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elas t ic and linear visco- e last ic behavior , and a capabilit~ for specify ing arbitrary impact loads
and boundary condit h u t s . . -\ special modification of the isoparametric element is shown to be
particula r l~ su ited t o  siiiiulatiiin of the dynamic response (If nearly incompressible brain
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into the mechanical causes of skull and brain Injury .

Vo lume I of this report also contains Appendix ‘s . a c linical descri ption of head injury .
Volume II contains .-\ ppendixes B through G covering the ciimputer programs for skull
modeling.
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I’ uI t o u t  o i l )  of h)( ’auj i f l J i I i ’\ ’ rl,’i.’(’ ls(’ (j fro)fli d i re ct blows us necessary four olt ’ t clopiiicnt of
.ic li.’cii.iatc protu.’c t j on x\ sti. ’ l) is f o r  t h e  he~ti.1 - ftc need I or bum mmechanical models that predict
head inj urs h,is I een cx prcssc ’ o I iv both the ci iguticcring m d  the t iieohi cal cot iimunitv e .g.,
to .t~ui s a f e t y  s pec ia l i s t s  in ~Ics eh u up ing proRo ’tooI l  st u nt_ lar ds for  s t _ h i d e occ upailts ; to uud
engineers on c li uiismg ti i ih ita r~- a irc ral t an d other vehicle desi gns for crew and occupant
s ,itc t~ ’ . t O )  improve t he 1’.lpulh) i lltV o) f neurosurgcons in manag ing brain tra u ma, Irrespective
of It s  ~~‘1d e’.siona l application , clinica l— pat lio logical -mcch anica l correlation of head inj ury is
55 1.11 is sought. St,it 51 Ic ’s co)t llpilcd liv the N,ut onal S a f e t 5  Council reveal t hat the vehicle
.oc ’c i lcnt is .1 l1o : I f u > r  cause of oleath in this t’outltr v . Recent reductions in maximum speed
lit i t i t  .ini.1 consu ruictuon mmf sat c r road s in this country arc improving upon the highway death
r o t e  at i l it the son ic ’  t u l l e  arc making the crashworthiness design of automobiles more tea-
si l) lC than in thui.’ 0 1 ,1S t I hltali tics went from 56. 000 in 1973 to 46 ,00(1 in 1975 1 

. It has been
1~~t u i1 i . l t ’.’~I that in 11) 75  the I ntu .’ rs tat c I Iighwa~ Syst em save d 4 ,400 lives , Relat isi .  rcduc-
t oI l )  ill a ta h i t ic s  sv . Is tw ice a~ great on those roads af f cctcd by the speed limit red uction to
55 mph ‘as on t hose roads which were not af fe c te d 2 , I’hc goal should be to make all crashes
survivable Wi th  regard to transportation itt aircraft , both commercial and military , the goal
c.unnot ‘c 5o )  optimIst ic , but improvements in the crashworthiness desi gn of ’ aircra ft arc def’
in i tel j u stifiab Ic and warra ii ted .

Sta t is t i ca l  studies of Inj ury during aircraft crashes have shed some light on the incidence
o i l  head inj ury. 1 wo u difficult questions have to be asked of the data: ‘‘ W e re the crashes in
question survivable?’’ ant_ h . ‘ ‘In fatal instances , could d eath be attributed to head injury ? ’’

sur\’ Is able crash has been defined ‘as one in w h ich the forces transmitted to the occupant
through his scat , restraint system , or surrounding components do not exceed human tolcr-
m d , ’ ’ . ‘I’hough it is the best we have , thus definition is only preliminary because it includes
the phrase ‘‘human tolerance. ’ Certainl y one of the goals of head inj ury research , as cxciii-
plificd by the model studies discussed herein , is to deter m ine the levels of human tolerance
t i t  impact .

So ut iie st :utis t ics regarding injur ies in rotary wing aircraft crashes are germ ane; reference 3
re ports on 2 , 546 helicopter accidents studied , It was determined at the outset t h a t  93” m i t

t h ese cr ashes ss c rc surv ivahule. ( hen it was eomputed that 40% of the total number of f ,tta h-
i t i t ’s occurred in the surviva ble group (this amounted to 439 d eaths that should not have

o ccurred) , It was further determined that 23 % of the preventable dcaths were due to head
injury alone and that 29% o u t the 2 ,699 survivors sustained head injuries.

\ , ,u , , i t o j i  S~ t r i ~ ( u , u u , , ,  ii l u - r u t  l i t _ i s  ( hi, ,u ~~ u u , t I l u t t , u i ~. 1 1 171,

Ilig ti~s oiy ‘ i i i F r . o u u ~ p~u r t . u t i u uu S i l t _ t v  5 k’~~~ V x i i  I s -S ito i t s  ~( l l 7 1 5 -  I I m s -c i u I  t i t t_ lot_I sIuuurt ~igc on t r ; ivc’ l
in t l  I i ug l t su .u o siuO, - I (  , l u , , I 1 0 u,’ ,r t ’ I l i  W .u ’ . l u o i g u n , l i i  . oSu ig 1975

I’ I5 - ~ t ,u r - ( u u i s .  V , I r u d c  c’ rasl uwu u r thu t i c ’ ss . ’ \ u i r r t t _ r i , . u I ui,I ( u i t iu l i u t c r  \ I c t I i , u , i ~ iii S t t r i ~ t u r a l SIc - , l t ; i r u u , s , c i i .  S J , t - r r t c u ’s ,
,u l N, -~’. ‘~ , u r 0 , 5 , i i ,  o r ’ . ,  i ’ ,,~ss , 19 7 3 . pp “.57  SI4 4



It i ip.te t ciicrg’s ’ asst ic ’ i . ut c ’ d ss - Ith f ’ i\cu l ss’ung aircraft c - ras hes IS g - F u o  rally cx p o t _ t e c h  to hue
liia h i& ’ r  t I tan t hu  , is s o m c ’ ia teol ss ’ ith rot.Ir\ svung u II ’ c ’r :i9 cr ,ts hic s l o u  th .o t rc ’ ,uxon . t h e  percent
.ogc ol smul ’v iv ’allle cr ushes in f oxe d  ss’ ing aircraft , cc uchc ’nts os c x Pec teo l  to) he lc.ss , lim it ci ,is i i

us ort h i n t _ c s  u I’ these ,lIrc ’r,It t i t i ust he ituproveth us well .
I he head rcc ’ :ivcs h.isic ’ al lv isSot kinds of d~ icinioc o , mo hs - ( 1 )  .1 o l i rect impact involving

hard . lu u c ’a hi ic - o h . contact - im pact to i r cc ’x mpp h~ ’d direc ’t I~ to some portion cu t ’ t hu skull al it_ I 1 2 1

t n indirect it : i I r .lc ’t incoi lvit ig t o t  i_ cs  transmitted fron t the neck to thu 1,1cc o f the skull , pox -

s i t u k ss ith :uclchitional nonlocalizcc l , s t i l t  c o t t t , I c t s  t o  t h e  ht e:uol , I lie f i rst  t ’, pe o,’o t t nn l oi lhy in—
\ ‘OlS’ t’S the impact of h ead s with ss- rndshields , instrut i lcnt panels , s lc h cis ,uIIs , ,i~iul ccj l o u t _ k s ,

The ‘~c ’c mni d oo cc u urs ss ’hien the iuccu panr ’s restraint syste m Osc , o t hicks , .m ir b ags . c’ td . I prese nts
his reaching surroundIng str u ict ui rt ’s . S 1)acc t’ ur occu pants is always ,It .1 prem000li l ; thit ’ ru f ore ,
i t iS tint ,l lwaV S fe ,isoii le to mt_ t ints c- structural components f rom the occupants ’ stri ke / 0  ) l l c ’ -

I lie onlv alternat ive is to c i t _ s ign the occu pants  iti’un’iet_ l iate Ct ’~v i ro l i l l oCf l t  sim tli,ut I f  c ’ u nt , I c

ou c do u rs the ci f eet  is min;nil/ecl. Fuiei ’gs - -.mbsorbing s tr iud t rures and sitf l i t ’t  I Iflu h o  iccu is c ht’ lnicts
,Irc ’ essc ’ ut i . o l  co im ponents u if c rashworthIness d esign I heir ei’f ’c c t  lvu’nexx ~h mid iue es ,uhuuan -

in eoniiI ne t  ion cs ’ ith a be l ch nj w v  modcl , along ss it h other surro ogates o il the l i t_ a d ,

‘\pproach c’s r u  1 leac h I njurv Prec h iction

I’hc prc’d o I ion of head injur” ’ can t o e  approached on many \s’as~~ varIo u s inj tur ’ or ‘ - c er -
i ts ’ ind uces t lo ut ‘t i

_
Icr ,uttract ive cx pedient solutions have been proposed . I hie sc ’ .Irc u.- ho : l l I\

tu .ms t ’ ol on . i .m t . u  c le r i c - c d from e\per;nients with ead .us t’rs and human volunteers I’his do m
o i l  ir.i Ils possess l i i l t i ta t io l i s  ( l I l t _ n  little agrcefl lCflt ex i s t s  among these methods ( m l  Injury

pm e u h t d l i o t l  i ucc , lOuS e each met h od choosen fits the experut iwntal dat,’. ss ’ i th .1 different curve.
but he primary o u t  s e ct  t o on to th ese methods i’ thi,it t1ie~’ , iu~ ~1~’t init i- ’rn , must e Ith er sini pl lf \
many v.mr i,o i ulc relationships or 1.101 . \s .1 result parameters arc ’ often c~~:;irIvcdl that li,us c no
I i unc ha n it_ i r a l  h m ,isis t o u r  nieaStlrcnlel’I t , but which are critical to the accu r.uev of the method -

l < c ’ so ~ Is , thereto ire , ar~ , depending upon how these 1)arail te tcrs art’ uuic , o s i u u ed or est Inuated -

In an~’ up p r o t . Ic i I  to  hc ,i oh it ij ury pred ict  Ion , the final useful lt iess of the derived inj iir~’
ion 4.1.11.1 depends on boss conveniently it c :tt i  be s~ nthesi,c ’.i and I orniatted for :ISS1I)t -

i l.ltiOn. l’r ino ,uri lv hue c ’ac us t _ ’ o) f the computer , t hus convenience requirement d oes not preclud e
a more rigorous approach to) obtaining useful itijury j’ure dictuon onfoi rniat io n
ss’hich :Iccmuunls for the many etig ineering variable relationships present in the problem.
h’urt her , if the mont ’ rigorous’ u~

)
~)r()ac h is successful , more is obtained than an estimate of

it ij si rv liaiard it also provides insight into the clinical—patholog ical-mechan ical causes of
hea l  injur~’ . lb is is why many investigators hous e chosen mat hematical modeling as an a;)
proac h t o t  lie000l injury prediction . It is a more instructive approac h and can result in a useful
.und convenient data base of ’ head-inj ury prediction.

S r r r o o  S o ,  S1 , , t . o l o I ’ , t(i ’sc’ , i f , I t  an,j p c~- lo p n i eni I , i l , , u r , o t , ’ u v  I ft 71 22 1 ras h s urvival ~ic ’sigru g ulok ’ I ,u r t  I ih t os , v u .
(to i ’ i 7 1

K . I - Sac ,jI’, di , c t  a l - - -5 , r u t  u t _ i l  asscs ’ ,i nc ’ti 1 ‘ ‘ I  (h it ’ t I’.i uI t u, , n ’ hu r rt an ru ’s pii i t u t i iig s urr og at es lo ur salt _ tv ‘V ’.tCIU ,,‘va luat ton
it l o u ,  cu  r iu iu g’ . u I  the I u~ ,ii it ’i Ii Sia pp , : a r  ( rash ( u , i , I u i c - t ucc ’ . ‘iAl . 1976. 



Objective

Ihus research ss .os to d evelop a conupt iter program , based on the l:uws u m f  mechanics , for
siiiiulating structural deformation response and for predhidting impact injury thiroug hiout t h e
heat_ I. (‘he tiiodel was intended for use in:

( 1)  uuriderstanding injury mechanisms
(2  1 le t Initig tolerance e’ usc lopes
( 3 )  predictir’g d~’namic responses to specific accidents
(4 ) cond ucting sc’nsitlv ilv ana lyses

I hIt ’ so c-e l i te  obj ective was to com pute the time h istories of disp lacement , stra in , and s t ress
throughiota t t he skull-brain svsteni inducedl by arbitrar~’ head impacts I’ mirther , a sin m ilar pri’
t i l ,l t c mod el ss as to) hue constructe d f o r  correlating the response to that lIlea,sured in animal
Inipoudt ex ; ic ’rirnents .

Sun pt_’

Requirements of the head-inlury model (I IIM) includled threc-d humensional skull—br ain
geomet ry simulation , ta king ful: advantage of symmetry about the niidsag ittal plane in the
gener ,ution oi l  the geometrical con truct ion, Neck-relate d injury was not t  includ ed , though
,mr hu i t r , u r ~ iooui ndar~’ condit ions at the base of the skull could be specified to approximate the
Iti fluenec oi l  the neck on the sku ll-hurait i response in .tns’ simulation, ‘I’hus , t he mod el per-
t. (Itil ’ t _ l t o u  cl , m st _ ’d brain ili)ur\’ alit_ I skull fracture ex c l us o s c ’ of .mn~’ mitigating neck influence.
\r i  iii .on~ initial cond itions in the form of eit h er initial disp lacements or initial ve l~uc it ies

could hue specified i .
\ niaj our part ouf the uns’es t i gation ss’as the con lpuutatuon of impact I or t_ ’es ex isting at the

it iter ° .uce l)ctt\  c t _ f l  the skull model and arbitrary simulated targets. Fhie variation in contact
fo rces and ,urc.ls over which the forces act (contact area)  svcrc sought as a function out time.
Noun- linear geometry and constitut lve behavior were to be includ ed in the contact problem
us wc ’ Il as in t lie skull/b rain model.

I his research re presents 3 ears 0 ) 1 study under contract DO l’-I IS -2 89’ 3-5 501,-\ for the
I)e partt ucnt of 1 ransportation , ~Vork Request N( 1020375WR 00 1 42 for tIle Nasal .\c ’ros pace
s t c o l i c al Researc h I .almratory Detachment , New Orleans , and Work Request NU0() I 476\~’R-
6008 3 fur the Off ice of Nas a l Research ,
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I lie relativel y hi gh inc ’idc’nce of head inj uries occurring in automobile and s uu rvis ’ahul c
aircra ft  crashes , c’onibined with the potential seriousness of these inj uries , has been respon-
sot ) le for the prepolit_ hcrant concentratIon of biomeehanics research in head impact. I speri-
liietlt,il researc h Il ls sought to generate data in support of head-injury model developnuct it .
I ng loiect ’s ‘o’,’hio coilistruct t u i oc lel s must be cognitant o) f these experimental results. Basicall y,
I l l o u o i c h S  must hue capable of ( I )  accepting as input t h e  nicchanical Properties of the head ,
2 I inchuld ung out hi i. x perimenta i l y and statist leahlv observed mechanisms of injury , and ( 3)

sini ulatuiig his -c primate impact te sts  andl correlating the resulting measured data.
Mans ’ at tempts have been ntade to d evelop bioniechanieal mod els for predicting nicehan-

ut _ . u l phcu t i  o l i tc t i ,u respo)nsih uk for he ,uol trauma. I head inj urv st u(hies can l)e dividet_ i into) tss’o
lasses prImarily c’\ pe run ’mcntal arid pr iniom ro h y theoretical. h~x perimental studies utihi,e an-

tliro pomitr p huc o h uut i i t i t o c s . ca davers , an imals , etc., ami d require expensive ant_ I time—consumin g
rc’se,Irc hi pnt lgranis . ( )n the om t h ier hanoi , t heoretical studies utti h i ,c ’ tile laws of mec hanics to
1t rt_ ’ o I c t  nuechanical res1iouisc ’s o f the hoe,uoi and can provid e an ef f ic ien t  tool ‘or investi gating
hìca l inj ury phenomena. Fundaiiietahlv , only tss o kinds of mathematical approaches ana-
Ivtica l and tiumeric.il - have been demonstrated in head inj ury modeling; both are determin-
istic ,

\ t ma lvt ical  \~oclels

Ihe .ina lvt icah Wou,hd ’ l - , .lppc.ured first. Lxam p ies of these models arc one-d imensional
f Ina l-ful led , rugud c o t i t . o iu t c rs ’’ al it_ I two  d umensional , ax is\ ’ t t l mctr ic , fluid —fih le d , e lastic
sp heres -

~~ - I heIr solutions ss’ere usually in the f’ortii of truncated infinite series , and ,issis-
lance f rom t h e  com puter ss as recj uircc i to oh)ta in data, ‘I’hese models have pros’idedl l isef u i l
insight into prc ’csi: rcs ,( r lcf prcsso urc ss .us c’ propagations within a c’ontinuunl of contained eoni-
press iblc’ t ’luid. I bts s us dr . thc~ art’ necessaril y limited to ana lvt ically simp le modeling para-
m e t e r s , t i m r  i. xa iim p le , th v~ can neither sImulate recognizable skull geometry nor loading hi is-
tories and hmundary c uiiclit ions for head impacts typical of those prd’sd’ntc’ o I in vehicle
, ucc ’iden t s .

m i. ~,, os lo ,  ‘ S t u o I~ i i  , r , t r . o c , j , o u , ui l hi ~ s s0u ro -  u - o t i s , - , I lus  Ii~’ ,io I ii ii i’ac ’ t . ’ ’  J o u o o i t t , o l ,  I ,o.,uItv ui l I ,o
~’ o ,uc , ’ r o r , ~’ , l t t , , , t _ o s , t , ,  ,,l

