were ad jus ted  

Centers o f  g r a v i t y  and i n e r t i a l  

t 



this mass difference, compared well about the y-axis, which i s  dlrected 

forward, horizontally. The other two mass adjusted moments are con- 

siderably higher than f o r  the model, indicating a difference in mass 

distribution between the two sections. This is an expected limitation. 

a 

B. Structural Analysis 

Two types of structural analysis were demonstrated. In one a fixed 

body-head-helmet configuration was studied under the action of static 

forces applied to the helmet. 

liner modulus over four orders of magnitude were evaluated on displace- 

ments in the system and on the maximum normal stresses and maximum shear 

stresses in elements in the helmet, head, and brain. The results showed 

that maximum values in each of these parameters are produced when the 

modulus of elasticity of the inner liner is.in the range o f  5 to 100 

MPa. 

become excessive. 

The effect of variations o f  the inner 

Above this inner liner stiffness both displacement and shear stress 

Dynamic analyses were demonstrated on a computer generated conf i gu- 

ration based on a spheroidal head shape. 

models, one representing a human head and the other an aluminum head 

form, and also for a variation of inner liner modulus. The principal 

results examined are displacement, velocity, and acceleration in the 

brain. 

sented in this report. 

was clearly demonstrated and shown to be limited in approximately the 

same range of modulus value as for the static determination. 

of analysis provide information, but the latter is favored because it 

more nearly simulates the drop test and other dynamic situations. 

This was performed with two 

Stresses are available, although stress histories are not pre- 

The protection afforded through the inner liner 

Both modes 
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The dynamic analyses were performed using the response spectrum mode 

b u t  future work will probably be performed using the direct  integration 

method which allows control of damping which i s  more appropriate t o  the 

mechanics of the human body. 

Variations o f  these analyses are poss 

t o  the program as presently formulated. A 

s i s  program i s  available t o  provide a simu 

materials w i t h  non-1 inear behavior. 

C .  ‘‘1 jury Parameters 

ble w i t h  very l i t t l e  i n p u t  

different structural analy- 

a t i o n  that includes 

A number of parameters of proven or promising merit for the evalu- 

ation of human tolerance o r  severity of  impact were evaluated from 

either the s t a t i c  or  dynamic results. 

computed fo r  the dynamic series,  modeled w i t h  the head parameters. 

The Gadd severity index (5 )  was 

The results show a similar trend t o  those o f  the acceleration magnitude 

results. 

near c r i t i ca l .  

performed for one of the configurations (the s t i f f e s t  inner l iner )  of 

the series. 

of the s ta t ic  analysis. 

l i s h e d  elsewhere on the basis  o f  two (9) and three dimensional ( 3 )  

f in i t e  element analysis. 

D. Recomnendations for Further Research 

S t i f f  inner l-iners developed SI values o f  over 700, which i s  

The computation of brain angular  acceleration was 

Skull def lect ion was computed and displayed from the results 

The form of the results compared t o  those pub- 

The following are recommendations for  specific steps t o  be taken 

i n  applying f in i t e  element simulation t o  helmet design: 

1.  Develop a head form simulation i n  the dynamic mode with 

I 

4 

3 

m 

proper damping factor.  
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2. Add nonlinear and anisotropic material behavior to 

portions of the system as appropriate. This may apply 

to both the inner liner and the head form material. 

3.  Standardize and refine the form o f  the deceleration 

field. 

drop and its results. 

Develop a procedure to simulate the calibration 

4 .  Develop the computer generated head form simulation by 

improving the configuration. Possibly use new structure 

generation algorithms to control size variation o f  

regional elements and to either remove or subdivide (add) 

elements in the system as appropriate. The parameter 

or index to govern such operations will be the variation 

o f  computed stress between neighboring elements; 

Perform steps aimed at simplification of the overall 

configuration prior to production runs or extended study. 

Compare the results o f  the simulation with closely 

related experimental determinations. 

Develop scanning procedures to establish specific infor- 

mation. Select nodal point displacement components and 

element normal and shear stress components based on the 

results of scanning investigations. 

subjecting the same configuration to different modes o f  

anal ysi s . 

5. 

This may involve 

6. Investigate the eccentric system. The system may be 

eccentric with respect to basic configuration, orientation 

i 
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r e l a t i v e  t o  the  loading system and w i t h  respect t o  the 

d i r e c t i o n  i n  which react ions are fo l lowed. 