I ‘ ‘ i ’ s , ’ , ‘ 00 , ’) 
~~~ 

. m m  ‘,‘i

I oogi i t  o u s t S K o i t g  l o u ,  - -\ s ,s ~ mmetr ic res po i li s o ’ ut  a I t u uui- IoI i t ’ uI s p h c ’ ro c - .ol shell in t i c - ,- v i i ,, 0 0 0 , u , , s  Journal o il
IO ~ , 0 0 r o , , l iari oc s , o ,i 3 , i t o , . 1 , Jan i ’ O 7 i m

I I ‘ u ,u t to l  I I  , 5 , j v , o i t ,  ‘ ‘ I  ,, u i i s i c t o i  r ,  s p i~ t os i  uI .1 sp h e r i - iii i , , r su , , oo , , l loa ~i ut u g - i ht’j, I inju r ’ ,’ ,n,u,IeI Math ,’ ’  UR,-
5~ 0 o i c e s , vi o l 0,~ 1 9 / m I , pp ( 73  - 4 )01,
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N Liuue r ld ,u h Modu.’ls

I lie belief expressed herein is t h at Dilly the numerical m odels hiasc the p~ ientual for pro-
si ding all th ree i t f  the t iecessarv and basuc ingredlients stated above andi thus ou t  Icr greater
patent al for reliable predl icti&n.

h’ in ite I) it ’t’ercnce Method , ‘l ’hc fin ite difference teehnit_ l uc, t: ihls within t hos c.utd’gors,’ ,
Iu ut , in spite of som e noteworthy e fforts , this tec hnique has demonstrated little potential
l)e’,o ’ t i d axisr’ninietric simulation, Reference 9 describes ~i one-dlin)ens ional I’inite d i fferen ce
tlio)dic l in which the importance of including the various Lovers of different cranial materials
ann their influence on dissipation of energy as stress waves travers the Livers was investi-
gated. ‘I’his particular work was then extendedi to a two-dimensional , axis ynumetrie
sphere 1 ~~; oth ers , too , have discretized axisym metrie fluid -filled shells with spherical1 anti
elliptical 1 2 shapes . (ieometrical zoning in the finite difference technique is potentially
f lexible , but further extensions to three-dimensional head inj ury models are difficult to en-
vision , I” o t r  short load durations typ ical of wave propagatior0 regimes , however , the finite
chi ft ’ercnce niethods are attractive , especially when non1 inear behavior ant_ i axisymmetric
skull eon figurations are considered.

Finite Element Method, ‘I’hc finite clement method 1 3 , 1 4 , on the ot her hand, is an es-
tabllshed three-dimensional momiehing technique amid is, therefore , em inently su ited for
modeling the general head impact. ‘l’herefore , the following review will mention only those
e fforts based upon the finite element method, A more thorough exatilination is madle in
Reference 15. Exce llent rc’ iews of head inj ury models based upon alternative approaches
can ne foun d in Rc’ t’erc ’t i c -c’ 1 6 .

1
N.,’ ,,o i S o ,  ! Ivvvi~ ’p r r iv i i t  I r o o t e r  i0epu iri Nor N.\l)( - o 5 7 1 1 3 ;  Impact , u io ,o l ’ , s i s  ot ti,, skull’h,ra ,it s ’ , s t c i t r , I ’ v  S t o ’p lre t t  I

o . , , r , I , , , i  4.’. , i r , t , , i usoc r , na Dcc 197 1,

Int e r i m Rt ’puir t  N o  N S l u m  7010, 5411-  -S t r , l l vso s  ,,I hea,I impact , liv St ep lt c ’ rt I .  ( , u , r , I , , , , .  5% ; i r , r o , r t s t c r . I’ a , Apr l ’ ° 7 3

V 1 0 , - o r ,  t o o ,  - I - II. I la r r o s , and I) ( 0  v , , ,o u(u use n lie rg . ‘ Sn . u o i d l v t O e o o i  r o t v e s t i g a t u i o n  , , t  t h u c ,o v , t a tou u t o  It ’ ,’pou t l tesis uul
I o r o o i , i  o lantagc . ’ J uu u r i ,a l ‘ ‘ I  Rasic I ng t ’ lee ritt g. vio l,  92 , Sep 1 ) 7 1 0 , pp c97-(,( u3

Ao i r h o i t i > ’  J o r r r v s  0 r r s p o i i ~u .  -5 , I ’ , r i , , i i , i o  .oi,il ~~si s out  c ’ l , i s t ,o  n ii ,oIcI out the hunta ,u It,’~,l , M S t hesis , I ) d ’p a r i t t t e i t t  1,1 Met_ h-
oh i o - a l I r igo i i ’ . ’ v o i r i g , I , i i v c i so t v u t  Was h i t t g i o n . Seat t le , Wa s 1, , 19 7 2

/ i v i , I- , voc i ’ ~ I t t e  I o t i i t v  clen i , ’ t t i  ri t eih ,,,l no eng i t lec r i i tg s t _ i o u , , ’ I u , t t , I , i i i , I ig l . i o t o l , S I o l , r , i s r  t i l l . 10 7 1  -

t O o c l t a r o t  II o .oll ag llc ’ r l i m b ’  e le t t i r i t i  .itia lcs i ’ , I u i t , Iat t t c ’ ni at s , I ng lescui ii d ( h i ts . N J . .  i 07 S
5 Slo ugar , ‘I - A. , ‘‘Simulating a i t ch \ l~ ‘‘ II’ S ,  ii g t h,.’ t h u luau I It_ad’ s Res 1io is , ’ (ii I itup aci ,‘‘ ,Si r cr a t i rash w, ‘ r t h r ,  oe ss , I , ls

N Sac/ i lsk i , (.. u - ‘So r i g lv ~ - I I I , 5% - I) , i’ i lLc’ ~ , a u t u l 1-0 . h lu st iu i t , ( ‘ r r i s - c ’ r s r r o  i’ress o u t V i r g o r o o ~o , ( ) t a r tu , t t s vi tk ’ , l ’ 175 ,
pp f l 3 - 234
i i ,  

S I Ko ng .uu,l 1 ( , I ii, ,,, 55,u i loetuta i ic a l  nu,1iI1 ’ Iu i og , som - nuulaiiou i i ‘and v s p o  it l i le t i i , i i  t c ’ s t o i i ~ o u t  I i i , u , r r , ’cl t an ic al sv s t c ’nt
t ras h ic’s p ~~r i s o  ‘ pip er l ’ . r o - s v i i t c . l  it l kventh -Sm o nu - .u I .\Iu’ c ’ bu i t g .  - \ r r O ’ u i c , I t i  t t t s b i t o i i e  o i l  \r ’ r , r r r , u o ~i R s  aut ,l A s i r o u i a t i m o c s , Wash-

o m o g i o i t t , 1)1 , I el ,  ‘ 0 7 5  O A I - \ . \  pap er o , , ,  7 5 - 2 7 2 0
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‘[he first suggestion that finite element techniques could hue advantageous in h ead I nj t t rv
nioc lehing uppetrd one d ecade ago 1 7 

, l) Ut tc ’asI h) i l i ty of a three-dimensional moolel at that
time IS c IOU1)tfu l. .- \x i s~-nimet ric com puter codes were available , hosvcver , and could havt’
d’ ,isll v hu t _ tn  applied to iw ; u r c h solving the fluid-filled , Sp h erIcal shell problem~ ‘ I’hc method Was
lint ,ipplied until sonic ~ ears later 1 11 , I his app licat ion was significant because it attem pted
to ) t_ he ,ul s%’ Ith ,lct uai skull geonictrv , alit_I , in d oing so , a primary advantage of th’ue finite c-Ic-
merit technique iii h ead injur\ mod eling was dcnionstratcd for the first time, ‘I’hc analysis
was limited III an em pt y skull and static loat_ hing but d id  concludhe that the sandwich nature
of cranual Iuone should be’ modeled as a layered structure.

,\x i symmctrie l”initc h’ lenient Model. An axisynimetric finite clement model was con-
st ruc tc ’cI t o  dlc’tuiot istrate the effectiveness of t u e  method as a potential head injury investi-
gatorv technique ’ “ , Spherica l configurations were assume d to be usefu l head inj murv
Ilio)i,I’ ’hs ; ami d , if th’u c fit ilte element model correlated well with experimental d ata obtained
from an instrumented spherical aluminum shell , the modlel was assumed to be reliable.
(:orhi pc ite 1 strao li’. ‘os d’re about 20% higher than measured strains on the aluminum surface ,

.\ sIll)se qUent ;uttempt at axisvmmetrie , finite element modeling of the skull was con-
ciucted with ñiorc success 2 O i  

- i’hc axisymmetrie configuration was more justifiable when the
ana lysis of protect ive helmets was undertaken, Rotational symmetry is a convenient amid
rt’asona blv accurate configuration for evaluating a variety of helmet parameters , even

th ough t h e  heat_ i itself ’ is not rotat ionally symmetric. Furthermore , w hen a two-dimensional
.ona lysis can accomplish the objective sufficiently, it is to be preferred over a fully three-
dui’iiensional analysis . h” indings reg’srding helmets will not be discussed in th is report , but
sc uc h work does offer Soti ie significant points regarding head inj ury modeling with the finite
e lement niethocl. An inviscid fluid! was reported as 1)cing emp loyed for brain material char-
;ietcrization dluring analyst’ s wIt h one axisyn’umetric code. A second coniputvr code capable
0 ) 1 sj iec i fving lint_ ar vlscoelast ic 

~~~~~~~~~ 
hut which apparently could not also specify the

fluidity alluclet_ I to earlier , was en0p loved in the simulation of an empty sp herical shell, ‘I’he
cons itut ive re lat iotn f ’or t he shell was an exponentially’ decay ing relaxation modulus des’el-
opeci experimentally from impact b at_I data on bone samp les . ‘l’he experimental data from
w h Ich t h e  relaxation modulus was derived were characterized by (oat_ I d urations in the
microsecond range arid were applicable to impact loads wit h durations of approximatel y
50 pse C .ond less , Rather good correlation was shown in a comparison of computed and i
measure d data for the axisymnietric configuration. ‘(‘ lie axisymmetric trest setup disp layed
sup port conditions which were rotationally symmetric. ‘[he spherical aluminum shells were

o uvc rt _ ’ d wIth a nested set ot spherical shell caps which simulated the helmets,

5’, ( , ,u h , I s t  to th - ~ 1 he p lo~~s oc i i p m ,  is cssrs prod ut_ u ng head on5 ur v . i t t  l’ roe t-roli uigs iii the II c’ ,i ,I I njurv 01cm Ierc ’ nee . 1 , 0 p pu n ’
0~ 0 , I°liiI ~~lr p it ia ,  Pa , I ‘)(,6 , p p 3 sl m - 3 )02 -

IK u f t o . v  il Na, ,,I I0 ,s , - ., io lt I r sh r i i c a i  Re pu o r t Ni , 8 1- l la s tic - t u a l y s o s  c i t  a s I,uli , l v  ( :  I I .  I fa r u l v and 1° . V \ l j r e u i W ash
u ngt io ou , 1 ) 1 -, ‘u ’ s  1971 - t o  o u i t i i a e b  N,’ \ i m m m l t l 4 .6 7 - A 4 t I 9 l 4 t O l t 7 )
I )

5~ Kc uun e r .ou u , I  5% 0 , oi l , l u ,moi h , ‘ ‘ I  )‘,nauiuic l o uao hu i i g  u,t .u Itu nl till ed spherical sh ell , ’’ Inle rnal u ,u nai J , i uruta l to t  ,Siec h at , ic ’ al
Sc ,, it c c s , vu , 1 14 , 1 ‘ )72 . pp 5 5 7  s(o Il

211
1 - II Kh ali , W I ,c , lols n iithi , anu l J - I S,io ,’ km a,o , - ‘ Im p act lou t  a no ,,o I,’ l head -hel met s s ’ s t , - t i o , ‘ ‘ l n uc r u i a t  ot , nal J o urnal cut

SI, c lo au ncal So c - pu , v s . you . 16 , I’) 74 . pp 6o )9-(~2 5
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It is significant to note that when the axis\ ’mnietr ic finite element results were corn-
paredi w ith experimental d ata ol)tained t’rom a cadaver hcadi fitted with a helmet , t he corrc
l~ution dcu’rloratcd i’hc reasons stared were that the boundary condition or geometry of
the c.ldl;fl’er c’x perimenls were not fait h fully dup licated and that correct material behavior
55 (s not su u fficlently simulated ,

Sp herical alit_ I ellipsoidal Iliodels ss’crc constructed in a more recent two-dimensional
f ini te clet liemit an,(lysls study 2 to devise a better model o) lie that would reveal die ct io ho ug~it hicad lnJur~’ dut_’ to impact. [he ellipsoidal model seemed to be a sligh t  impros t’nient o u t _ i
the sp herical model; nes-erthe less , the results ss t_ ’ rc stated to be incoticluslo, d’ I lie computed
intracran ia l rt_ ’s f icm nsc- was based on a viscochmst ie core material , which suas specif ied in the
form o)f ;u \‘ oight sOlid for the shear nioduli; the bulk moduli were spc ’c it ie d as elast ic con-
s t a nts  ,.\ti ll tieertaili t was  expressed concerning the viscous component co)nSta lit .

,‘\nother Interesting feature of this finote element stuck was the manner in su hlch the
tetuporal Intd’gration of the system equations of ’ motion was carr ied out. I hic iterative
tiiethod Is ho t  commonly employed in the mainstream of dynamic finite o’Icnient analysis.
It holds Sonic promise for large nonlinear systems , but current ly sut ’fers from two  objec -
110) 115 - 2 f Irst , convergence to requ ired accuracy has been f ound  to be slow for general
app lications , making them inferior to direct integration methods, Second , it is impossible
t om repeat so lutions for a different set of loading conditions without once again sustaining
t he cost of the iterative integration process. ‘I’ he result is that the iterative method can be
more expens ive than the more common direct integration methods for linear systeni s . I he
study d oes , once aga in, demonstrate the utility of the finite element method in head injury ;
un t his ease the e ffects of geometry and duration of impact were easily exam ined . ‘~1so of
importance is the choice of a computer code that all ows for viscoelastj c behavior,

. \  three- d imensional finite element model of the brain applicable to prescribed transla-
tion,u l acceleration of the skull symmetrical about the nuidsagittal plane ss’as constructed 2 3 

-

‘\ rigid skull w.ls ;LSsuI nied and, therefore , was app licable to brain injury in those eases where
sku ll deformation does not contribute to the inj ury . Obviously the model cannot d irectl y
re late to skull fracture , More recentl y t he model has been extended to account for rota-
t ion2 ‘° 

- ‘Iui,s wo rk themonstrates the detail which can be achieved in simulating geometry.

21 11 5 0 Ii,,,, ‘ ‘ Mathv n u u mocal mu,,kl h r  cIc~ cul head im pa ct , ” in i ’rooce ’e,hin~ u,f rhe i -o g hceeno h Seap p ar 0 cas io 0 , oo i t , ’,
enee , Ann A rt , ,u r , Much , I)~’ s 1974 , pp 557 578 .
— I n os b S~ h u m  - ‘ 0 ‘ u uo p ut  c r  imp ie m ent at uui n iut the t i iu u tc ‘element pr ,ut ’ecl ur t ’ .‘‘ Numt- rieal aui,l 0 uo t ui p uter M~th~ cls
St ruc tura l  Mu ’ehau i, cs , e,I N j ,  I-o ’ nv , ’s , ~ a l , New S u o r k , Academic l ’ r css . 1973 , pp 79 117 ,
2 4 ~ W-,rul. -\ lv namoc tinite element model ~I the human b rain , Ph. I), I h,”, ts , I)epa rument ,u t l ’ng ineerin g , 1° n iv t ’ r s i t v
ill 1 aI , tou r r o ia at t ’ ,~ Ang e les . l o i s  Angeles , I ali l , 1974,

I Ward at o l l  K B - ‘ [holn pM,n, “I’ he ilevelo pmen t oh a ,tc t a ukd finit e element lit. , i i  model ,‘‘ in Pro ,cee,l ingro h i t  thc
N iot u- t r u - m oi l i  St ipp lIar I ras h Cuunher ~ncc , San I) ieg~o . Calif . Nov 1975. pp (o4 1-670
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\‘ arious ilitracranial structures ss ’ere discret izcd in an extremel y painsta king fashion , Fore-
mOSt among them were the fa lx and tentorium membranes th at dividie the cranial vault into
sc ’paratc’ cavit ie s In this work a Poisson ’s ratio of 0,48 and a Young’s modult is of 1(1 psi
were specified for brain material , At first glance , t hese numbers appear insignificantl~’ dif-
ferent from puhulished s-alucs but in fact , result in a hulk mod ulus of app roxo t i i . It c - l \ ’  80 psi.
‘ Iii is value represented a conipressible brain material characterization whose resistance to

oulunmetr ic changc’ was over three orders of magnitude less than the reportedi value of
305 ,000 psi . No provisions were made for t h e  inclusion of viscoelastic material charac-
td’ r i/ a t iou n,  .\ modal analysis or eigenvalue approach was emp loye d to solve the equations of
ItOit mOli

2 s
~~, s i S i m g o m o u . l  I n u v ,- r s o i ’ ,  , lO i , , i , io - c h i , o , o u , -s I .a l ,oo r am, , roes , l ) ep a r t t mm , ’ t uu ,ot I auo d SM. I k’aot u m , ~c or ’ , ’  ni,, ,lel co , mms t ru c t i , , i o pr ou ’

gra m i o  , l at .u c om p i lau o uiu m at i , h rt ’y u, -o ’ , Moi rg auu t ~ i ooim , W , V i ,, J u ui 10) 71 Ii ,ou i m m , i c i  N,’ I’ ll 43 -0 ,7 - I  1 3 7 1
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2 (iI~~, \ \ l / \ I R) \ \ I ,  I’I..\N

I lie proh)ld’tli (If ’ desuloping a heat_ i in~iir\’ nioclc’l is of a coni plt_ ’’s it~ h~t I c’ rc ’ t i trolli t h a t
o is oi, i lly d’ nd ’o ) unt crd’d b~’ eti ginec’ rs . .\ cautious ant_ i deliberate ,uI)pro)ach ss ,ts therefore taken ,

~t_ ’s d i l l  res t _ arc h groups su crc’ ultimately imivolvcc l in th’ie c It _ ’ s c ’ Iopti ic ’nt o f  t he’ l i t _ a o l  inj ury
nioc lc ’l, ho  I , ht _ ’ilit;Ite a ii i st _ ’ussion o f their pa rt icipation a sd ’ h id ’ r Io , l  t i c  c hiagrani of th ’ue ht_ ’ac l
nj o ir y t iioclcl d levd ’ lopnie’nt program Is presented in I”igurc 2-1  , ‘[he spotisoring agencies

N I l  N \ . N .-\M Rh - a lit_ I ( )N R * g ; ust _ ’ CF I. overa ll responsibi lit ~
- for d Ir ty I ng O u t  the sar i  u o is

ic’sc ’ ,uru,’hi t as ks . t_ ’ac ’h of which us desi gnatet_ i svith a box ant_ I located ‘A ithiti the c l a s h ed line,
I h icsd ’ ,os ks s s t _ ’ rd’ c ’ ithc ’r pc ’rfo riiiec l in— h ouse , or a subcontract ss -a s let to an outsid e research

gt o  Ii o -

~ imu lat io in of the cra mi ial anatouiiy ;i~ close ly ,os possible was first ne’cess.I r\ ’ - Ih is
dlul renient supt_ ’ rs t_ ’dcc h all ot h er redluirements in the tiiot_ lel ilevelopnienr because it dlistin-
guishecl this h’ueac l iii~urv tiioc lel et ’fort from all pre\- Ious e fforts , I iowever , re,osona lule l imits
c ’\ st fo r 12c’ conl etr ica l simu lation in an\ ’ model c hes - t_ ’lo pment. .\ sul)cOntrac ’t was t hus in-
t iatecl to d e lineate those areas of the skull/brain anatomiiy clinically known to h ave a higher
frequenc y o ) f uiivolucmcnt svit h h ead trauma . More attention was Id) be given those are - as
ci urimig the process of ci iseretizat ioli, Clinical descri pt ions of head inj ury tncchanis ms ss- erc
Ol)tdiiid’ t_I 50) that , w h ere possible , the model could be constructed to accommodate such
mec h,unist iis. ‘ I’hie Los ;\i igelcs County/Universit y- of Sout h ern ( :alifornia (I ,;\C/ US( I \ t c c h i  -

cal (:e- litcr f ’urnishet_ i this informatuon ; t lueir report is includ ed as i\ppendix .-\ -

I )cvc lo ping a thrce-chiniensional di iscrctization provct_ I to be a difficult task ant_ I requiret_ I
moire c t  for t  t hian originally expecte d . Manual discretizing of the skull continuum us as ini-
tial l y ’ at t t _ - m pt cci  in an effort to be extremely respomisive to gec)miictrical detail. I however ,
measurin g diff iculties amid uncontrollable element aspect ratios prevented succe ss Instc,ud ,
autoniat t_ ’il proced ures pro )s ’eo .h to be the optimal method , although sotne accuracy may have
been conipromiseci in the simulation of geootne - Irv ,

‘I’hc skull/brain rimou,IuIe SV;ls to 1~e actual ly the end prod uct of t h e  discretization process
md em’utai ls more than dic’ automatic mesh generation scheme. ‘or examp le , it includ es
l)arìrl ietric control on s u e  ami d shape of the skull 1)eing c liscretizec l , a mesh checking scheme .
iiiass distribution cot l lputatio)t i  capabihit~ (skull inertia tc nso)r) , and ses t_’r;u l d efault options ,
,ull o f w h ichi attenipt to faci l i tate the user in his ef fort  to construct a three-dimensional
l lscr t_- t

‘[he d eli berateness u f the approac hi 5v;u s perhaps nosvhiere else timore apparent thami in die
co nstruction of succ essi v e I i i1 ) clc ’ hs , I’hc ’ d e velopment of one—diimensionah (actuall y’ a pris-
niatic .isseiti bl.oge of three-dimensional elements) models and the gradual increase in the
com plex i t y  of two-dimensional , a’,isvmnietric and plalie strain moc iels im istcaci o f  co)ncen-
trat ing on a three-dinier isional model from the start , was the intclit c i t  the s iuc ’c’t_ ’ s sl ’u c’ model

‘s , u i , o , i , a l l l o g luss .os I m o t t o ,  Sa l , - t ’ ,  A , I t m m t n o s t r -,i m,o , i o , \ ,,s , o l ~~~~~~~~~ \ t , , h o , a l  l Os ’s, Ir c t t  I , u i , o ’ r , ou , u ’ ,  I ) o ’ ta c h tohc ’ o o t  , Sluc h, ,cu ,t
So ut  ‘ o h  - t oo l t ill ’ l i l t , , - , I “~,oy,,  I IO,’s o - ,,, c li
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.ipproachi . In spite of their obvious spatial d ifferences the mod els ss crc closely related nu-
ti mem’ ica lly’ , an t_ I becausd ’ o ) f this die sut_ ’ c’c ’ s s lse mod el approach is especiall y’ t_ ’ f fd’ctis-e in an
orderly dlevelopment of the final three-t_ l iniensional tiiodel .-\  relatis -e ly ’ ness’ , general pur-
pose . fin mtt _ ’ e lcti ient amialvsis program (I- l W ) 2 Ii

, d eveloped at the t ’ niversit v of California
.ut Rcr kclev (U( RI , w.ls c’nipIo~’ c’d in the succ ’t_ ’ss ise niocle l approach . In the process . each
mot_ icl w,us com posed of elements from the same fati iuly of isoparametric finite elelncnt for-
mti l.ut ions , and each ss as integratet_ h in the time doniain by t h e  satiie method ; ic ’ ,, thc’ same
omp licit integration l’t_ ’nltor ssas  emp loyet_ I th roughout the development. ‘ l here f ’ore , infor-
niat lo un and experience ga ined tro t_ n exercising the preliminary’ mot_ lels were ultimately’ app hi-
c ubic to the numerical behas ’;or o f the three-dimensional modc’l.

It was recognized early that the basic I - I’ .-\P code would hase to be mod ified in two
are,os to f aci l i tate development of the thrce-dlimensional head inj ury model, ,-\ linear s’isco-
e lastic capability svas thought to be highly’ desirat)le in view of the large vohutiie of literature
on v ix co e l , ust u t_ ’ properties of biomnaterial2 , 3 2  A subcontract was let to the University of
Cali fornia to incorporate into the cod e the capability of prescribing linear viscoelastic rncch-
.imiicah propert ies for the skull/brain materials.

It u~,us a lso recognized that a finite element head injury model would be relatively cx-
pensive to operate parametrically, Computer costs asso0 iated with dynamic , threc- dimen-
sit ni,il models of any kind are known to be high; but , add to that , construction of a model

h ere geometr ical detail is of high priority ant_ I costs are pushed even h i gher. ‘I’o effect
nio)di lf ications wh ich svould improve the h EAP code ’s eff iciency’ , a subcontract was let to
I t u ginecring/ ’st ia lvsi s (E/.’\ ) Corporation of ’ Redont_ lo Beach , Cali fornia, .\  summary o f the
niodificatioris is presented in ,‘\ ppenc lix B (Volume II). I’J,\ also provided a bandwidth
minit ilm/c r prograni w h ich optimall y reorders the nodal point numbering sy-steni for at ly’
skull brain ~l uscrct ization prior to) its use as input diata for the head inj ury model code,

26 1 , m , c ,  sc m ’ , oh ( , o I , t , ’ , t o u . c  lk p~ r m o t t e nm ~I I c c c l I c t _ c o o , , ,  ,,g l ’ u o i u m o ’ c le me nt  aii ,, l v s u s  pr uog i~on o , ic H i I av loo  0 rL eIc ~~,
I ,d o b

- ‘ J 55 Pug h , c t  i l - l  o s l O ,  j u l  u c s , , , c ’ l a s m o c  p ’ ’ ’ ~~ 
moo -s  uui u r a l n ’ , ,o hur l o ~u ioc o lc ’ pc-n~l c ’ m uco  liii smr uc mu r c- , ’’ J o i t o r nal oi l  Ru ,’ -

ii,, , l o , o o i s s  c , u l  hi f l u ,  S ~ t’~~ I ‘ 0 7 3

28 5 c o o t ’ - S m r c s s ’. ra in  h is i , o r ’ , to I a m t o o u o ”  o i l  -‘ ‘ l i  l o ’ .s o oo - s i n su n p io ’ c- l i i u g o m c o m t , h lc , , o i c u  , lc ,,uuo , ’ ,, u I  S lI ‘ l ung, \
I° e r r , o t oe  , , o oo ’  I SI - ‘uio lo k c- r I ‘ o c , ~l e,u o ’ , oo I ( b i t s  x p ,  I ’~~ i m m ~~’ v - l l , I I  1 0 ) 72  pp l iS t .‘ ui iS

I 

~ len nys. ,uu , IS I s u c , i , an, l S \ o r , 0 1 1 J , r l  t l s , o . o u m o u s  5 0 5 , 0 , 0  l . , s t o c  r, s po i i  oso- ~~ I lo , , ,u , I s o ~u ’  0 1 1 1 o - c , i a i  5 0 c c  b i i n i c s .
N ’ s  1912,

t o o 1 I I %Va m ug auu , l  -\ S to’o ’ , h t o ’ i t o j i m - 5 miiai hc ’ r mi- a t o c al  i t o , ’ .  1,1 mhi c ’ ’l~’ ic ’r ul ioula m o u t  o h u- us , ,,o - I , ,s t  us ht_’h,o~ or uI l uu a uto ui c c c - ,
I h is , I b a r t u r s  u -s po ols , ‘ J c u uu rmm. iO  o i l  I1 ,, unto’ o, h i a , i o , s  ‘ c ool 5 ,  1972  PP 4 0 1  440o

I I cuo ing ‘ V o s , , , ,  l a s t u c  p ruop a ga t000uo  oh lo utugomu cl i n -al cu av u ’s ci i  s ko-I ct a l  o~h c u s s I v , ’ ’  J o c o i r um a l o u t  I t oo , ooo , - , 0 , 0 ) 0 , - s . o ul
1’ ’ ;? pp I III
~ j I ( , a l b o o r , I  a r u~l J II \ t c I l h j , o , - s -  5 s o s ,  , , o  i s o , ,  s mu, l ~ u,I  c, o h ’  hi r a in , ,o nd c h i c o : ’  J o o u r o o , u l  ‘ i t  h t u uo i m l , ’ c lo ,ou t i c s  v, , O i
I ) ~ u i pp ‘ I I  ‘2 1
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\ c o t u l } i r c - l l e l os l v c ’ progr’ ;utu of ’ l i t _ a t _ I  injury’ t iu ot _ he l validation s e as t_ leve lopd’ c h Ui consoli a l i t_ e
‘A tb N Il l  N\  - ( - I- I . , thonighi mint it is ’olveo h cli rd’ t_ ’t l wi th die ex perimental ss’ork itself , h e l ped
es t , o l u hi s hi  the v .o li , lation I t _ s t  plan rd’dhIIiI’eme nt s  for t_ ’ x pc ’iuuenta l data so that die kind s c o t  d’ \

pc ri mit et ’ it ,ul I c.- s t s  condtu d’tc~I c c o o i l d  also h ue si mn u l , mtec l , N I I I  S:\ c b l l l t r .1 t_ ’tc ’ c l  su- ith the I highs u .rc ’

‘s ,u t e t t  Rc ’s c ’.urc h l ist utute’ I I ISR I), [ il ls t_ ’ i x l t \  of Michigan , to design and conduct e\. peri —
mcnt.i l tes ts , di c’ dat ,i I toni us hich wo ,uld const i tute the pruniar means l o o t  s e t _ i t s  ing the .ut _-
c u t _ i c y  c o t  the heat_ I inj ury imidel, I lie t\ pes of ’ d’\ pd’u’ iI1lc~’ntal I t _ s i ’ , inchoicle uj ( I )  s t ,ut ic  lo i , i oh
c I t _ i  Ido l  iou me .usio re mn c ntx o f dry’ rhesus monkey skulls , I 2)  dy nam ic  tes ts  w i th ’ i St r.un

o i l  i\d’dl to t he same skulls , and ( 3  inipact tes t s  on ,o l l es t  h i es i / e c l  ih iesus nionkes s iiist riu-
nic ’ntecl wi th I uothi strain i~a ges and i~r ’ ~ u~’ t ran~t_ l l i t_ c r ’s

\ f t e r  c ’clil ip lct ;oli of the v ,ihidatio n t_ ’ t f o r t  ,o s e l l s I t l v l t \  analysis or p It ,nneter study was
d o  u l l s [ t _ l t _ ’ t  t _ o I  ‘a herein a s t _ t ie ’ ,  of dl lianild ’ simulations were mat_ he u sing the t_ h is p lac ’etncnt
hiou nt_ la ry- cc ot io l i t Iu l l s  at th e’ huase of the skull as the para nietcrs . .- \ tnong the many’ al te rnat is e

~~~~~~~~ 
stu dies that  could hu , us c been concl ucteci , t hus partic tular study was found tc o he

more’ uset ul I ‘ec ’al use t h e  h ead inj ury’ model does not h 1IISt _
~55 a nec k d is t_ - rct iidt ion ant_ I , t here-

fore , cannot simu la te c hI r ed ’t hy the influence of th it_’ t iec k on t h e  base of the skull during m i -
r u t _ I  - I lowe s-er , by’ investi gating t he sensitivit y of the skull hone structural res pom se ant_ I the
it ’i t rae ’ran ial F d’ssu rc response to chi;iiiges in the presc ribed ci isp lacen ient buundar~ c’on t_ I irion
at t h e  skull h asc , t he l imi ts o i f  the nec-k’ s inf ’lucnee can he t_’sta bhishct_ l

I’o s o t  s t y’ the requircilient b i t  a nonlinear heat _ h inj urt’ model the linear I- I’ ,’\P ~cidi,’ had
t o  o I ic C xtc ’nclc d to the mionl m c i i  reg ime, I hot_ ugh some provosion as niade for nonlinear

oc h.oviot in the original c ode it as decided to proceed with a linear model t_ le\ ’eld) pment atid
t i  i suhcom itrac t the noniitiear cot_ he cleveloptiient, I Ii is work ~ ,us c - ue ntuahl y ’  . i t _ t _ o im phis hec l I u v

t h e  original I - f \ P cot_ Ic author at LC R .
I s u o o  aol dh ot ion a l  rd’ quuremc uts of t h e  head nij ur~ modhel ss’crc associate d wut hi the nonhin-

c.ir devel o i pmii t_ ’t l t  - . \  nearly’ incom prc’ssih t lt _ ’ - mionhinear finite c’lc’nient hat_ I to  i be ;it _ icl co h to the
ek’nit_ ’ut l ih r,ury ’ to t uocl t_ ’h the intracranial cot itct i ts , , \ lso , a go- nt _ - ia l eont.oet -‘ impact force-
t_ ’oi1m p ut~it oon c :u pa hl l h i t y ’  needed to) be t_ he vt _ ’ Io pet_ l to predict acc o iratc l the str e s s histories
cx sti ng at the ititert ace h u t  ss ee ri did’ skull ant_ h ,in arbitr ;iry target. I nchiv idua lly ’ or colle’ c’-
t ivc ly , t hese requirc’nients suggested ,i hi ,isic rest _ itch p ro oj ect , as cu nitraste d uvith the linear
model lIes d’ lclpti id’nt . audI is suc h ‘acre u l t i m a t e ly ’  hand led separatel y’ by’ suhid ’ont tact to P. ( B -

\~ueh j lrogrc -ss ‘a as reportc - ci in .u s t _ t ies  i t t  ok l cu tm i e u i t s  33 0 7 
, an t_ I the f inal  cot_ Ic’ itiip lenient a-

tiot i of the devehil ped t I l t _ o t t _ n d  il condd ’pt his lit_- c- n eonip lett _ ’ c h in two dmuetision s,
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I I IS I I o c , ’ b c  s IS I I ,~‘ I io,  unc I 1 I S ., , I,n , ouo I 0 c c - c c - so t ’ ,’ , ,  I 1 o h I o  c c c , ,  II  dc - I , ’, - 

( ,u I o I  . i c  I’ ’75 ‘sb 55 1 I<c’p,irm N,,

R7I’ uu l u l  I - o u m u , c c - Ic , o o i  oo i  l o o r i m m , u b , , i o ’ i o o  u,, ) so,I ut, ,oiu ‘ ‘ I  c o o o u i j c ,  o u m c p o ~ i pr~ ih ui c- t im s ii , , u , 0 0  ou o c iu rn  oIIu ’si),u t c o , s  l ast  Ili, ‘s
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1 1 1 1  ~ Rh I h( ,\ I , ( ( )NNI I) I  R \ III IN”,

I i i  t hus s c ,  t io ) I i  t h e’ g ii\d ’rlililg I I h . I t b ’ b \  c ’qu iatio it is of Iluot lom i t o o t  , l y i i , u u io i t _ ’ l in t_ ar  v iscourlas-
l i t _ I t s  am ’c’ ,Ic - c o lciped bcg imiti ing su tb the thid’oI’eIii o u f ’ s hrtu ;u h ss’ ork , I hue’n , before their sc i l u t ion
I” cl d ’sd ’ r ih t l ,’t _ l ,  t uS () S b  i i  Ic ch ise ’u’osio ns .irc gu se n s s I i i t _ h t  c h ’ ’ sc ’i’ihoe f i r s t , hiusu’ t he Il l \f code
c le,il” c t  t ic ic t i t ls ’  us thu  s usc oc ’ l ,us t ii l ust  c o t s  5 c t _ t o u r s , atich su.’ d o o ’ i d h  , bmw the nearly’ incompressible

O i c  i b O d  b - Is cat i)rai~t uluatd ’ ri;i l is hatuile’t_ h .

I’ rim ic i plc’ c o l  \ ur t t u a l  \V utk . l t i dh I- d i t i a tu c o l i s  of \ l o c t  l o o n

I’he ~o r l i i c I ple c o t  v i r tua l su-o) rk st Iles

If a s t r u i c t c ure  is in ‘ ‘ cquilibruuni ’ ’  titic ler a set of exte ’rt ia l fore -c’ s ant_ I if thc ’
s o ‘ b i t _ - lure 5 giu’e’n a s ir t  t _ m a l ~h is plae’e’nl t_ ’mlt Co ou i ’ s i s l t _’nt s c i rhi th e’ constr a ints of
t he st r lmd ’t ure’ , t hen the ex t c rt i ,~l work clot ic’ 5 equal to ) thu internal u’irt iial
us- urk d o m e ,

I he ss’orcl et _ luul ih l r i o itui  is plae’e~! in t_
~uot~’s because it c-a n retc’ r III either static or d y n a m ic

t_ ’ c j ouh iho ri ui t u . ~~t r Id  t k spea king. ‘a tb t hic ’ hatter form ‘A c’  are d ealing with not the original
princ ip le of virtua l usork , hunt su ut h i  I) ’ \ l et i iberts ’ e xtet is ion ,if the original se t _ s h i n  which ’i in—
elud e’s did’ b i t _ I  t i , o i  t o  h ide s , I lie’ princip le ci t  v irtual work app lies to s ’iscot _ ’ last tc cot”ustituti s -e
t o  t u t u  i i ’ s is well ,is l i t ic ’,tt eI , hst  I C  ccun s t i tu t i ve  relations , In thus p res et i ta t icun t h e  inettial tc ’t l t is
and the c’o ,nst l t i l t is- c’ relat iomis are included in gc’ne’ra lu iec h form for comp letenes s because t h e
heat_ I imi f ury ’  munich posses s es ,hy’nani ie e’;ipa h i Ih i t ; t _ ’s and both linear e h , ist ic ;tric h linear d isco-
t_ ’ la s tuc ui ,ite ri.u ls t_, i 1 i , i lo i h i t s

I h it _ ’ s ’ irtuia l ‘a o t k  princip le nmia y’ be \ pit_ ’s~e’d for a b o o  u c t y  as

‘°~
°
~I ~~~~ ( 1 (3 - H

so, here •‘,\\ am it _ I ‘c~~ I’ ~~~~~ the internal amid cxtd’ rnal virtumal work t_ ’\ p t c’s s i c ons , r e s pe c t o s  e ly
I hey arc t _ hc f  m e d  is t ( l l Iu  155 5

ci \\ , = 1 
~~

‘ °
~ 

{ m } I f~ } t _ i\ 13  2 1

o 1cW 1 ~-~~td}  I ~ f } c l~~’ + ko~~
cI} l{~~} ,bS ( 3 $ )

w here { t_ and ~ 
} I t  e t hic s t  r ,o in . 0 1 1 t h  s t ies ’s  S e t _ i  ( its , td ’5~ic’ct 1 S t _ I S

‘5 I” t ild’ 5 I ) h i ,Ifl’Ie oif the body
oh ~ the’ ch isp lac cnmc nt vcc t o ) r

h5 t h e  bu d force vect (o r  eomitai liing t h e’ ilic’ rt a t i i te t_ ’ s
‘ I j u l  t hi c ’ ex t e r t ia l s th i f  Ice l t , I e t h O O f l  c d t _ b r prd ’scrihI d ’ .h o m s e i  the sur face “
,5 (  I t h e  first s’ariation u o f  ( ),

I~



\ t  thi us point i t  is cons-c’nient to t_ I i s e’ret i,e I- cj uatiot i 3- 1 in clevclop iiig the i m i te e’ lenmcmit
tor mn ulati umi I hou svc ’u er , this c-an h oc  t_ Iot m i c ’ in either of tsu’u s s a y ’ s , I lie first is to t_ i i s cr et i/c’
~

- 

~~~~~~~ 
3-  ex act l y  .us it us i d’ .. pertaining to the ss’hole’ hio t_ hy , .- \m i a l ter t ia t is d’ 5°, 1°,’ is to re-

sv rud’ h’ d luatuon 3—I  f ’c r  a s ing le f inite cle’tnent ant _ h I c’surm ie , for die t imi ic ’ Io t_ ’ i ng, that t h e’
b o d y’ ’ ’, s itt_j; il su cor k t_ ’ami be c x  pressed heg it imu~ut e lv ,us a st in imi iation of all elements of tht _ - s Ir-
tu,i I ss’ o t r k t_ ’uintri hout ion t i ioiu i each element , I’hic latter approach is t_’ons-enic’nt in this case
hec. uoi ’s d’ it t.u ke’ s t ’iih l ;ids’antagc’ of the finite ’ element methioth ‘s ab i l i t~ - to ace-on int f o o t  t h e  j i rd ’-
Sd iq’o t io t l  of chi t  fc ’ rc ’nt constit utiu’e re lations within the sk nil/brain continuum

I hu t _- It .osuc f in ite’ c ’ lem iìt_ ’nt chose- n in e’Oiisttlld’ting the beach inj uir r ’ niochcl 5 the eig ht-no de ,
iso lp ata luietr ic el e mii t_ ’ nt amid is s hios u n in I- igure 3 - 1 to gether w i th I t s  , iss ’ i i u i c - o h l inear 1 place’
muc ’t l t I t i n t _ I  ,o o t i

I’hc’ N-V- /  axes lorm an inertially- f ixed reference sy stem , I lie t_ h is p lacenietits t o , v , ant_ I
w axe oief h ne d h wi th respc’ct to this system, I’he ~‘7/ - ~

’ a xes cI t _ t ine the local e’lcmcnt e’o oo o rcli-
nate system. ‘I lie ch is p lacemem its suit bin an element and on its bound aries ard’ t unt_ ’t iomi s o f
the local coordinate ’s in die form of shape b u m i e t _ i c o n s  amid the miodal poiti t oh isp lacements
ut t he’ t_’orners ti~, u~ . and

-\  gc’nc’ral ohefini t ion t o t  strain is given by’ ( re-eli ’ s stra in tensor for ss’hieh c ’,~ ant_ h c 
~~ 

are
two e’x. itiip lc ’s of dic’ so \ ind ependent components c o t  ~o } - I’hese two co m ponents .ore -

c I t _ h u e d  .15

- + 

~ [_( --
~

-—)
~ 

+ 
(
1~~~

) ~-~
--) 1 (3 -4 )

ami d

xy - + + 

~X~
) + çI

~~~ /dv ) + (
~‘X1

I o~r .1 linear at iahv so s , it us asso im i ie t_ I that the strains are small ant_ I their products (secon d -ord er
It _ m is I m i tas - h o c tieglt _ ’ cIt _ ’cI , 10) this sma ll strain assumption is icht_ iec i a small ch isp I~ucement as-
st omii 1) t i ot i ,  I~i,It_ I I t _ .illy’ , t his means that the geometry of the elements remain basically timi-
changed durIng t h e  Icoa ~hing 

~~~~ 
ant _ h t h at first order , infinitesinial , linear strain apprc )s~i -

mations can he usedi. In thus wa I~quations 34 and 3-5 reduce to )

a 1.1
0 o 5 5  — (3 -ô )

14
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a lit_ h

I /dii Iv \
‘T~ ~~~~~~~~~ d \

Because I lie’ t_ l isp hace’muent co ut i poncm its are ft unet ions 0 of the h o i t _ a l  e o o o  to u n i t  os , the’ partial
ci i lhcren t iat io ) n indi t_ -a l dc l  i l l  l ist be carried out using the chain rule’ . I he II if te- re ’nt i~ltion ‘a ill
result in .i stra in-c l isp lae’emii ent matrix [B J whidms d ’ components ore f unct i o ns c i t tile local en-
ort_ Iin ,1It_ ’s , m .~’ ,,

Ui

= ~~~~~~~~~~~~~~~~~ ‘~ - 
(3 ~~)

‘A l

‘a here the gencra li/ed i nodal point disp lacements ate

di i

10 7 , . .  u~~ v i ‘2 ,~ “1 ~ 
I 

I S ’ ) )

“ui I I

lilly h ose ex press the hotly I c i ted ’ sector  fo r  t he element in Id-m Is of t h e  ci Irres po m,i ing
gene’raliieeh acceleration as

3 f 1  ~~i 3 d }  l~ J ;kr J ‘i h ,~- 1O)
55 u

and the esteni i, Il t r a c tuoom i  circe vector ,us

1° 
~

h ° }  ( 3 - I l l

t 
h i / i

I- , e1eu atuumi 3- I  , t h e  v Irtual work ed is matiomi , may tic is s h)c wri t  ten c o si t i g the genet,ihiie’d oh IS
placctlud ’nt , m t uo l  t Ile stmnl i mi-uhis p laee m i ieti t re lationsh ip t o o t  t h e  e ight i h h h c h d ’  e l e t i i t_ ’nt .0 ’ s ioa l l , u so , s
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SS ’ hOote  t hc’ s l i j N ’ l ’ s c b u h i t  ii R i c o ’ s l i t  m u l e  s o o h t i m m i i ’ (It suit o t t -  o re ,~ c f  t h e  1thi c’ le tm ient i t t  tI l e b o o o l \

, \ I this 1iio it it we’ c ,on d ’ m th i c ’r ‘s pe~ I t s  a himie r c ’ I , o s t ic  c m r linear vtsco  n’ l , I s toc mu t b o l l i s h i i j )  lIe
t ’o °o c ’ e’ i) s t i d ’\s  0) ~ ,mt i l st i’ain i } -

I he hine ,or eI,Ismic c ’o , l l s t i l l i t i se  rc lat iom ish~ 0 h ot _ - t s u c - n s l i t _ s ’ s  Inch str ,uin is ii ho ~

1 1 ) 1  ~ u } 0 3 1 $ )

ssh erc  ~i) ~ = L~5~5 ~ 
O / /

II \y O \ /
O I

\ / 
] I

[i ) h  = I ,”, ‘ 2( .\ ,\ (I (I I I  ( 3 - 1 4 1
( ‘s -+ - 2 (  , I \ 0 I) (I

I ’ s  -t 2 (,~ 11 (1 (1

2 ( I  ( I

sy’nume trie’ 2( 1)

2 ( .