The above can be appl ied i n i t i a l l y  t o  a simple helmet con f igu ra t i on  t o  

establ  i s h  system performance r e l a t i v e  t o  a known experimental system. 

The e f f e c t  o f  v a r i a t i o n s  on the system con f igu ra t i on  i n  terms o f  

mater ia ls  propert ies,  sect ion dimensions, o r  the a d d i t i o n  o f  per ipheral  

masses t o  represent add i t i ona l  equipment such as face sh ie lds,  gas masks, 

o p t i c a l  equipment, o r  audio-comunicat iom equipment can then be evalu- 

c(t?d. A l a rge  propor t ion o f  helmet design should be subject  t o  study i n  

t h i s  way w i t h  r e l a t i v e l y  l i t t l e  cos t  compared t o  t h a t  requi red f o r  proto-  

type fab r i ca t i on ,  t e s t i n g  and analysis.  Experimental t e s t i n g  i s  

requi red t o  e s t a b l i s h  reference po in ts  f o r  comparison t o  assure the 

v a l i d i t y  of t h e  simulat ion; but  these, too, can be selected on the  basis 

of t he  r e s u l t s  o f  t h e  s imulat ion.  

Experiencfh w i t h  t h i s  simuTation, w i t h  respect t o  the nature o f  t he  

information avai lab le,  the amount of computer capaci ty  requi red and 

comparisons with published data supports and re in fo rces  the need f o r  

t h e  a b i l i t y  t o  inc lude t h e  " e n t i r e "  system i n  the  simulat ion.  A 

general body model, w i t h  proper shape, i n e r t i a l  proper t ies and mechani- 

c a l  character i r  t i c s  can serve as a un iversa l  reference f o r  sect ion ing 

o r  f u l l  system simulat ion.  This would be a v a i l a b l e  t o  a l l  i n v e s t i -  

gators f o r  Comparison and exchange o f  informat ion.  F i n i t e  element 

I 

techniques can be used t o  s e l e c t  and s i m p l i f y  such a standard f o r  

var ious s p e c i f i c  ob ject ives such as t o  accomodate s imulat ions on com- 

puter  systems w i t h  d i f f e r e n t  capaci t ies o r  modes o f  o p e r a t b n .  A 
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c 

standard m a n n i k i n  can be "f i t ted" w i t h  any type of helmet, other 

protective gear, or other equipment and programmed t h r o u g h  a sequence 

of events. 

The major future thrust in this  l ine of research will be concerned 

w i t h  efficiency in operation as much as  w i t h  accuracy i n  the 

representation. 

c 



VI. CONCLUSIONS 

Three-dimensional finite element methods of analysis can be used 

to evaluate a number of helmet design parameters. Inertial properties 

of transverse slices of a model of the human thorax were compared with 

experimental measurements reported by Liu and Wickstrom (1 1 ) .  

mass moments of inertia aqreed well about those axes where the dis- 

The 

tribution of mass in the model aareed with that in the cadavers. 

Static, structural analysis was performed on a composite three- 

diniencional model. This model included the thorax, neck, head and 

a simple crash helmet. This overall configuration allows Lhe simula-  

tion of portions of the body that contribute to the circumstances o f  

numerous crashes. The helmet in this model consisted of a stiff 

outer shell and compliant energy absorbing liner. Detailed deflections 

and stress distributiow were obtained for this system as a function 

of inner liner properties. 

systematically from lo2 to lo6 psi (.6894 to .6894 x lo4 MPa) the results 
showed that head protection was lost with stiff inner liners. 

The inner liner modulus was allowed to vary 

Static analysis provides useful information where the details o f  

the system and loads ale well understood. It was concluded, however, 

that dynamic structural analysis would furnish more useful information. 

A simplified, computer generated model was established t o  simulate the 

4 

drop test. The model is pseudo-spherical in form, with portions repre- 

senting various materials. 

ation field. 

The loading was applied as a qeneral deceler- 

A nember of parameters sugh as head form center-of-gravity, 

a2 



deceleration profile and Gadd severity index were evaluated as a 

function o f  inner liner modulus. The form of these results i s  i n  

agreement w i t h  experimental results reported by Ewing and Thomas ( 4 )  

and other investigators. I t  is concluded t h a t  dynamic simulation i s  

useful i n  the design o f  crash helmets. 

-.. 
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