‘ l’hc I allie d lust o ut  ‘s and the shear modeulus ( can be e’s prcs scc h in terms of the niore’
e’uummon lo t _ i lk  tmoclulu s K am’ md l l c o mx sc i n ’ s rot in u ’  is t’ohlco ’a s

3 K u ’  3 KIl - 2 m ’ )
= — amid ( ; = ~~~~~~~~

- ( 3  1~~)I + u’ 2 ( 1  + o ’ )

It I- c j h i . i t  1 0 1 1 1  3 - 1 3  is stuhstitute ’ cI onto 1-quation 3— 1 2 ant_ h the arbitrary’ virtual t _ h l s~d , i ce ih Ien i  s

I u t _ t o  ire ’,I out , ss c’ bas e

~~~~~ L I 11i Ps i

~~ L I n J B J  I IDJ 1131 ‘ j ch\ + 
~ ~~ 

I [ii ] h\ 1 ‘ i d\ (~~~ 
P~ t d~ J 0  ( 3 1 3 )

,0c ’ a I \~
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I he st i f fness uilatris IL J~ .in I mass matrix Em i~ of the nth element are defined as

Ii 
= f Ihfl 1 11)1 IBIdV

ami

[ui ~~ = I
’

~~ 
[ N J  I~ i IN J c lV

V

.orr~ utig out t he integration in local coordinate space we first m ake use’ of the relat iom’ os h i p
between elemiienta l volumes in the tsu ci coordinate s o ’ s tcn is

1hV = cIX ,lV cIt = ii I IE ch t~ ,hl,’

.tnd rcsu ’mmte ’ tIle s t i l t  I ld ’ss atub mass matri ces as

I I I
[k in  = ,( I I I h ~I l I I ) i J h

~[ I j I c h ~~
d in c dI

~ 
( 3 1 4 )

-1 -1 — 1

.111,1

1 1 1  -

Imi n = 
~~ ~ 

f  INI [p 1 lx i i i  ci~ cii i d~ ( 3 - 1 5 )
—I I —I

I’ or I’.q uat io o mi 3 - 13 to be satisfied for arbitrar y’ virtual not_hal disp laceme n ts the expression in
p,t rc ’ iuthe ’sc ’s must vanish. Ills-caking this condition S ic’ lc hs the equation of motion for elemi ient
ii ‘uvhichi can lie wri tten using 1-quat ions 3-14 amid 3-15 as

_~ i_ 
ii ~ n

Int l 11 ,
‘
~~~_ + [ L I ’ 1  ~ t 3 - l O )

w 1

113



h - .dbuatuons o)f M(itioli lo in  I ,it iear \‘ iscoc lasticity

If iiiste’ach of ’ Equation 3-13  s ue spe’eift’ a linear s’iseoe lastie re’ lat lotis hi p hoet su ’ce n st rc ’ss
am id str .o mi . consi d era bly tilt_ ire ’ e’oim plie’at ions wi ll result , but the eonip lexites dali mc ’ sour-

t i uounte ’ c l by approix itl iate means , h’hie result is that the heat_ I itij urt- niochel code e’at i approx-
iniate the tinie-t lependent relatioiishi p hietwe’en stress amit_h strain e xl i ihoi t e ’c l by biolog ical
mate’r ials when such a t’iiec hamiism us j ustif ’iech.

Since consi derable attention has been devoted to the’ s isco ie ’ last ie nature o)f biolog ical
b h i . u t e r l . m h s , It su o i iu lc l  hoe expected that a h ead injury model must possess t h e  abilit y ’ to accoeunt
for S h s c o u e l , i s t i t _  ii.ite’ii,ils ‘5V liat f c o l l c o w s  is a detailed descri ption of hco ’a viscoelastic material
charact eriiatioit i  is imp lemetite d into the equations of motion , ‘ Ibis work is largely due to
I ay’lom 1’, 

-

\‘ is c c o c ’ l , m stu c mater ials are often called ‘‘ memory ’’ materia ls; that is , t he current state of
s t r e s s  in t he ’  material is t_ hetcrmi ned not omilv liv the current deformation , but also by’ all past
t_ Iefomniat ion st .oi es Moreover , the memory exhibits a fading phenomenon in that P~to~
t_ Ie f’ommatio iii sta te’s influence t he current stress state to a lesser degree than do more recent
clefor matioti s t . I Ie ” s , -l hiese ch aracteristics arc’ reflected in the constitutive niodel for visco-
t_ ’ la ’ s t i c i t~ liv th e’ St ie ltj c’s integral ; i.e. ,

= J ’
~ 

[ I) (t - r )J  4— ~e ( r ) I d r  (3 - In

where ~co m l )  us the st ress vector at current time t , 
~

E ( r ) I  is the straimi vector I’or 0 r ~ t , and
II~ I

- r I  I is the constitutive matrix composed of two imidependent relaxation functions b it
isotm c ipic materials , ‘I’liis const itutive m’nodel m ay ’ now be combined with the eight-node
fimi ute element by substituting into h’l quat ion 3-17 due corresponding strain-disp lacement
re lations gis-en in Eej uatiom i 3-8 , I’hus we have

Ui

= j ’
~ [ I ) ( t - r ) J  [BI -~~~~ “ I cli’ ( 3-18 )

( T  
w 1

IS i . , I s ci i  - -O.u t ,o o~c , ’ ’ ’ ’  l o c h , - i~ o c - m I o , u , i  ho , ,  h ) i , ’ o o i c c u s o s , - ,u  u - i _ i ’ , , , ,  s m o i ’  ss o h , , , 1 ’ ,  sos , ’ No, , Ic- _ ui  I o o g o u o l - o ’r l o i n au tc i  I it’si 1tmt , c c u O  4 ,
I ‘4 ( 0 ,  I’
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I° icmc c t ’th o ng os before , ‘ bios cx p r es sotoul  for o ) ( t  ) } us se mhst ituted mmito the virtt i ,ul us-ork equation
t o o t  .1 Ii e’Ic ’ mi ie ’ m )t ii I I’,cj in ut ic om i 3 1 2 I. wit h t h’ut_ ’ virtual t _ h i s place’m iicuits factored out , the I’oilluss ing
i s  c i ho t a imi e th

‘Oh 
I 

— 
I i ; Iii

~~~ 
b~~ J h 3J 1 1 1 ) 11 r ) J  1 131 

~ 
cli’ ~l’ 5’ ‘In [N I 

I 
~ 

[N J  ~ oR ’
c’Ov~ 

0 T 

‘5’

P
- 1 n Pyi ,hs 0 ( 3 - 1 9

t_ ,

\g.Iin uns d ) king the’ arhi it rari ness of t h e  s irttia l disp lacements in the ahios’e equation so, e can
su r o t e ’ the ’ d’t l u , i l ioo t i  to t  t i lotion Iu t t  a s ’ i S t_ ’oc ’ h a s t i e ’ clement as

n . ml 

~‘ - n

1m 111 ~j + j ’
~ 

[ k ( t ~r I 1~
i
~~~ ‘

~ 
t_ hr = ~yi (3 - 2 0 1

1 1 1
ss h i t t c  Ik 1-1 ) J I 1  = f ,I’ I [Ifl I [ I ) ( t - r ) j  [BJ Iii ,l~ di?) t_ hç

- ì  —l —1

,omit _ I [ml n 
~ ,I~ d e f ined in I’.quatiom i 3 - 1 5 , 1 hence , to so ls - e the general linear s’isc ue last ic

pno ibo le ’ mi i ( h’ .dluation 3 - 20 ) utihiiing the finite clement niethod requires the’ solutiom i t o t  siui iem l-
I , t i i e o o o b s  linear integral equations. Without further rcstriet ioii the numiierical solution of in-
te gral ec j b l . I t  O t i s  of thus fomni reqtlires extensive e f fo r t ,  I’he’ fo llow imig s ee-I ion s hi ciws a
niet hoid uu’hierehiv c t  t o r t  can be greatl y redtucec l without und ue restrietiomi on the class o t t
j irohile ’mi is that can hoc soils ct I  -

Sollut ion i t t  I uiteg ral I’ quationis

( c u toso o hc ’ r ~o t t ’ pmca l integral equation governing the motion of a single-degree—of-freed om
s’, s i t_ - in us ithi ‘, S e c  )e’l,Ist ic behavior

~~ dti
mu + h - U i  ~- r )  — dl?’ = f (t ÷ ‘ t) ( 3 - 2 1 )

o) r

:‘



I t ’ the body is iii equilibrium until time iero , I’,e1uation 3-2 1 becomiies

t o ’  -t lu
m’tl + I - t + U u(o) + I E( t + -t -i ’ ) di’ = f ( t +  U (3-22

o ‘IT

If the rcla ,xatio ui niO )dltllus h’or the mater ial is chiaracteri i,et_h liv a Pronv sc-ties , a sim plification

to  the sio l i m t icon bt ’ step forward t imiie integration will be shown to result , ‘F herefore , su’rite

liV -t IX
E(t ) = l’1~ 

+ 
~- 1’ic ( 3 - 2 3 )

i=1

svhere nv is t h e ’  number cif terms in the series.

~ oi hm st i t tu t i mig I’qiiat i(it i 3-2 3 into Equation 3 -22 we can write

~~~ I - ( t+ - t ) / ~~’ 
(t_ + : t / ~\ - ~ 4- ~ n A ’  dol 1

niji -°- I-~,0 ii( t o ’  t ) 4- ~ _ [I’~e + I - c  f  e — din] = f(t t

I i 
bT

13-24 )

I his e’qiiation is som iip lified bt’ ,he t’ining tIme last tc ’ rui o t i  the Ich t - han t_ I s i t _ I d  ,os I ;  I e’ . ,

(t+ U/ A ’  
H t Uc\ ’  ~) Ii

I 1( t o ’  t )  = I-
~
e ~f e “ ‘ dIi

, 1 4 2 5 1

amid1 t_ - 0ou he’ cx pal ucle dh for subsequemit computational ads’antagc ,Is

I, A ’  - ( t +  U/ A -  ~~ ~ n/A ’  du
l ( H  I) = c’ i l il t )  + I c  I e’ - 

— dr I 3 -25 . i )
I o Il ’

I- .quat iooti 3-2 5,u is 1 r e c o m r s i s  e t_’quat ioui for step-for ’ou’art_ i imi t t_ ’grat iomi of I quation 3 24 , pro-

videel t he integral on the right-hand sid e of ’ Equation 3 25~o can be sols’ee( uieimiierieallv . In
d o  this it is assumed that the disp lacement u varies linearly’ over each time increment, In

thu s su at ’

- - 
u(t+- t )  - t ill ) 

— 
nI t)

Oh - t 
— 

I

i s t me lt d o  I as a constant over the interval t ’  i’ t + I,

2 1



~o’ ~ T/ c\ j I ( t +  t )/X ’  t / A ’
I c dli ’ = X

~ ~e - c I

I Ii U’s , I bc nt egr.il I
~. can  t oe wr i t ten in recursiu-c form as

— t - ’ c’~ ‘ l i l t  ) t t / X ’
I) = e ‘ I~( t )  o’ 1~ A

1 
— ( I  - e i ) ( 3 -25 b )

One further eomiiputat ional simp lification is made for I
~ 

ho t ’ defining

I 1 A 1 f
h - (  I )  = I - e’

A t

and rewr iting the recursive forniula as

—
- 

t/7s
~I~(t÷ t) = e 1 1(t ) + h

~
( ‘ 

U t i l t )  ( 3 -25c)

Making use of Equation 3-2 5c , the equation of motion (E quation 3 - 24) can be written
‘is

I i-iv — t / A ’mu + I’~~~~+~~~ h~
( ‘ - t )  I - u(t) = f (t  + - t )  - I’

~~~ 
u(t) - e 1 ( t )  (3-26 )

L i=1 ] 1= 1
w here 

~~~~~~ 
= I’

~~ 
u(o)

andi u(t + :.t ) = u(t) + 11 ( t )

‘I’he fomulation given above for a singlc-dcgrce-of-frccdoni syst em holds also for ,i svs -
tem of equat ions for arm y viscoela stic finite element. ‘l’hat is

n 
n’o’ 

n n n

[m imi V~ + ( 1k 0 1 + 
~- Ik~

( UI ) -v = ~vi ‘ Li’ 1 u(t)
i=1 /

w( t)

—
-

- �,. d’ l~(t) (3-27 )
1 = 1
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ss -hic ’mc ’ history uitegmals are miosv defined by’
/‘ u( t

l
~

(t  + t ) }  = ~‘ c I~(t ) + [k 1V t ) 1 ~v (t ) ( 3 -2 81

w( t)

and [k
~0 I ant_ h Ik~J are viseoclastie e lement stiffness matrices . ‘I ’hiey are t_ ieflri e’ o h in the sa m I uc

muannem us c’leniem ’ut s t i f f  t ue ’ss niatr icd’s for elastic materials (see Equations 3-14 an t_i 3 20 c

\omm iia l ant _ h Red uced Imitegration of h - , leit ie’nt Stiffness Matrix

I-or sonic tIme ut h as  been known t h at in the application of finite element uiiet hoc ls for
ne ar ly ’ incompressible (v 0,5) or incompressib le niatcrials ( u ’ = 0,5 ) 1 numerical problems
will be eneoiuntered su uth i t he usual disp lacement th eory . ‘I’o discuss how such materials are
dea lt wit h in die ord inary disp lacenient f ’orm iuei lat ion of fiiiite element analy sis it is neces-
sa ry’  to d iscuss the methioch of evaluating the integrals defining the c lement stiffness matrices
showii i i i  Equat ions 3-14 or 3-2 0. h’he proced ure is equa1l~’ applica hile to elastic or visco-
e lastic materials , In actua l practice t he integration o ver the element volume is carried out
numer ically ’ using the method of ( ;aussian quad rature. ‘I’hc numerical form of Equat ion
3- 14 for an element n becomes

nej nq nq
[k in  = ~ ~- ~ l l ~ [h3 j I [1) 1 [131 lii ( 3-29 )

j= l j= 1 j= l

In this trip le summation , terms on the right-hanci si he are es’aluated at specific points
wit hin the element km ’,own a~ Gauss points. ‘I’he Ii

~ 
arc weighting factors and their values

ire shown in ‘I’able 3- 1 - Ordinarily for eight-node , iso paramt_ ’tr ic e’ lemuents , suc h is those
e’mplov e t_ h for the skull bone in this investi gat ion , two  term (uiq 2 )  t_ imit_1r~tt tu rc ’ is employed.
‘l’h is imp lies e’ight ( •aussian points , ‘ I’he eight ( iauss pom i t i ts imic lucic t~o, cact i on t h e  plus ,oti l
minus siehes of the three local coordinate axes (se e I’ iguire 3 1 1 .  lii iso, es er , es aluatin g the d c ’
nient st iffness matrix for nearly incompressible materials us amiothier mi uatter.

I-rued ° ‘ °  has prov idech mathematical insight into wh y t he ’  norutial t us ca temmi i quadrature
so, ou ld lie incorrect for nearly incompressible materials , I he s litis~ s t h at a reduced integra-
t ion must he mused for those terms involving the I ,ame constant in Equat ion 3-29 . Wit h the
eight-not _ he isoparametric e’lenie,it , t he correct reduced imitegratio n i s  onc-poilit ( aussian

I-ru , . I n ot ,’  t ’Ie’muu ’ mmt i na lv s o s  uit oruoum p ru’ s ’ .o lo lc  ,mo, im,.r ia l Io o, ru,’’ uo , Ioua l  ,‘ o o ,  r
~ ’c Ioal ,i u mc i oi 1 t , ’ ’  Imou, . ’ r mo.u tu uj nai J o ur nal uol

°su , I i o t ’ u Sm ru c t ur,.s v iil t o o , u97 4 , pp 993 - I m~~ 2
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l’ ahle 3-1 ,  .- \ hscissae ’ and Wei gh t  Coefficients of the
( ;aussian (2uaclrature I” oriiiula

I I I nq nq nq
1 I f(~ ,ti,ç)chc ciuj d~

’ = ~.. �.. 
~
.. j i~~h’(a 1~ a2~ a 3~)

- I -l - l — I j= 1 j= I

N u m h~~~7 
, \ Iisc uss. oe , W ei~~it(~ ict’ficients ,

u t  I e ’rmiis , ta II
nq 

-- -

~~~~~~~

0 2 , 0000 0000

2 (1.57735 02691 89626 1 .0000 0000

(1 .77459 66692 41482 0,555 555 555

L  
000000 00000 0O0~~) (~ 888 888 888

uiti at_ l rat ure at the clement cemi t ro ueh . N av lor ~ has also demomistrateci the uiecessit y’ of rc-
c luceci integration in sc s’ e’ra l finite element analy ses of nearly incompressible materials , ‘l hiis
is the b asic techni 4ue enip lovech for brain material by’ Shugar ant_I Katona 4 1  in the’ I (IM
cot_ he. I’hough it caui tu e emp loye d either sva t’ , t he III ‘51 eoche currently specifies reduced in-
I c -gt.i I  ioim i for terms ins- t ds-ing both A and ( 0  in l- c1t iation 3-29 - No inStal) ihity clue to e’nc-tgv -

less shear modes has been observeci when using red uced integration ins’olving all terms ant_ h
w lic’t i t h e ’  eleniemits ire’ ene’lo sec h or confined ,

Soluti on of ’ t he I- dl c m lt i l ins cit Mo tio in

In this sectioin .ini account is giu - c’n o t t the method by svhichi t h e ’  II IM code ’ inte ’grates the
cly’ tia mii ie ’ equati ons of motion for the skull/brain sy’ ste ’ lt i when e’ither direct or imit _ hireet m i -
pact load ings ire specif ied . ‘ 11w niethiod is temu iicch a step-boy-step or direct integration tech-
t u i quc ant_ i is suited to large’ S s tc ’ Iums  of equations c ’  cli ,ts those whi ie’li woulci cmat iate f r ou ii a
t hree-dimensional ch iscrc tuz ation of ’ the heat_ h -

4 10 1, . 1 N,, s I i i  ‘ ‘ S o o ,  s ’ ,o s ui o oo ’ ,o r ly i uoc ’ o ,m t m l l rc ’ss i lo l,’ 0 0 , 0 0 ,  o i l s  I c s  1101cm, ’  u’l, ’ mii , - m m u s  co t I m iFip lOc ’ 4 t u u i o u  m c ,  I oc c -.i l c t o l j t uuo t i  ‘h c s
, i  ss p uurc ’ p r u ’ ’_ s u u , c ’ _ ‘ ‘  o c t u, r um , i t uuu u u a l  I o o o u u c , , o I  bu , , N o o o i o o ,- u c c , , I Sb o I c ~~, Is ot t I oo gm u mc ’~- o o m ~g , s c o l ,  ii , 1 00 ,4 pp 4-1 .0 4 0 , 4 0
4 1  

~ Slung-ar  - o o h  Si ( , K~it,un-j . - -  l ) cc -c ’ I ou p o i tu -mou ‘ o h  h o o m u t , ’ c’I ,,’ t t t o - t t t  h,’~i,l omu i , , i ~ titoclt ’l , ‘ ‘  J ooum ’ uua l oh I u i g c o t c c - u o u m g  S b ’ , i , i o o o s s
O 5 s i ~ ,, , , ,  551 1 , s o i l  l i i i , I ‘O i l , J m o t u  I ’ O 7 ’ c , pp ‘ ‘ 0  .‘ ,l’)
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In t I m e re’,iliii o t t  th y mi, im iii c f in i te ’  e le ’u ilem it computer  dot _ he ’s , nmuc h has bee n w r i t t e n  coiit_ ’c’rn
ii mg t hic ’ 1 0 , 4 C m  .it ls’ .u m i t a ge’ous miic ’Hmod of nunierie-a lls inte ’gratim lg t h e ’  equation ’s of muotio n, I lie
( l o f t _ - c t is c ’ in t b u i s  ut ’ us ’ e’st i gat iuo ti su ms Id ) carì s is ’ s th e’ as’~iiloi bil e ’ inte ’g ratiom l tcc hmi i qucs ati l evahti-
mu.’ t hc ’ it i  in t he’ co ntex t  of c r i t e r i a  ole ’ c e ’Iopc’e h tot  large thi rec -sh i , i iensio mia l f in i te c lc iuuen t

mOot _ I t _ I ”  A ii e’ ,jrly’ “uc ’lee’t icin of ,in operator ss -as chesira t ol e sc i t h at it c’o ot m lt _ I he c’iiip loi t’ t_ ’ cb
hiru o i i ’ hi c ot it t h e’ soic d t _ ’ s s o o o e mimodel t_ leve’bopii uent ant_ I i ts hiehias ’ioir under s’arious conic l itions

could he ‘scr o i t i t i i t e t _ l  t o r  better understamiching of i t s  strengt hs ami d dc’fieie ’ne’ies .
Ihe c’r imerI, i f ’oor se lecting a soilution sc h eme ’  are much’i t he saute for all t ’inile c’letiient

t _ oc hcs 4
~ t h e  nat u re ’  ot tIle’ proilt leuii t o  be so oh s ed . particeilarl y t h e’ s i / c ’ o t t  the problem and

the’ loac h-t iun e t_ ’ l i , i r , ut_ ’te - r i~to t _ ’s
I l id ’ f i rs t  s t e l o  ‘s to c’h o io ose bo etwe’ e’mi .o modal superposition approach or a d irect integra-

tion tec hnique I he’ f o o o  m ii t_ ’ r a i ipro ia c h i is not tt _ ’a ’s u l)le ’ foir large’ l)r~ h lemlis unless only a t ess of

t hic ’ lower mu nches are clesi re ’ cl , \S hilt _ _ li imiip lie’s t h u  the hoaching is sluggish ant_ h oon l y exci tes the
low c r  nuoc le’ s ° ‘ In the c,msc of ’ t he’ head uuiju rs ’ miioehe’ l the problemii is s’erv large . Within
t hc’ rt_ ’al m u cot  t _ Iu r cc im iu 1ia ct loading. s h ort 1 0 0 . 1 d b  , Io urations arc the rule rather thian the t_ ’\ec p-

i ci ant_ h om ue’ c .ot i us on , ibol s c ’’s pe’e ’t to em ie’o)umitcr t he su it_ Ic spectrum of frequencies. I’ hi u is ,
ho ‘.o o h t ug c- l u  es.c itc- si ihst , it it ual hy ’ a numbier of the higher mot_hes , I- urthc’rtrmore’ . t he ’  mod e

su}ie’ r pc 0 5 0 1  mull ~i~ipmuat_ - Ii }ire’sIunt _ -s l inearity, I’here t’orc , because the syste m is large , bec . u ios -
o t _ - l t u . t t _ hs uu’ u hl 0o  oss ,  short t _ Iuu r a t io o tus , amid becaiisc’ an extension to nonhimiear behas’ior is en—

\ ‘ i S i ( i l l C c I  - t h e ’  i i ioo , I ,u l sui pe ’r pi osi t  11) 11 aj i pr co a e’Ii us -as t_ lisearc i e’eh in f ’as-oir of ’ a direct integration
l c d  hi nocj ue I Iii’s o t c  c isilon d Isc o i’ e- b,itc ’d to t lie selt _ ’etiom i of a f ’inite e lem ’net’o t comu pute’ r e’ i o le’ for
tiut o, Ie’ l o ’ o - ,~ the head . .\ mci’.t.ut ,o,ut,ob \ ’ xos cip~ohiht~ \s’ .ls not considered i’ebcv’.’unt in the’ cot_ Ic
st ’ lec t io in 0 1 0  0t_ ( ‘55

I lie’ c llolco. is t h e - u reduced too that of either an imp licit or an ex p licit Imitegratio n tee -h’
tm i d l uc, I he’ e’ ~j m h m c o t  miie’t hiod h i s  the at_ Is’-antage (if beimig C\ t rc i i uc ’ ly’ fas t  e’oi uuu piot.o t iona l l t ’  t ’m ir
c ,ud hi t mile’ st ep tic - c mus e tin t rm uu gulariiation is imivols’cd - I lous e’s em , t Ile time step siic’ is mc-
s t r i c tc ’ t_ I lit t h e  ( o urant s I ,hnh itv criterion. I hat is , t h e  tinie step mUst be less than the
si mi , i b le ’st son ic  n ras el t mnie ,ucr c os s ,iuiy- ehe’miicn t , Lm i lc ’ss some nieans is pros idecl w i th in  tIle’
cot_ic t o o  e’o mitr o i l thu.’ t ime ste p su ic ohurim ig t_ ’\e’cuiti on , t h e  user runs t h e  risk of an einstablc’
solution , I -  or c o  o c l c s  ch e ’a l i mi g us ith large thiree-dimne’misional t _ h m se ’’ :et i/ ,atj c)t is ititeiielecl foir mc ’-
l it_ o t t _ c l  use’ in p~irami it_ ’ t ric st uc h ’ ~’s . t he possihiility’ of instability’ is to b c ’ avoided - I en svith

S I ) u u o u b u , o o o o , K I \ c c  h u l l , . o o c , I I)  i ‘i t c o  I , I o ’ o  ‘ I o o t ~’ g r i t u i i u l  ui ~ o ’ u , u T , o o s  I c c o  o o , u , m ’ , u , tot st rt_ u c ’ t , c i , o l rvsp ~o oms - , ” I o ,m ~o p.o m o. ’ i s
au t o ! °‘ u t o o , o  T U O O ’S , s o I  2 , riu i 1 2 I- i ’ t ,  i ’ °A ! pp I I Ou

K 55 0 t o , 0 1 , uui,I 3 l’ , ’ou ~ c i ’u i  Dv t t j t m o o c s  oi l  s t r o i , t t i r rs  N,’,~ \ ‘ o t r k , ‘ O ld  ,r,oc, - 1 1 , 1 1  Iccu oh I , o c o o 1 i .uo o s  , ~u ) 75  p 2 7 1 .
44 . , -‘00 II ( c c i i i - , I ,i~ 0 , u . ’ 1 i 0 s  au o , I  ap p i o ~ ,o t c o , 0 0 s  ou l I i u i o t u ,- ,‘ l u_ ’ t t t t - t t t  , ,o, .o I~ ’ s o ’ , Noso S u o rk,  I ,o loom ‘o~u , l,’o, a mm o l  “ i,oui s . h o c  - 1 0 0 , 4 , pp
2 - ’ -’ ‘ 5 0
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per u ii i ssi lol t_ ’ t uiie ste ps ami c’xorbitant tiuimh)e’ r wou ld lie re’e1uiire h s pin typ ical loath t_ iura-
t m o o s  I he’sc’ c ’ oti si cle ’r,mt Ions , whit _ hi arc primiiar ly pmae - t i e ’aI iii nature’ , ret _ R ic e t he’ se lec t io n to
one’ of ’ the im n p li t_ ’ it im ite g ratiomi opt_ - rat o r t ec ’ hl mi ie iuie ’s “o o o i i m e - of ’ these’ tee ’h inuq ue’s arc t inco ndi—
ion,ibly’ st ,ihb t_ ’ ,iuit _ I pros o l d ’ e’ontmo o h os’er t_ ’oniplIter t_ ’ cost  s hit’ .oll o ss ’ ing .1 t_ ’hio ice c f  t inlc s rt _ ’ } )

“ i/c ’ u uc ht_ ’p ctit he ’ m i t of ’ t h e ’  ( ,oiui’ant sta b i l i ty ’ e’ritd ’ riOti ,
, \ t1 io imi i ~ t Ile it im p h uci t  s t _ l i t _ t o t e s , duc’ Nc ’o,vniark ( ‘~ - 1/2 . 

~
c

’ I 4 operatoir 45 
, the Wilson

as d’r io1iui g o) l)d ’I . I t o o r Oc , auicl t h e  I Icu. ib oo l t  uiperator 47 Ire ulto ire h)rev~Ilemit , l’he’ accuracy m of
thd’sd ’ nic’t hioo ls uv ,ts 51 ut_ hiec l to t_ Ie ’ t_ ’ io. Ie ss ’hic h so, iou lc l  ho c ’ moire ’ suitalde t ’or t he heat_ I inj ury
mot_ he l

l m uh i c ’re’nt in ill nup l o t _ ’it sc ’ hem iit _ ’s is tOe ’ tem idc uicy ’ to ar tmf ’ici,illv atte - I i i l ,m te t he’ me sj ic ons e ’  anti
to Itt if i t _ ’i.i b h t ’  e’ lt iti gate’ the pemio h it’uel shift the’ phi~1se o f the rc ’ s p omr u s c ’  d uring integrat ion of
I lie c’qu.mt l o i n s  of ’ tilotioll,

Rc ’sp ioiuse Itten tiat ion fo r eat_ - h operator s e as investigated w ith a simp le’ I - o legrec - -c i f-
tre ’e’ , Io o m hmn e ’ar o ost _ ’il lator , ‘I his procedure’ so, ,i’, first used to st  m it _ b y sta bi l i ty oof ( m ire d i f fer-
elid e so , l u t i t _ o ns ~ amio. h has been uiseeh co in re ni poma mi c o o iusls ’  l o ~ co t hiers 4 c  in evaluatim ig the rela-
tive ’ tuer il s of in teg rut io t i  operators . ( )m ilv a he’urist it_ ’ , lcc co uiit  of t h e  c-s a luation proced ~ite i’ ,
prese’nte ’ c I in t Ins paper . ,\ lore com plete information is c ’c on ta incd in the ret ’ere’mices c ited,

I lie’ t red ’ respcim lsc ’ c o t  .m singhe-c h e’gme’ t_ ’ - ot f ’ree doni linear osc i l lator is governet_ I by the’ d if-
te ’ re ’ imt ial  C’~ o l , i t iom i of I i iot icoul

= 0 ( 3 - 3 0 )

su here u u is ti le’ 0h sp lac c ’ m iu c ’ n t  an t _ h t_.; is t he m iatural circu lar t requene~’. 1 bc proce t_ hure ’ he -g i l l s
t o y  sui b’st i,i~ , t i e  I itcgt ’at iomi l i pc ’ r iro  or c ’\ pmd’ssioi ls prcscnteo _h in I able 3 2 into) h’ . quatiot

I .u~ t iliu m 11, I Iti t I l l s  55 av .1 nu umii e ’ r ie ’a l fommu of the equation (also shos u-mi in I’ .ibihc 3 2 1

t o  ii’ c I t _ h  0 o1iut 1 or is de ’ruoo c - b . ant_ h i t  w ill h ue’ n e c e s s a r y  to find the d’ \pr essl c )ui  for .0 tv p ic i l

45 \ a t hiaut SI \o cc oio , ,uh , - \ , o o , ’ m h,,i ,, t  c 0 0 0 1 0 l u o u t , 0 0 0 0 , u u  1 ,0 , 5 0 0 c c ,  tu r ~ i Ic om so u 000cs . ’ ’  I , u u i o o a i ,ot tht_ I ’m i guuo t - u ’ rou t g \1v , O i j t i o ~~
I 0 , ’ , o ’ ,~. o i o  ‘O”iO 0 , i ‘olJ . Jul m Y - ’ ’’
00 c 

, m u s , r s 0 4 0  o f I .u l i t c ’ o o u , , ,  x i  ‘so lo,- p,, o c s  I S c , 0 0 0 u p t i t o ’ o  ; o i o ~g 1aooo b o , r  thy o iv i oa u u io ,  s o ryss , o o o , i l v s o s  o i l  umo . lo  o (o ~ o c c o o l
s o r o o o l c c i ,  s , hu b ’ I- I 5°u o l s , ,oo 00 ’ 0, 1,-v . I , i l c O  - J j , o  l o c h’)

l , u h ou ( I Iu ,u I , , u l t  5 o ,  . o , i i i ’ u u c i ’  0 0 0 a m , c s  ~ u l u o o o o m o  b o O  t h c  ‘0 ~~u t -at o m u c r es p 0000 s c  o,I r i as t o y  a u m c i ~~I m , ’ ’ J c o t _ , o o m , i l oh \ c ’ u , c  S , , t _ ’ o o, ’ ,’ ,
c o o l  1 7 , i ’)-~o o , p S - l c m
400 ,, I) I i ’ , , , c o , O K I) I 0 o s l u o o o , i  c c ,  ‘uu ,si 0 ,uI It, s t j l u o l u o o  ~o h c o o o - .lu honou r  , I c I I  ‘ 0 0 0 0 , ,  o ,  c u . , 1 0 , 0 0 m s , ’ ’  I , ’ t t l uooc i f l i , - . i oO ,o t us
I’ ooro , o i o , I  - Spp iicol  Si c i h , ’ n c , i m c c s  ‘, o u i ‘0 , no, 1 5iac I°) s os

I I o oh iu ’ r t  I N,, k i l  ‘ i In o h , ’ s la l u o l o o c  ~o t ‘ p p o o i s o u n - a t o o o n  ‘ i p c ’ o . l t o u o s  on l~r0i I , Iu ’ tns out sto u y t o c o . o l  dc o o , u i o o c , s , ‘ I i m u c i u m j t o o i m u o o i
oou to o .4 I c o b  ‘. , , l , . I - . , , u o , J  S t o U o , i t i ( r ’ o , ~uu l .  7 , 1 0 0 7 1  ‘ p p  h O t  II’) .
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labk.’ 3-2 I ntcgratiotl ( )pcrator I )escmi ption

N e’ us’ iii at k”

I)is placeii ie ’ m it un+I = u11 
+ Un -t 0 ( 1  5 - 

~~1ii
11 

t 0 )10 11 ,  I ’ m 2

\‘ c lne’ ity ’ 6 ru+ I = u~ + (I - ‘
~ )i,i~ 

- t ÷ “
~‘~n+ 1 ~

I- ~j uat Ion 1 ci 11÷ i ÷ -
~~ 

Eu 0 + ~~ t + ( ( 1 ,5  - 
~~~~~~~~ t 2 I = ()

- _ _ _-- - - - 

Wilson -\~~rag in~~’ 
_ _ _

l)isp laeenient Un+1 U~ + ti~~ t 4- (ii~ ÷~ + 2’
~n~ 

- t 2/6

\‘ c’hoci ry tin4- I = ti n + (1
~
in+ 1 + t /2

h: quat ioul ~ i~ ÷ 1 + - ( 3  +ql) t~~~1) I ~~~ 
- (0 - ’ tün+u n ~l~

° 1 =

I loubolt

\ ‘ e b , o c u t y  ~m n+ i = I i i  u~ ÷ 
- I 8ti~~ ÷ 9u0~~ - 2cm 1~ 2 1

\ t _ c e l e u , u t i o o t o  Un+1 = 

~‘ o 2 u~1~ 1 - Su n + 4u
11~ - ci

t 1 2
)

I ,huat on I 
~~~

(2u ui+l - Sui
t 1 

+ 4ei~~ - ei
~l 2)  4 t_ ’~~~~di

114- 
= 0

“ I or the Neus mark operator , q w 2 /( 1+c ’ 2 ~~~ where ~5 = 1/4 . y = 1 ‘2

I o r  t hie’ W i l so ou i  .\s’crag iuig operator , q = ~ ° t _ ~~~
2 [6÷1 w(i 1) 2 1 w h ere (I = 2

res poinst_ ’ u ui+ i to m e’ ,ic ’ bt ,\ f tc ’ m t hu.’ pamt iculoi r operator tint _ her eo ,’a luat 10)11 h i s  licen introiciueec i
t h e  resulting numerical equat i l i m i of niotio)n is then cast iuitoi .1 ciit ’fercuice equatioui c if motion
bit u sing oh i t  terc ’ncc ’ approximations to the derivatives , I’he oscillating coniponent of th ic
so lution (ill polar form) o o f  t h is difference equal ion is ,

~~~~~ I 
- ~n+ I [~ 1~~

iu(n÷ 1) 
‘5 2 k. ’ (11+1)] 1 3 - 3 1 )



I bc te rnis p ,it ith i i  .ire thu.’ polar inio ,IuiI,is ,Ind h hio hir  i bo,o s t _ ’ , res pec t is  c ’ l\ ’ , ant_ I t h e  co i is , i i i o s

‘I ,ui,h \~ au c c he ’ t e ’ mti i i uu e ’ oI f ol io mm i i t ia l  c ’,m,I i t i i o i us ,
h u l l  I 5 1 1 1 . 0 1  100 mi  3 3 1  i t  is  sc - c _ m i I l l_ It thic - response’ ss ’i ll g rows ’ ssi thio uut limit amid t i er c - t ouo’ e

l° e u un s t iub ole ’ it p - ‘ I. l losve ’s e’r , if p ‘ I t h e’ te’s poilse- s vihh hoe at te ’ u i u ia tcc l  c ointini c o i osl y - I i t _ li
die’ o O ~~ei ,d t o 0 i 5 s suh t y at_ b ~o ,Io t te r c t i t  f l im ic i i lo l i  f c o t  t i le’ i i i o o , i o i l j s ic iii tcrtu s iot  a pimi111 e ’ter

o;o w h ich i ll 1 1 1 t h  is die pt’ ioo 1uus i o t  fm ’ eq ue ’ u ic_ ’y c_’; and l i l i o d ’  s t _ -p s u e  I \l thlo u l g h atte’n uo ;stion
o o c t _ L o i s  t ’c > t  p - I, t h u s  c _ o d I l , l I l o o i i  is orc _ ’ f cr , l l o l e ’ too  o nst o t o o h i t y  t I l t _ I  IS t i e  y c ’~j ui i r ’~nent for  .1
s t u c k’ in i c _ - g r u tm ol i  c o pe’ mat o i l ’. ‘ h’he’ resul ts o i l  t ins i l i u c ’ s t l g u t o c o l i  , mic o l o ,-s ( ’ i l i e c l  in I’ mg lmre’ 3 -2 .
su hie- re - t Ile miiot_ Iuli p .ure’ p luo t t e ’ t_ l us .1 t ’uu nct iom u c o t  c,~c , It us s o o n  that ,tIt thre e’ ‘ o p c ’ r I t o o I s  ,oo ’ c m —
t_ ’onc l i t i oou i  ulIt stable ’ m e , ,  p “. I tom any tim lie ste ’ p si/c ’ t I ‘ i l l  met , is see n t lu , i r  t i le ’  Ne s s ’

1 1 1 , 1 1  K om p e ’ r I tmi r  p o i s s o ’ s s t _ ’ s noi a t t t _ - mi iu a t i lo n  l I l t _ h , Oh t h at is is  Is t h e ’  e’ h i o o o c _ ’ e . iul ion igc thu.’ three
om p d ’ ma loo l ’  ins s t i g , o I c ’ c h  f’ his c o u i c l u s i c o o i  IS c o o l .  , o l oo t ’ , o to ’ c l on R e f e r e n c e  42 svhuc hm 51 u t_ - s  f u r t h e r
t hat tI le’ \es s roou rk  c O h i t _ ’l ’ , O lO I r  us ,o lso i gont_ I choice foor  Ic id ’ ’ t _ ’ .or app h it _ ’ l tuom l s ,

)t l o e ’r c’oi t isi ,le ’ r .o t ions could he’ ut i i pou. ta nt t_ ’ r l ter i ,m , u bt _ pc’ncI int~ mon t hi t _ ’ i -s i  i g , p d r s  oh j cc—
t u Vt _ ’s , l” or t_ ’ \ , u i l l p k’ , e’ot iu pute’ r t itii c’ (nuniher ot nume’rit_ ’a I ope’r u t u o t i s )  us l i tipo t tant  althoug h
i t  is ho t _ ’ Im e ’ s ’ e’ cI t hu.ot the’ mhre’ e c o p e ’ r . l l c o r s  s t t i t _ bu e ’ t _ h are et_ ’c o t o cot iime ’a hl y equal. b ’ o i u ’t bie’mniore’ , an

c _ s  , m l io a t  ~d ot i  used omi a sing lc-t _ hegr ee -of ’-f reecboni ss siclul muiay’ lie im ie ’ m o r ic l I is is ’ e’ inasni uc h us
su l os d’ t _ h u i e’Iit app lication of ’ t he’ Operator IS s s t  Ii Iuglily ’ e’ mmit i p ht _ ’ x s t e i i i s  I’ o the’ sS’ ri te r ’ s
kt ic o ss ’ le t_ l ge’ the’ u ’e 0 ” ’  no relIa ble’ evaluation te’e ’hun uques svhi ie’li ae ’e’c ou i t i  t t o o t  sy s tem c’ioni ple’ x -

tv ,  I lie Ness m m m a rk ,ono ,’ r : ot i it  (
~ = 1 4 , - 1/ 2 )  us II e ’s ’ i t_ lc ’ :icc miunierica l t_ Ian iping in st - stem s

1 1 1 0 1  C c ’o im u i ple’ x than one—degree-cot - f meet _ horn I i c ’., general s\ s tc ’iiP I.

I m iste a t _ h o i f  tIme ent i re ’  cotl ip lc ’\ s ’, s t c_ ’mll oof t h e’ skull , t he noatticnoat ieal t c i e ’ ii’s here su’ol l toe
on t h e  integration of tI le’ e’quatuotis . u s s c , t _  Lot c_ i  \S tb tss ’ o t~’ pical ar hitrar t muass points l oot

i o o , ie’s ) w i t h i n  the global s’,’ s iem . is s l icwu’u in I’igm.mre ’ 3-3 - I” rorn t his , t he s .i l ient L i t  1 0 1 ( 5 c o t

the ’ so lution i o1 ’ o m t _ ’c’S s c-an t o e  i l lustrate d wit h ou t c h iret _’t ref e mc ’ mlt _ - e to the rc mria int_ Ie’r o o f  the’
ss 51 cci

1)11( 1 ( - I IMP,\C I I lie gos’ e ’ rm limu g c’cjula tioils c o t  unotiom u 1 1 0 1 ’ arbitrary ulu oss ~~~~~ i ant_ I
O I .il time s lc lo  ‘s4  I su— hemi su bjecte ’ ch to spe ’ci t ccl direct impact force ’ s I I T )  are

5 ÷ 1 )  (5+ 1) ( 5 ÷1 )

T ~~~~ 1I ~~~ ÷ 
I’~l ,l K i i + i  

~~~ 
‘
~~

°

~ =

l l l ~~ ~~, 

K 1 4 - 1  + 1  ~~ I , i÷2~ 
~

1 i÷I ~ i+I[
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I hic ’ t i l , Iss t e r t l i s  t ii~ inch nl~ I me’h) rcse ’t lt lunipe’t_ h masse’ s at the two nodes in a dl aguinal mass
m i i a tmu x ,  I lie global s h o t  t tue ”~s t e n ts  K 1 arc obtained in thu.’ t_ himect sti ffness method tm4 I v  an
_u pp roopr ia te ’ sum uuatio mi of clement st~ff ’ness term us from I-e lei at 10) 11 3 -29 . ‘ I’hat is . K i u =

�. k~ . h’hic chisp lacenucnt sec tor  and acceleration s’cetoir e’ c o iiposco h of I, ‘
~ 

ant_ h I ‘
~ 

term i s , rc-
s Pec t iv d ’Iy’ , are eumi ktioss’n at t i mri e step 5-4 1 - By’ o.let ’iui it i omi , they’ arc referre d to) die inertial
rc t e ’t ’e tuce syst e m , I~v ehoositig seuffieient lv s m all time imieremetit ‘ t , it is p~~~ 1le to pre’ t_ hict
the ’ ,it_ ’c e ’Ie’ r,it Lc ,;~ ~~_ c Ills i~ s t e p  5+ 1 ~n tcr u i us of Lnowii quanti t ies from previous time st c ’ b oS
m d  the unknoo,o,’m i 1~ 

‘~‘ ° I lie particular prcch ict iomu algorithm or integratioim l operator cm-
ploye’ ch , .us pre viousl y t_ he ’ scrilicd , us t h e  Neus-i luark hi hiiethio dh,

I I /
1) 

- ‘ — ~‘ ,(S+ I)  
- (L’~~~

) + C’ - °~~ + U-~~~; t2 
~ 3 - 3 3 o

I I ‘
~ ~~~ 1 i

0J t ’  \

Stmbst irum in g l’quati on 3 - 33 unto ) l’,e1uation 3-32 tilt_ i comiubining t h e  unknown L u terms on the
le ft -hand sit _ b e ant_ I ta king the known menus to the right-han d side , the following equation
rt_’ st i lts

(~~- *  1)

~
-) K ,~ • 

- 

- 

~ (‘o * I )  + ~ (i:~
(SI +t~ (’o 

~ •j ~,
lS)

,4

,i+ i  

- 

1) T2~ i 
~~~ ~~~~~~ ~ - .

( 3 -34 )

‘ I he uimoch i fied force sector  c m the right- h and sit_ he has been upcha ed us ithi th e’ adchit ion of in-
crti a t orces I lie’ moclif ’icd s tuf  fm ue ’ss matrix on the Ieft ’hant_ I side never requires eipdating t’or
line ar .thia hyscs with constat i t  t ime increments , It , there fore , n e e ds to be iiiverted only once
1 , 0 1 die beginning, prior to stepping through time), ‘ I’he lef t -  and right-hand Sid es of I’l qua-
t u oo n 3-34  arc then preunultip hit_ ’ d bu y ’  the inverse to obtain the solution for unknown dis
placcnt ients at step 5+ 1 . I however , inverting and mu ltiplication by the iuiu ’emse ’ .ms d escri bed
hit_ ru us only’ symbolic , In actual practice, the matrices are too) Ia ge for ins’cmsion to he’
c eo m u io l m h i i ca l , and instead tile procedure of ( aussiani elimination is cmp l oyt_’ci to sols’e l’quia-
t o o  om i  3 34 f or the unknown d isp lat_ ’ements.
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I \ l  )I R I  ( I l ’5~l’ \ ( I , lo  si uiui i la t c ’  ind i rec t  I l l O l o i c  I IO ) tk hs tI le ’ t hi s h i l t me ’eiuen t_ t iliie l i istc iry
re ’ st u h m i mi g  t r c o m u u  Impact is s pec if ic ’ uh im is t c ’a d m o t c o l t _ c  b o l s t o O - j c s I o r c ’ \ , Iumi l i le , if t h e  fo rce ’s ill
I ~g ooo  c_ 3 - 3  are’ ,o s s u i l l l t _ - ,h /C tm o  at it _ h the dh m sp ltm c c ’m lue m i t L ’~ ~~~ 

oo t  t he’ I ’  I ohe gree of f ree d om is
.issiuiiie ’ch k t i , o ’ , o , r o  I s l l u . L t u o l i  3 32 t t i , oy h oc  ss r it t eu l  I s ,

( ‘ o O  I )  ( S o  I I  b o i l )

~~~~
, 1 ~~ K ,, 4~_1[1. 0 0

000 0 + 1  

+ 

L 

ss i , o o , c r ’ t r c , ~

”’ 1 . 1  
~~~~~~~~~~~~~~~ 

1 

- ( 3 .35 )

L’ simi g the Ness mark operator bo y substituting Equation 3-33 into) Equation 3-3 5 ss c’ obtain ,
(5÷ 1)

1 
~

U~~I 
(3 - 36~~

~~N 

~~~~~~ 
K~ 11~~ _ _ ~~_~~~ 

(Sf l)  

‘t + U(
~

) 
~‘ ct 2)

K 1÷i~~+i K
~+ i 1 + 2  ~~+ I  

- 

~~~~~~~~~~~~~~~~~ ~ 
-t +

syrunietrlc

3 1



lso o h , u t o i i g tI le t Im e’ej o ua t i l i r i  of  I’ o l om . u t i oom is  3—36 and rewriting it h placing all thue known term iis
on the m glut - l lahlo l  sit _ he , use obt aim i

( m
~ 

. K~~~~

) 
~~~~~~~ 

1 )  
= 

m1 
(I.~~~~~~ 

~~
i

(
~~~ ) ÷ Uu

15) hi t
2) 

- K
~ u ÷i 

+ 1 )  ( 3 _ 3 7 )

~ iil cc ~, i I is kno iwn , t h e  ecj eiat uoul associated with it (thc se cond oi l I’~c t t i tu t  ions 3 - 3 6  can
be’ e’t m mi i i natcch froni t h e ’ svs te ’ u i i  ant_ I Equation 3— 36 may be rewmit tem i as

I”,. 1 1

= 

~~~~~~~ ~ 
~ ~ + ~~~~~ ~2) K u , i + l  

~

(3-3 8)

\ gu i u i , in pmtu e’ t t e ’e , I- ,e1uat ioui 3 3 8  is solved tom t h e  unknown L° 1 its ( , , i I i s s i I l i  e’ lit t i i n ,mti t ini
rathc ’n than 1ov actual inversion of the square iiiatrix oif the lcf ’t- hamic l s l c h d ’

~\‘ hit _ ’t i us 0 uss u g i iet_ l a il tie ’ of I /(o in Equation 3—38 , the’ integrat ioml cot the 
~‘~I l i t  i c o m i s  oi f

rn o ) t i o o ri us ill lie o o m i l y  conchit ionally stable , amid t h e  linear accelerat ion mi ie ’ th ic t l  t ’ c_ ’ s I I l t s , ,\ l
thou gh t he } o a r ,uum m t ’ te ’ r hi is optional in the II I,\l code , tm value of 1 4 hij s b ce-mi ex c l i ls lu  c’ ly used
in t he’ Jo , ‘:Io m I ’ O u i l e’ li t o f  the beac h inj ury model, In this ease’ , the ’ niethoel us uui ic ’ond it ionally-
sta ble alit_ h is termcdh the aucrage or constant acceleration iuie’thod , I m i gcu ic’ral m’ut _ ’ it hie’r niet hioch
IS consid ere d niore ,,c ’cui r m t e ’ th an tile’ other. With t h e  1usd’ o i f  f~ 

= I 4 the’ .mui ils ’ st d o  oc ’s h o t  ruui
t he’ risk of having the solution gross- without bouitc l f m it , u mi t l rhl it rary

‘I’hc d i rec t  integration tec h nique also ) provid es the ’ s m inI tv 101 handling ~m s a n t _ - u s o o f ’ arId-
trarv impact loads whose f requency content unit ’  lid’ quite’ vari ed a lit_ h e ’ \ t t _ ’ t is iu t_ ’ It is this

ro.’dj uc ’ um e -y ’ eontd’tut t Im .it determines which skull/hi auui modes iiecd to lie integrated ac’e’uratc l v
. 11101 , henc e , whi m si/c’ of tili ic Step is rentiire’d,



- I I ’ R h ’ ~ I . I . \~~I\  \ R \’  \ l i ) I ) l ,b  “~ I I ’ I ) \ ’

,\ t t I le ’ l o c _ ’g i t i m iimig o u t  t h e ’ i t _ i d  u u i jmu r v niodel o l e ’ s ’ e lopniemit pro)graiii . mi m i dod ’t luuCnte’ o I cvi-
s he ’m ic ’ t_ ’ c’ ’ o, i s t c ’ d t o t  I u l d h u e . o l e - thiat t h e ’ f’in i tc ’  t_ - k - t t o ’ n t  I l let blo d su ms a scu i t tm h l e ’ ,m il , ol y sis tool oot u h y ’
t he s u u s l o i c  o I l  i h m , u t  it niighu t e’c m itn i hiu it t _ ’ I d  t u e  Stuio h y c o t  l i d - I d  un j m m rs ’ e lo ic to ) i ts imunate ’ abil i ty In

s t no u e ’t nma l!t ui i o o c l e ’h s o o t o d h  f ’or hl us su o th  e’Ohlip lictitc’ dI shap es m i ld  c’oulst i t t i t i u ’ c_ ’ properl c’s
\ 1.onv ubicc rl l I m i t  R-~ I b 0 0 0 m i t  i s  , m h i b o h i t _ ’ .o t o I h ! I S ’  to h ic . ic h l u i j ui ry m ui oche ’ h im i g c”s ist t _ ’ d , m i m o t  the
he is t  d O t  ss’ huc’h us ,m~ f I l e ’  to t iuc k moss i i  s c ’ ml s uoh id or f ltuchlike noa kee m p (it humain matter.

oo nsu st e’m lt w tb m c_’autiouis pbi o l ooso phy’ , a st_ r ue -s of one’ - and tss ’ o , - c h iniensio ui ,m l miioc lc ’ ls ss’ ere ’
c _ O t i s ! l i l t _ l e d  m mit _ h numiie ’ r icuII y- st m it _ h icc ! prior to) t mtte ’ um pt muu g to t hre’ e’ —oh imc’ns iorm tm l model - ‘ I’hcsc
s I t i d ies .11 e td’pm. m t t c o i  in thus sect mt _ oI l . bosse s er sonic u c ,udc _ ’rs man ss’ isb i too ski p cbim ’ec t Is’
T o ’  t h e  tb u r c t_ ’ — dumc;isional ~t tu c hics ptd’ so ,’ t i l t _ ’ c h  iii st _ ’t _ ’ t i c o t i  5 ,

( )ne’-I )i m ii e’ tt s i ooi u a l \~o m c h t _ ’j s

~ lncd’ m t us’as o oni ginallv ens ’os i( ined that an asse ’ml) lmge’ of c’ igbut-n oehc brick fim uite ci t_ mer its
us oou lcl c _ c  l ust lute the final tbme’ e’ -t hiuiiensional mod el configurat iomu , t he cight-noele brick e’ le-
muicmit 55 .15 cho)se n to) coiupnuse the basic one-el imuiemisional mod el used in this suit_ It ’ ,

\\ t hu the proper choice cif bulk tmm id shear nioctuli , a h> oissc o n ratio) (if / t _ t o  c.un be oh taimie ’ t _ h
a n d , in ef fec t , pmo id hut_ ’e’s a omie’ -ch imuens iona l lrm d)dhe l from a prisnuatie stack of th ree’-
ch imt_ ’t is io ina l e’leme’iits ms shoius’n in I”igurc 4- I - ,\ ltennative ly’ , boemnd,urv couit_ hitiom is c-an be
emi i ployecl T o o  e’st ,i b m l l s h i  the’ same’ e f f e c t  arid tetain t h e  hrec’domii to specify a nb oitman y ’ biulk and
shear miucicluli values I’hc t’irst u o t  t h ese- hiiethodls was emp lovct_ h in this st ci t_ l )’ to) facilita te an
eva leu ,it ion of t t~c eight—no d e brick lot  cotlipanison ss’ ith classical onc—ohinict isic iii :ml us a se prop)’

10)11 t heory ’ . I mO e ’ st _ co imid mi ietho ch us ,is used in the latter part of the steid y svh c_ ’ rc_ ’ the use of ’
re.u lj st ie s k u i l l ” h or , um n material properties was necessat , Specifically . bount_ lary eonelitiohis
us c rc’ assi gnct_ h to restrain , coniplete ly’ , lateral dlef ’orluations (transverse to elircetion of load-
un g) in the one-cl in iensioona l st uck o)f elements ‘ I’his ss ’as necessar y to prevent pliysi~al in-
st ,i b o t h i t y  induce d ho t  the /emo value assi gnech to t h e  shear modulus for brain nimu’n ial, ‘l’he’
st uck of thre’e’ -c l imiuensiomial eight-no de birick elements svas sub j eetcch to short st ress pulses
tt’ picahlt fount_ I in s!tcsS svas’e’ problenis. It us important to ) point oeit that pulse t _ lu mtmt icumis
t \  p i t _ a l  of bi etm o h it ij uurv tire ut_ I ’ )  o f ten larger , prod uc ing uvave lengthis muc’h in ex cess of cranial
t _ h u uiuc ’~is io t h i S  ,\s a result , the ’ h ead inj u ry’ proholcni belongs , uiiost o t ’tem i , in t h e  s i l iration do-
main , ano,h t h e  c’ck hc ’s tm bi hit y ’ to propagate st ress  s ua u c’s accurately is not of primary signifi-
cance . Neu eniheless ni-any’ engimleers heretofo re h ave imives ni gatech t he d ynamics of head
iu i j i i rv  0 0 coi i the’ s t re s s w ,mu e’ sta n d point ; their nia imi conc-ermi bcimig the potentially inj urious
c t  f e e t  c~~~ discrete -  tensile us ,i ’~’~ in brtmi ti b il atter if and ss - bien they’ occur ( again , they otu s ’ e’ their
CS I4 t c ’ h l t _ t_ ’  h o  0 ‘,‘ l . itiu ’e oo small p m m ls e ’ c l ei rtmt io iis ) , Bce- m u se of the’ m ui f ’lue’nc’ing miat iure ’ cot ’ these ’
past iiue’sl ~au coi l s and oe’ c .mu ls e ’ it is cont_ ’e iva blt_ ’ t h u  sm iuall Iiulsd’ c i urati o mu s t imay ’ lie’ found to
e’o st tul i m o ml g c .m m isa t iu e  head injury b aths , it is d es i r a ble to know how well t h e  intended (or—
mmmu l , t t io n pe ’ rtm o rti is ni such ifls’ t m hi e ’c’s ,

uo im idisid u ia litc’ el smi n um imar y o f each mochel used t i the st tidy’ follo ws ’s ‘ I’he’ information
inc ludes gc’ome’tr ’ , riiatt_ ’ r ia l pro pertIes , in put I O O l d h s , i i ’ c i t iS t i c’ s’ e’ l toe ’ it ‘o anch critical time’ step
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ua lues ,us us e- Il ,ms the coti ihiute’cl stress sv ,Iue’ resu lts , It is behieu’ e’ dh thi t~ a one’-diti ien sium ial
iiioo hel ~ ic ’s not ao,h’ej uiate’ ly’ repme s c ’nt the cranium; thus , no conc lusions cotitamm ued in this
s c _ c  t oni .i re in t e ’ m’ io hed to In.’ .mpp hicahle to lie-at_ I inj ury,

I- c_ j ui hi hor uumi i  Moichc’ l - Ihe’ primary ob jective of ’ t h e  c_ ’c~uiIibriuni miiodel uvas to s’ero ly  that
the ’ I- I- ,\l’ co de’ .u ui t _ h partic iu larls ’ the eight—node brick usc- re ope- ra t i t i g correct It’ , \m i equihi-
to rium c heck in f i t l i te ’  e l em i ic’mi t work is usuia llv t in.’ uiieans used to ) ii itmke such a s - emil cat iohl - II

a 1 (I ~o s i s te p  pulsc- load is  im u p u it as shous-n in I”igure 4—2 t h e ’ coiui puteci element m i oor t i tm a l  s t t es s
sh ould t .mk e ’ on the s ’a lu u e’ of ’ - 1 .0 psi. Figure 4-3 shows this St r c ’ss plotted agaiilst time

l o o t  t hiree J o t  f t _ r e n t  tin e’ ste p s ami d for each of t h e  to )ur elements of the’ eej uihubriunu model.
I bo se me ’su iht s , c_ ’s pe’ciallt’ thioist _ ’ f ’oir e lemem it numhicr 1 , dem iiom istr .mte - t h at t h e  c’c d e  is unclee’ t _ h
operating t_ ’oo rre ’c t ly’ , ( )se’u lla tio i m u of the computedl stress about the th eoretical value us to lie’

us di ,mm iv numiic’rica l integration scheme whether it is imp licit or e’\ plic’it
Rec ,uusc t h e  s t r c ’ ss  us mu - c’ us reflecte d (uu’ ith the same sign) f ’roim i the fix’ eol et i~h fa t _ c (o f the

i’uum i deb , stre s ses ,ure correct It showing a tcmidencv in elenuents 2 thrciugh 4 t t i  increase ’ to a
va lue oif 2 ,0 l)si,

Mote ’ ini port au it ls - , the’ e ffect of timi le step size on accuracy is il lustrated , ( J u t _ n  s t u f f  i

cit_m t tunic ( I secooiid ) at ter  the initiation of load ing, data for the larger time’ step t 11 , 8
secomich (app rox imatclt’ tuvice the critical value) appears as accurate as d ata for s utu ,m ll er t ihll e’
ste ps . In fact , t he greater nunienical damiip ing associate d with this larger t ime sue p ,o c t io , u l I y ’
a ppears he’muefieia l in cham iip imi g th-..~ o sci l’ at ion.

Rct lcctiot ’u/Ref raction Model, Because it is of interest to know how uvell the I I .\P co ole ’
hua mich lc ’ s layered I1i~ ’ d h ia ,  a siuiip le’ niodel coniposed of t ss t _ o  materials us- as numerically tc ’ st c o l
prior t o ’  using more realistic values for material and material lay er thickness. ‘ l’he tiioo.hel is
s ho wn in I”i geime’ 44.

\cc” t ding to one’thime’nsiontul stress wave theory , a svt mve incid ent upomi a milatenial im i tem-
face us biete ’ the eharactcr t st ic im peclance changes abruptly’ svi lh be both reflected tmt ic l re-
t r o t _ t e d. I bi ts  thecmrct uc ,m l behavior applied to the prc~~m~ mod el wtms computed! am id us sh ooss n
us t he clashed huic response in Figure ‘~ -5.

It can h o e o o bos er u e’t_ I t h at the’ eomi iputed solutmon is responsiu’e to the reflection and retrac-
t ion of us mu es , In Material I, t h e  average of the three greatest eomputech values for times of
2 , 4 , 3 2  an t_I 4 .0 sec ’onels .m puicars to oscillate about -I .3 psi , which is close t o o t h e  magnitude
u if  t h e ’  retem rning (ref lecte d) was - c ,  Since Material 2 involves a steep us-ave front , agreement is
mi o l t g c o o o h , lo ut s tu l l  die tm \ ’ c~ tge of the co imi lputcd l mct ’rae’teeh was’e increases us-- ith t ime tow-a rt_ I
t he theo) retica l ualuc ,

\unicr;c2-al I)atulpimig Mc o t _ lel ,  l’huis iii~it_ h~ I uvas intended for investigating the numerical
eham punig w h o - h uvi ll occur with the’ Nc ’us ’ut u .ur k hi uiiet hiot_ l when it is c’mplovech in sy ’ s t e ’mlIs more
c’m on u iilex thi,i t o  ~m su ull~ c’—dcg ree—ol ’— f ’rceolonm sy ’ ste ’ti i - Ihe miiot_ Iel is showni in I”igtire 4—6 ,

I hic ’ re ’ s l i l ts o u t  this mod ;~I clearly’ show lie numerical chaniip ing eff ’ec’t of large time ste’ps
on the st rcs~ SS ,Iu c solution. h’ igurcs 4 - 7 , 4 8 , aneh 4-9 each illustrate the stress uv, mu e’ So) ltit iofl
at u . m r R omis  tutu ’s as computed bo y ’  the’ h - I -  , \ 1 0  co o t _ he for three different timiie step S i /e s ; thes’ are
l itt le ’ st e ps c q uu o m l to the t_ ’ ni t i c’ tm l v , i lmut ’ , tw ice t he c r i t ic - ti 1 u- tmln e , ant_ I four tinies t h e  critical
s’alue .
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us i t h i  die b I \ P c cohe ’ t h u  i o o . m s  I o ’ o l I u o r t _  st I lu t b I t b u t i t _ ’ s O us on . s e \ b o c c t t _ ’ol  t hi . u t l e t _  o o r, Ihc - e ’ s t i l t s

O l s on’,,’ Ilt _ ’,ir cI’ III c , ul little ’ sILp S c mli t o e  , u c h i u c s t _ ’ oh \ l s c o , t o ,o u i , u l\ ses i t i s o o l s l h u g  b 0 0 0 0 l o l e h u s  u s l u c  ii
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c t _ - suI t ’  e . o t o . ot ~ ill t o e  .u h i o ’ c t _ ’ o l  us it h i . 0 c c c l i i  s 1 o c o u i t _ h u u m g  savings im i cc o s t  t I l l o b o u g lI t i l e  Li5C cut  t ! I I ! c _
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2 b ’~t _ I l ,  c t  I i  rc _ ’ O r , o o I u c u b h  t e s t s  mul l  ii no mi uu mi , i l  oo t i c ’ ’dit i ic ’nsim ,o mi , m l d i l S s l l h i i l a r  n u i ,Iuo ’r l .il t uu b I
uu u t hi s te p Ic ut_ lun g s b iuu us ’e , b that , co m i t h’ue o s et og c _ ’ , t h e ’  I I’ . \ I’ ,‘ o o c l c _ ’ t_ ’ ,u l i tum c_ ’ o h u s d 1  th ue r e - t he’ , t e c h
us’ ,uu’ c ni.mg nit uic be , Res o i l ts  t o o l  t h e ’  u c t r . u t _ t c _’ c I uu .uu c u s c _ - c c  less t l cc uou . u t c ’  d o l e  to o t h e  st_ ’s ’e rut~ c J  t Ile
us , o u e ’ t m t o t l t  bout  t he t d t l o I c ’ h i c \  t o o  c ’ .o pt lure it 55 , 15  Cs O o I d i l t ,

3 I u i u e s r i ~~.o t u o m i  o o t  tIle - c t l c _ ’ c t  oi l  ( im b ue she l l s i /c (Oi l 1 uu i ie -ch i m i l e u ls i c u i lab  b o r . o u t u  n i o o o h t _ - i  us : r O ~ .0

trua tou,i ui l .ir pulse’ l co . mcho i i g  o o f  s h i o o rt , hu i r , m t n om u shloss’ coi t Ih It c ’ru h Id ol tunic’ stc _ 4 o s o / c _ s t  iehd I c_ ’ sb i l t s  i i

e ’ \ c c _ ’ l l c _  lI t , 0c_ ~u c u ’ u t o c l u h  us’ i t hi t h i c o o r c ’ t ; c , i l  l I t e o l o c t u c o mi I I oo ss t_ - s c - r , ms t h e  prescr uhc’ c b ti lo me 5 1 0 1 1  s i/c
utl c_ l c, u ses , s o e ’ t o o t  cant muu tu ue ’ r i c um l t _ h : i t i mpim h g ibi cre ,uscs 111,1 ,o , lucr sc ly , o t l t _ ’ c t s  the’ s o h t i t i o o t o  \ i’o o .
t i l c _ ’ l i s t _ c o b  l i i c ’ o  h l h hi e s Ic_ p s n - s u i l t c _ - ,l in a r e ’ t , u r t _ h , o t i o i t u  u ul s u .o ’ , c _ - p r oo jO .o c o. ut ion s p eed i t o h .uus in
c_ ’ U c _ . is c _ ’ h O  nOise ’ in h u e ’ t r ;ii h o o i ~ poo r t ion c o t  t h e  s t a s e s

4 FIle , u c l c h i t i c u m i  out  c_ ’ b , o s l i c ’ lay t_ ’rec l b one’ c o p s  to t h e ’ ot ue o bunu e ’ t i su onal l o o , o i tu  u t io c i t _ ’ l hi , m o h
neg lig ihde’ c - f  f t _ - c _ h  o u iu  the s t rc _ - s s us ’ .us c_’ re ’ s h i c b t i s o .’ in t h e  h r t m i m t ,

\ l s \  hl imiue ’ t r id  ,\ lo o ,he ’ l

I he’ olo t c _ ’ o_ ’t R e ’ c o t t i l l s  h l uo c_ he’l ss .o ” . t o o  o h c _ ’ t  t lone’ us hu et hi e ’ r or m i c > t  th t e ’ t mu te e h t _ - r t o c _’ o o t  riiethodl
os is .m hle I to  tii nc _ 1 0 0 1 1  i s  a heat_ b unj o.mm ’v utio o he’ l i t ig t e ’t_ ’hunu e 1uuc , M,o iut ’  lmiS’ e ’ sbo 0 ~. m t o o r s  luau - c use d ,
.mm uo h ,ore’ s t i l l  i s i l ug ,  a x o s s ’ m u i t h u c _ ’ t r ic ’ , oi t , o l c ’ t uc ’al i c l O b d l c _ ’lS toot ’ bleach Inj u ry ’ lh i oot _ he’ lil i u1 , ou ch it us _ us f e l t
t hat if tIle’ I t ul le ’ e’le ’ Iuiemu t nie’t huo cl c t _ h ilt _ h c _ ht i p l i c _ ’ _ o io . “oolIi e rc ’ s ou hts p ’

~~ 
i o o us ly ’  o l o t , u u t u c _ - ,l iu ’ uni t h e ’

m ’ i io o ,bc l s  it h o b o  c coo i l t _ h  hue ’ iuse h ums ,u iahle amu a ly sos tout and he’ , mu princi p le’ , c ’ .usi ty c_ ’ \ te m io be dl t o o

i l o ord ’ re’ , o l l s t  c_ ’ l e a c h  imuj ur t - h l u o c_ he ’ hi t o g . I sc _- mi  thom .g h the gc_ ’ c o o u u e ’ t i ’ \ Is  souu ip l if ’ic’ t _ h in the o ’ . is t  no-
1 c c - t ol d f ’oo rmu u , the .o io ih i t s  oo t tht _ ’ t’inu tc _ e lement  unc _ ’t liodh t o o  ham ut_ h le ’ .m ucru s o d  t nuate ’ri tm l c _ u i’

t _ o psuul ~utec h ht’ a s’ d’r\ ’ s t i l l  ( ,il hu c ’ i t  r o o t  r Ig Id I ni t mte ’r ial us us of prim uuar done - crIb , iI ldI re-eluircel
c_ he ’m uns t rat loon ,

\ t im iu tc ’  c h o f t e ’ r c _ ’ t ie ’e’ s t u d y ’  hot ’ \~c_ ’ r c _ ’ bi , uhi t nut_ i ( 1 - ispuml o ”’’ ss ,us o u s t _ o h  imi die’ eonu pau ’ is c o n us th
b loc t u t o u t e  e le m en t  ; mm u , ml y sis I luesc u m u u c _ ’sI u g u t o t ’s . in tur bi , fount _ h p o o o o o b  upu ’ c0 ’tlle’nt bo c _ ’ tus ’et_ ’n
t heir loo t _ he ! O mit _ h ib t e ’ d osed I c u rmiu us curls o c t  I t u g u t o  o h

I I me che ’ s i g t i  of th u e ’ u \ i s y m l unuet r i c _ ’ f in i te ’  e’ leuiuen t m uo o o he ’ l  us _ us s0011i cu s h i t  , m f t d ’ c tcc h to y  co iu
f l i t _ h u g  rc c_ I u i re h hl e mlts ’  oil o tne  hamicl , the ’ o ho l c dh i ve  usa’ . to d’onipare us thu a f i n i te  d;i I c _ I c  I I c _ d

~o o l : i t i c o i i  0 0 1 1  th ’ ue’ oh bier , i t  su , t s  d c -sire d to o he ’ m uooust r , o t e ’  t h’uc ’ niocle l o s .u u’a I i c h b l c _ ’ .o c h inj urt’ s t ut _ hu
T o o l  iii i t s  b us h  r i g h t ,  I hoc ’ t o t i r t c ’  d i f f e r e n c e  s t u i o h s  eontat l le’o b a tss ’ o- las ’ c rc _ ’ cl skull, I he’ 

~~~~~~~r u l e r b o c l u c _ ’ s e o h  that .u n b u rc ’ c ’ layered skull me !or e sdll t iiuf the t , u l o le ’ c _ h i b o j c t , i ’ c _ o o I l o p le’ \ 55 ,05 mt u ,mm o h, u -
tory , I o . i sdo h u p on t h e ’  ss’ mm r k o o f  I h ar t _ b y amid ,\ I .m rca lt ’ .  , .Iiici tb i c r c f c o r e  ihllp ld’Ihld ’ h i t t _ Nh t h e ’  t h ree’-
los c _ c  s l i h i i i l t m t l o t l , I )c ’ s p uc_ - t h e’ d i f  I c _ r e n t _ c’ , do’ models ire’ h o e ’ bo t _ ’ u’ e’ml no t o o , c o t  st i l l it _ - ien n s inuib,mr -
i t s  for c_ o o m u u b i _ u r . o t i u ( - 

~~~~~~~ 
Suu e ’e’ t In’ c h i t lIiOt _ ’ h c _ ’is , degree’ ot t  d i sc _ ’ rt _ ’ t u , , m t i c o t l , ,uro l t h e  t i iate i’ ial

pIn ( l ie-mild ’s uscre ’ t lie 5 ,i lute ’ t o  or loot hi i hl ( ud he ’ h 5

, , o o  r o , t ~ ‘ . 0  55 ‘ , ! o , , o ,, ’ o . . , , ( 0 0 1 , 0 0 0 0 0 0 0 - 0 0 0  , o b SI , . O u .oouo,, ’jO I Oo ~ o Oo0 ’ u ’?ouu g S o Il 0 0 , 0 0 0 0 0 0  , 0 0 o o o i c ’ s o ’ .  I o c o  . I, , .o, , ,  ,~~‘ i , i ,  I ‘ b  tO w Ioc o mooj t o
ioo - ooI , Ios - i i i, ’ ,’, : o r , b  o Sb, r , - h ,oo o r ,ooo .b S o o o b m o u u t t ’  I 0 ro ’o ; o ot ooi °-,u jt t i u ’  55 , ! ‘ 0 ; , ’

S t  
Si I I oo g000 - h O o t  . o s ~ s c o , c u m o o - o , c o  t o  ‘p o u o o ’ .o o i l  ,, I l ,, o,O b l Oc _ i ‘ . 0 0 ( 0 0 ? o , , uI sIoc _ Il t o ,  .0 b o o  .oi r. o.i c,o b ot o m p oob si , o o o, ,,I, i

ioo ,o r~ , ‘‘ I o o o c o o u . o I  o il I$uo ,u,oc ’ o b o . o ouu, ’’., ~‘ o o l ,~, ‘ O l d , pp 0 ’ ’ , .4-4 1
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l b f in ite ’ c ’ Ie’ m u u e ’ m u t I i im ) obd l  0 . 011  I Oc _ ’ st_ ’ ehl in Figure 4—12 ,  I’hue’ braim u mt_ ’shu usa ’ . c o h o t , o o n e ’ d b o y ’

oiu e’ ,u t i s  Ill .0 I ,l Il l , Idl i Ihl g c ’ t i c - r a t i o o t t  se ’biem ’uic us here all unspecif ied nonla l poim uts are cum ii puutet _ h
tt _ ’ r . 0 1 ive ls ut u t i l  they .ure’ uinito rnuly’ sp o t _ c t _ h  amic i e’om i ls os tc _ - n t  us ith s 1tet _ ’ i f ’ie’c l riot_ he poimuts tour t h e

skuu ll,  I los te ’ t_ h i t l o t _ I l ue ’ is o h s’. mis se d in h ome t_ hc ’ taih in sect iot u 5 ,
‘sLut c_ ’U.il 1’omo pe’rt ic - s .lrc _ - suim ii iui o mri ,e ’ t _ b im u ‘I ’ a lole 4-1 - I )il’f cre’nt e himu icnsiotia l st ’ sh c _ I l  I s  us crc

etu pltis c_ - o h ,  bo u t  all s’ ,u luc - s i to,- e’c 1iui u a ic_ - mit  . Flue’ ta beilated mc’c hanicah ant _ h phiu’ s i c _ a l prope’rt le’ s
lout  h u , o r cl  h o m u t ie  and h o ma i m u Ire tr umcc’ahle ho Golds lulitb i ~“ . I Ic ou s eu em , for t_ hl~,boo ~,,~, tuateri ,i l proper-
t ie ’s us ccc conu h hu it et _ I as s uu gg e ’s rc t_ h by oc le leif u , em al. 5 ,0 

- Nam umelv , bulk .mnt _ h shear tumu ol nh ss ’ere
e,u b t _ ’u i late’ cI I c ’~ mutt  ip lt’in g the i r rd- spt_ ’c t  SC ’ u’al e u c_ - s tom hia t t_ I bone bu y ’ t lue’ ss’e’ig l 1 t_ Ic ’t is l t y ’  rat iou
b oe ’ tu t e’e’fl t _ h i p lo o ’ .u no I hard bou u nc ’ , In this case the ratio us us otue - tent h o m i t _ h the re’s mu ltin g h om i lh-t
,um ie h shie’ ,or moc h uul i  for cIi pIo~!are 1 333  x I ()~ psi ant_ i (1 .8(1 \ I ( ) ) p5~, res pectis c lv. \o ot e ’  t h a t
us t im t h is ‘ u t  I i  tec hinidlt , uc _ ’ t h e  e las t i c ’ som l ie’ s ’ c_ ’ bouc i tv  is the sam um e’ for huoth bi o mr c b bou nc ’ and
t_ l i p h c o ~

or 1db t_’ m o m uc h t i t _ ’ting cIt na m uh ic ’ s t uuch ics usi t  lu this niochel , .m s tat ic  ax is vtl un letr ie’ h c u a o b so, .ms
luh ie ol r , o t _ hia lly ’ at to ne pole’ muf ’ the sp here ss ’huilc restraining t h e  opposite pole .ug. iimust all o h s ’
p lac ’e ’ t t tc ’ m l t .  - \ do ounp u itec i lu drostatmc pressure St i l e ’ svas ex pected in this simuiu lat uon but diol
110 01 ( od d - h r  c i t _ s p o r e ’ t he’ mu ie chat o ic -a l properties for the internal ck’nuents bueim ug s pt _ ’ c ofu e t _ h us
t bio ose ’ for ii f ’luioj 0 so _ c ’ I , i h o t t _ ’  4 - I) ,  ‘s\’luu ih u0,’ ;IS conuptited ss - as a highly - s’ aria ioie ant_ I rant_ horn

‘ r e s so re ’ t_ h is tm i h ut ioon ( preo.hietech muua gniteude’s s’aricd fmom iu + 6  to -194 psi ) uv itluin the sphere.
I his .lpparem’ ot am uou uua lv sv: os really’ a misinterpretation of the simulation because t h e  oeuter

I ‘r,uin ele ’muu em its are attache d eu emy ss huere to t h e  inner skull ehem iic nts , in eom ut rast to t h e  actual
I oe ’has’bt r o l  f l u  it _ h thin us ould not atta c hu itself to thuc’ skeill c iemt ien ts : ‘I’heis , t he e-otu ’u putatioml
us’ ,ms c- co rrect lout the nut . o l interpretation s of tile si tu o uhatuon ss ’as incorrect since , in this case ’ ,
thu.’ oh c ’ s i r e  ss ,os to ) c r ea te  a huy ’dro sta tic ~~~~~~ ‘st eans us- c- re ’ sought to eh im uinate th e’ it uhc’ rt_ ’t ’o t

m d  t rou bulc ’sonue’ o h us p l0m ce t uie m’ tt t_ ’ con t i i luoty hu c _- tus c -c _ - m i t hue skull and bmaim ’ u finite e lem uud ’tl i s I lie’
di f f icult y ’  s uas t hat beneli mug oliho l shear imuode’ s ss c_ - rd b ucum u g t i , m t i s f  erre d froni t h e  she’ll e lcm iie mst s
i h u l c o  t l l c _ ’ rml t e ’ m ioo r  e lc ’ muem ut ”. lo t ’ c_ ’~O lise ’ o t t  m ic n lal point c’Otlh pat lhihitt’ at thue s iuc - Il ims te i b r  in ter—
t , u c _ ’c _ ’ , It  us’as oe’I ic ’s-eei th uat tht _ ’ iuioc lel i tu c u s t inc’ huuc hc ’ .1 muu e ’ c’ha muis m ii t o  simulate ’ the’ appameilt
o huscom ul i r l tut t y huct uvce ’ n the sl5u u ll Ji l t _ i  h ra im u tbt ~mt a risc ’s due’ t o o  the’ I n c _ sc _ mice cot  due’ sci bua rac li —
M oult _ I sp o t_ c h u t _ m t _ f o r e , the l i l o u d h c _ ’l must either me ’hi nc 1cui s hi comu o p .o t ih i lotv bet us ce -n t h e  not_ ic’ s of
t he’ shell . m m od t h e’ too nbc ’s o f die’ come or P mous’u t_ bc ’ ,u s lo b st it lute’ tmie c ’b ua m ii s m ui - I )ctacbuirig or c_ ’ o
.u Ic _ ’ s e’ u mu g t’icuc le- s m m o t_-onunion un t c _ ’r t , uc e m u thie’ l’in utc ’ elcmi ucnt tuet hoch t_ ,uti hoe ’e’otute t_ h i t f ie u i l t  .mi ’ucl
e s  pe’ r usuud ’ us Iue’re’ ,o large’ nuuti ibcm 0 )1 no)c1c ’ s ill ’ coflc’cmne’ci, I ’ bue ’ re ’ fourc _ ’ , art alterna tive ~l1)p r ( o Id ’ht
S’o .05 1.1km’!) so,’hiichi m t _ ’ sm ult e’o,h in the’ o It_ ’s ’elopmiuc ’nt of a brain c’lement

‘ “ 55 (, , , i . Isn uo ob o “ I l c o o o o , u o h o o u o c , ’  , , l  hu”a ,,I u o u 1 u o r c  I l c o o 0 0 0 o o l c j i u u c _ ’, , i t s I o o m o o m , I . o o o o o o o s  ,o to , i ( O I o ( e o ’ t o o o ” , c _ i  5 0 .  I ’ o o o u g ,  N 1° c ’
rono , Hiot Sb \o i i c l ’ .o , No so ‘u ’ o ’ r k , I° r u - o o to t _ c ’ I I a I I , I ‘o’; ~ , ‘i’ ‘,oos , 4 4

55 no lyo n , I’ Si I -u I l o ’o  an, 0 h I i O a u , c ’ I , o o ’  j u t  ‘‘ i Iu o ’ mmmo - oh;o t u oo, o l pt o op t’ rt oi ‘ 00 0 mb oo ’ oiop l uoo l, o~ 0 ’ ?  00 0 tO ot ’ io u uoua mu s kull , ’ ’

to i’ o , u , i ’ u . I o o u ~.’s o ,t S p r t o t g  Sbo i ’ o o ng. S, , o o o  0 ’, Ooor 0 s
~
,
~

’o , ut oo - 000 ,ol so m oss S i ta i vs i s , SSo ’ ’ .mpour t , ( 0 0 0 0 1 0 , 1 0 0 0 0
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‘ 0 ~ o . t it 0 0 0 0 0 0 0 ’ ,

I I  , o , O  I ‘ ‘ tout ’ o’ io ’ uooc ’ o , ? ”o o - ‘ . - 0 . 0 1  0 0 0 0 0 O 0 ’ i  0 ’  0 ‘ 00 0  Iuo
O o o  ~~‘t ooi j t , , ’ .  S o , 0 0  1 0 0 , 0 , 0  t’ l t ’ ? O i O ’ O I O ’ .

/ 
0 0 0 0 0 0 l e 0 0 0 s o o u o  o r , , — —

N o  ~~~~~~~~~~~~ o n o h c / b o o t - , 0 1 , 0,

o I g cl oc I I 2 5 5 0 5 ’ ,  T o l m m i e ’ i r o o  I t c o o o l — I - o l b e - oI “ o ( o l i c ’ r o c  c i  “,b i c ’ I I  \ b , o ~Ie’ I ,

I i’i



I al)he 4 1 . Me’ cb ianica l ~tici I~luy ’sic ’al PI’o) pe ’ mt o e ’ s four  \ \ i s s ii lmli e ’tri c ’ \ l o u de’l°,

f I’ t igmt ant_ I J Crispmnoo and
I’rt_ i pe’rtt ;o ol t _ i sm i i i t lu l Merc luant ui ( . 1 1 .

a. Bomse’ I m iser am id outer la~’c r)

-4 IbI s 2
p 0.0772 Ibnu/in, 3 2 ,14 g/e m~ 2 ,0 s 10

(2 . 14 g/cni 3 ) it ) 4

K i .333 x io 6 psi) 9 ,23 x I (>4 liars 1 .333 ~ (> 6 psi
( I , 3 3 3 x  106 psi )

(~ (0 ,8 ~ i o
6 psi) 5 , 53  x I ()~ bars 0 ,8 s I o6 psi

(0 .8() N l0~ ps i)

1 I 109 ,500 in /s 278 .5 cru/mius 109 ,50(1 in / s
I ( 109 ,500 m Is)

2 106 pso ( Z x  106 psi) 2 106 psi

( 0 .25 10 .2 5 )  0 , 25

b. h~ma in

- 3 3 
4 hhit sp 0,0362 lbmiilmn. 1 .0 grn/c’nuu 0,937 \ 10

I .0 g.-c u t 3 )

K (0 ,305 x 106 psi) I 96 s 1 0~ bars 0.305 5 10~ ~~~
(0 ,084 x 106 psi)

( 0  ( ( 0 )  0 (4

57 ,100 in /s 144 em/ms 57 ,100 imu i’ s
56 ,700 in /s

h o  ( 0 ) )  (0) (4

‘V (( 1 ,5 )  1( 1 , 5 )  (1,5

hu h. 2 .x 10~ ~ 
is for hard I,ont_’ ; for Ii pIo~!, I- 2 ,s I (4 5 

~~ ( , o ss imm i i e o h 0 .

“\‘ ,m l um e ’ s ito parcntluc’ses arc converted from auth ors ’ sa hum e ’ s
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I lie’ t i l . o he ri 0o l c _ h u , m r a e ’te’ri st cs o t  brain n Iat t c_ ’r has- c’ hec’ml reported andl . oc c _ - ge’ tu e ’ r m llt ic
c’c ’p t e ’c h us c “. i o u h o i t i m u g  .1 ue’ ,ii’ly imu c ’muii l prcs s i lolc ’ , co o t i s t oiut  bulk u i uouc _ houh i i s , ,o ii~h .u 5 c r  s nn i u ml l  t o ’

dc’pc ’ncic mit s buc,ir mulodu ilus ,
In l~ t_ ’ t o ,’ o ’ub t _ e’ 54 the usc ’ o m f  ,u ue ’ rS’ c’oiiip ressi lule ’ , ‘ ‘ c_ ’ l e t _ IR e ’ ,’’ 11111k m o ioch o u lous  l o o t  b ra in

m uo, m t c ’ r o ,mI  is o h s ’ . us so , ’ , b  l i t  t iu , o tu y ’  c’ ,lse’ ’ ( hi ’ t i h’u i te ’ e’ lem llc ’nt mn cu ol c h im ig , the use’ of c _ I  Ic _ - c r is e’ material
Ib rm ) l ) e ’ rt~ 

t_ ’obl\ t , it ih s is j u i s tu f  i . Oh o l c ’ I oe ’ c_ ’,Iuisc ’ the actcia l s’ ,o lues are e i t h er umu k mu mm uv mi or 1,ec_ .ici se ’ -
t hrouigh their spc ’ . of io  , uh im o mi . t h e ’ so u hou t i um u h ud ’ c ’o m lues imi tr .u e ’t , u lol e ’ It h main inj urt- is t o o  lie’
mi umn ie leo h , t h e  c c urrect om ut l  u im u io p ic v - lin e relating a s t a te  of strain m o o  ,u s t o i c  of ’ stres s in brain
mu u0o te r ial us t_ he ’ s i r e’,m bolc ’ . I Ins re- l a t o c u is h io p t_ ’a m u hoe ’ ;o r o ou ’ i e hc c l b y  a high ( h i quuic l ) bulk io u o c iu lu s

~( ) 5 .0 ) 0(0 
~ ‘ . )  , , \ nu ’ ’ c_ ’ I fe - ch ive ’’ hooi l k  muio t _ iu lu u s us bimo ,’h rc _ ’sui l ts f ’ronm ohse’ru’e’d t_ h ist e ’ mls i l ) ih its’ o o l ’

th e e t i to re ’  ‘ . e uu t r ,u l  ti ers t u b ’. s y stem b u , mur c_ _ s c m l  the cr um m uial cou o u pamtm e nt itself ’ nuay miot t u c _’ccssa r
ily I oc _ ’ re’ c l tu m re ’ o b , I’ Iie’ o hus t e ’nsi t o i l i t y  muue ’ cbi a nis n u m cdl i  ho e p roo u ’ uoh ed . for e’ ’s m t t i p le , by’ si m u iuh at i t mg
.0 c’ o otm u pre ’ss i l o lc - sc uioa r .m c’hi iio uel sp o t _ c ’

I hue’ c_ l t .Ot ’ ,ic t emist ic ’s ou t an ut _ I t _ a l  Ilu it_ h imp ly tIle’ pre’senit_ ’e’ of ’ hiy drost.it ie- s t ress  pr uu port icor i~ml
to u oo lum mi c chaiuge’ amid the , u b o sc _ ’nc’c_ ’ (i f shear so rc_ ’sse ’ s . From uu ,o classical nicehamu ic ’s u’iess’po int
.m f l u id c’aml lie’ c ’ hamae ’ter uz et_ i se - m y sum up ls’ b o y ’  s pe’cit t’imlg th e’ appropriate l)culk tu uoch t uh m us ant_ i
sc t t  uiu g t h e ’  sh ear tuioc hulus to /e ’mo for tb ’lco ’ e’ regions represent ing ti me f ’Iuit_ I, h loss-eu-e’ m , uv lsen
e t i i j m l o o t  imu g the’ I unite ’ e’lcnie’nt technit_ 1cie , I cirt hem pme’ca o mt lo om s  miuu st I)e taken to ovoid crrc)-
t ie’o )ii s resul ts  ~pe ’ c ’ ol ic0m l l y ’ , t he sta t ic_ larch use (of high order mium uierical integration tec iu mu ique ’ s
to o b h) tai n t h~e’ c_ lenient stiff ness nuatri ,x must be rep laced] by’ ii red uced ncmmeric ,il integration
t o n  t his t_ ’.osc i ; irst — o n’ o Ier integration) capable’ cof t_ hetemmi n imig die satlun ne ’ c han ’oge’ out  t he’ dc -
noe bu t onude’pcomcicnt c o f  the asse mtuued inter po) latiohs functions for thse dhisp laccmu ue nts ,

I lie’ re’ ,oso on for this red uced u m ’ute gratiomi is to) immure that the strain d’ t ie ’rgv 01 the clement
re- s 1 oco t i , hs  om u ly ’ to le t  o , m m u i , i t ion nuoches that arc , u s scmt _ ’iateei ss it hi volume change rath er than
dc’ f or iuiat i t  om u modes suc h ,is shear ant_ h bemuc hing. Nuot omilt ’ chit _ h thi is approach ss’ork us- elI but
-o lso pmc uu c i i  a 5 e’ rc ito-s pensive cod ing nioch if ieation , I romui t hu is , it sv.us le .ornech hioss ,u hm,iinu
e le’miue’nt c oI l  lo b  b e ’  prouu j dec_ i , In sunuu tu u.i ry ’  the’ brain ele m uuen t us a s c’ons t r t me ’n d c l  t rom ui thue st anc h -

0m rc I linear i sc  m 1o, umall l et r ic ’ solid c lc m u i c _ ’nt us o du a s pecif ied bulk miuoclulus and ie’ ro o shear muu ochu -

lus , .mr m cI, mi pluto. e’ o o i  t ile’ st anchard 2 x 2 ( 0, m uss ia n im mte ’g rati m rn sehic ’ m nc _ ’ . one’ poim’mt ut t bic ’ d c —
tuld’ m ut e c u t e r  us m s us et_ h -

\~ lien t lu us e hc ’ miu e ’zut us Is inc’ o r porate’d into the code ’, uonot hue’ m mm te’nupt ss ,os i iuac le ’ at d’ \& ’ ’
t_ ’ u i tu h lg  the ,u \ ist  it unllc ’ tr ut_ ’ muoc lel ; t his pros ed st u t _ ’c ’e’sst ut l and s er i f  let _ I tile’ s ium h l i l i t \  ool t h e  d c ’
nie’nt , N o  ~I ist mu rt iona l coiuiponcnts svc ’me’ tm a nsf ’erme’ cl into th e’ i t l t t _ ’rior e’ le ’ muue ’ nts , anci the’ d c —
ilhc ’nt pressures cuom iupared t ,ou ora bo lv ss ’i t hu -,o hs ’ t_ i mo u st .o t ic ’ cI st r o iu t i t  u d omi (pressure ’s varied froiuu

3 4 to )  4 ( I  
~~ t h roughout the Interior elements ) .
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Flue ~tpp Iu c _ ’ oh Iou o . Io b o u s t _ c l  i i i  the ’ t u i i i tc ’  d lt  f c _ ’mcnc ’ c_ ’ s t o o l s  us - _ Is blot t y p i c _ h o o t  s k u l l  in l l p t t _ ’t
lo u ,uds I ) t  ie it ua l l ’ o ’ , I’ nginu app hie ’t_ l ,i ‘.~~

- l
~ 

ptllse ’ u for c’m u hu l h ) , O r i s uo b l , \~c’ rt _ - hia m ut .ui i ol ( ,r is pu n o o c’ } ioos c -

t h e ’  s , o t t i e  l~i.u,b nu.ogti i t i mde’ as I’ iug iiu. I l oou s o,- s c ’ r , t lue’y’ t o t  t iui iuatc ’ .l t h e ’  pomlse ’ at ( 0 ( 0 ( 1 4  niis , ms
shous’Iu mu I up i t c ’ 4 - 13 so,hic ’hi us ,os ium r h eb ooss tv p ie ’ .u l liuad p u i l sc _ - o hur , imooutu s  0 I lie’ I h i l t i u h l o h i s t l i r b o
, umit _ ’d’ rc ’ac bue ’ t_ h oru ls t u soo - t lui rch s of ’ tile sp h ere’ o h i , mmimc ’ te ’ r  hut ’  t h uc ’ t ime ’ t h e ’ Io u lst _ ’ 5 5 . 0 ’ .  te ’ r n uonua t t_ ’ L
Nc_ - s c_ - r t he lc_ ’ss , t hus louuo e l us .is tiseol m u  thu d pre -sc_ ’ o i t  c _ o o h h o puor i s o t l  s t o O l s  It sS , is .mpp hie ’ el u nu f t u rmu i h v

u s e r  .1 h u t ’ ang le’ of 7.5 t _ l e ’gre’ c_ -s b e q tm isa l e t i t  too (( , 5— + S d I O i . b i t _ ’ n it _ lie’ s of s ur t u uc c .m me ’ a b an uh
‘.1 irec ’t e - o h rac_ ii a hly ’ i to ss , o mo ,h 15c c - Figure 4 - I 2 0

I’re ’s sco re lus oury- e’on upam isc o i us Ire ’ s lu coss  0 Jt tus t o  I sc I- igumc ’ 4 - 1 2 )  uol oon g the ’ . m \ t s
c _ c  obi tie’ar ssut h i t h e  Iouuci I hue c’omlu pamisobis of re’sci lts are’ shoss n in I g te  c _ - s  4 1 4 ito h 4 - 1 5 .  I lie
tu tuue ’ ste- p s O / c  c iii plot’ e’ ob \S~ iS 3 ps an t_ I is uo p} i ro 0 ’ ., i I l i , I h c _ ’ l y’ 155 led  t h u  ci’ s t e l I  t m i uu c _ ’ ‘.t c _ p  s iic _ ’ re-
c_ 1o i ire ’c h f cu r  thu e ’ t’i i uutc t _ h i t ’f ’c ’re ’nco,’ s l u t _ it’ I’ im ’mimc c ’ Io _ ’ , t o c _ ’ n t  ,i~m (, o s ho oou s  t i  b~,ms bo e ’ e ’ ns s .IIhip lt _ ’ oh es’ e’ r u
th ree tOh ile’ s te p s .

St ir pr is imu g it’ gouoet oo s - e- ra lI agreic_ - illent c.on hoe ’ Sc-en s ~o or t h e  pre’ssure’ ’t imnc hlus to ott ’ su’ithii n t hue.
bra in clense’iut nc_ o re -s t the’ i bdo le ’ I I’ igo.irc’ 4 - 1 4 ) ,  l Ime prituary c iii terc _ ’ t i t _  c ’ appers too hoc ’ a t i tu i c _ ’
shift 0 or l.mg l oc _ ’tus yen t h e ’ tus o rcs pon s c_ ’s ,\ ls to noted is a d o f f  c re ’ns c’c’ bt e ’twc’ e’t i t he to: s p c u rus o ’ s for
t h e ’ pe.ok c obm pme’ ss is ’ c_ ’ ant_ i peak te ’ m us i lc ’ pre ssure ’ s ‘ l’he’sc ’ c hi t  tc ’ i clued ’s mme nuinoor cons id ering
u se’ c_ h issim uu i lar misuu n um ue ’ m its us luich the’ skull boric us- _ ms tuio dt_ ’ le’c _ h ,undi the’ c_ h u s ’ .o nu i lc _ omi t ics its t h e’
f inu t t_ ’ t_ - le ’rue’nt and t ’ims ite t_ i i f ’fc ’memuc’c’ tee binic iuc’s,

Pre ssure ’ muua g n itcit _ lc ’ c ic - cre c_ use ’ s cotusidera hlv for pouists ass ay’ f ’roim t he p tol c _ ’  ms s lious ~ ru t o o t

paint 2 1 I” igumre 4 15 ) .  ,\ t  t h e  same tinsc , agrde ’mhuem ut l)etwecn tile’ tss ci responses chctd ’ ri (umates
I \ \ 0 )  CS pI:om iuot oo n i ’o are offered bc_ ’vo nud those c_ ml re uo t _ hv men tione’ci , I- o rst us t hc _ m t perhaps t ile

c _ c  o ,u rse ’ s c _ omu i~u lung I ,ute ’ of t h e ’ f i nuu tc ehenuem u t d ,uta presented b etter agreement. Second , c_ o ne h
pro o b o . u b o l c  i mm co re - s u gnifuc ant , is t Ime’ cI feet of the ISS- o areas of ml h — c ’o i n t_ Iu t i o ned f in i te  elenie- mit s
along t h e  / i S I S  0 see’ Figure’ 4 -12 ) .  In t h e’ proximity of these demer i t s , finite’ c’ let uuem it pre’ s-
s~ire value ’s ~opp t_ ’ .m r to ) lie’ anu up hif ’ied wit lu us hoc _ ut  msi ust hue ’ regardeel ,lS nunueriea h iuoist _ ’ , ‘ I’hse t’i—
l i l t e d i f ferent _ c m t o c’sb u was better comuditiom icci amid did not exhibit tb mc’se errors , It is therefore
h c’ lues ech thin 1uy’ increasing the samiup h i nu g r o l e  of ’ d ata anso h by inuiprou- ing the ’ mumesh t lse agree-
inu e ’ t u h s s c u i i l o l  hoc itu m pmove d.

‘s’s ith me- gIrd to conupcitatior u o of  us -a s - c speed s In the sp biemic al miuodcl , f i nite c letu uem mt oh ~ut .o
m gi c_ -c ’s us c- lI us r h o us~0 5e ’ pro~)agation speed s e’c im iu l)cite ’ dl b o x’  f ini te chit  fe re’msce ’ and by’ ati . uls t ic’al

t io e ’ th n  I d ’ . , h-o r t_ ’xa iu l 1ilc ’ . t c _ o kim s g 0 chiarui etmical pc_ til l t hmooug hi the brain muatemial , t he’ first elms .
urb ua nc c ’ at thit _ ’ c’o)u i hi tc ’ rpole’ is c’s pc’c ’tco h at ah out (1,11 ms . lakins g ~o cimeunufe ’rem tiah pc_ ti ll

t huo night the skull I o c om ie m ii ate - ro , u I , t hc’ f ’irst distcurb ancc shiciuld arriu’e ,ot the c’ou oi m u ter pole’ in
a bou o c u t  (4 ,09 tom ’ .. h ( c ’ s oml ts  o o f  tIme f inite ele’m iue’nt imioele’ l shio~o,’ t hat b o t h  the hiruu imi wave ant _ h skull
us c_ u s c  has’e armis c o b  at the cot_ i ntempole’ ,m t 0, 1 2 Ins ,

1 0 0  S I t i d y t h e’ it flt ue’ncc u f  t ime ste p s u e’ uii coniputeci c iy ’nu ami iuc rc ’s~ 0huse’ , tIme as ist ’m u i
mhu e ’ t n e ’ model d hc’ sc ’rlbedl o h oou sc  us c_ ms enup loovech - ‘  \ miuo i re ’ real ist ic load us c _ ms app hicci s t _ u that thsc
miiock’ i s pcm forn oa micc 0 0 , m i h ( ur o ’ proq ucrh y eval cm c_ mte d ,  Patric ’k , c_’t aI.~ iuue ’asiired t’o o m c’e’ h i storic ’s

I Si I’ ,o o r uo k . I I .  J Si o o i , Jr  , inol 0 Is b sr u oo ,- t l ,  m , t . i , u o o u - istmc ’ t’ , o’ h c_st , io u , I I t t - c l  um i m p , i oo  Ito sids , ’ ’  o u c  l” i ,o ’ ,’ . i o o o ~c_s t o o  Ib ic
I ’ I t ’ y , o o o l o  50 0( 1’ m . j r  ( ras l t 0 , , u o b o - , , ’ c u o , ’ , oo ’ . m i b O  i i , l ob, ’;
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irorm u skull t_ ’ m dh is uoi n s s ,o g c _ o u m ’ost padd ed force tra n u s o i o i t _ ’ e’m’ s , l’t’ oon i t his c l atc _ m a f o rce  of 2 ,6 5( 0

po u ut m ’ .i s us o th ,u olo mr , m tioui i  c ) t ’ 1 ( 4 hums us’ ,us sc le’ c’te o h c _ I s  a tt’ p ie’aI heat_ I imsJ u rt ’ oat_ b , ,\m u e’ j t u iu .ol e ’ ts t
o rc _ ’ssuird . ( u .h i s tm i h l u t e o l  tiver 0 0  5 3 ( 0  sc~ iii . ) us c _ os t_ ’ ounputcol mm md app hicd to the miuou hc ’ l . I his e’quiu’ ’

.o le’nt h u rc _ ’s ’ c_ iu rc ’ t um ue’ h ismoo t ’ s  is s hu oss ’ mi iii I- igure 4-1 6 ,
h(e ’ s ui lts o o f  thus study ’ us c _ i d ’ emuc ’o urc_ t gitsg for two rd ’ c _ i so o i ms.  First of all uvo irkinsg s u- it hu typ ical

Io o ,mt_ i pulse ’ c hur , m t iconus . t hu c’ o u iu i 1uu itc ’ d I unite’ c’ le’muue’nt c_ h c _ ota us c _ us t ’oeus t_ b I t o  hoc ’ slum ooth ant_ I not 0) 1)—
5t_ ’ i l O ’ c_ ’ o h b y ’  l ipped rc_ ’5 l io (misc ’ o i , o t  .u us \s us st _ c- n t o m t h e  shu o irt ci umation pulse’ - Second , accurate
re su l ts  us-c_ me ’ mu ht. u i im e ” .h us ith 5 c r5  Forge’ tunic ’ s te ps , c_ito h t h u s  c_ tmsc _ il \ ’ se ’s of tu picc _ o I load pulse’s are’
t_ ’ \ ~t_ ’~~c- ,~ t O h o c ’ e ’c c n io o r mu t_ ’c_ o l ,mnud s m , mi t ed to die f inuite ’ e’ lc mm uens r miucthod ,

5 i nm c ’c’ nun c hori ge ’ s m i  t h e  c_ o ”. os S’ m umnuie tr ic ’ uioidhdl us crc tu’u , m oi c , the er iticc _ o l time ste~s si/c ’ re-
til,oimi c _ ’ o,h t h e ’  s , o otoe ’  , c_ o hout 0,01)2 (o hums . ( o mi u huim ter runs us’ c’re’ ruua de (‘or eac h of the t od ious m ug
spe’t_’uf me ”.! t in l o.’ step so /c ’s ( b Io S , 0 , 1 , ( 0 , 2 , a mu d 0.4 i t i s .  ‘l’hus , ratio u’alues of spec’if icc_ I to
cr i tuc ’ c_ o l l i t t l e ’  s i t _ p  s i / c ’ o o f  ,m b o o i i o t  2 , 4 (0 , 80 , c _ Omit _ h 160 ss’ c’re ins’est igatecb ,

Figoi rc ’ 4 - 1 7 s bi o us s the’ cc o otm p re ’ s s m s c’ s t ress in tI m e ocu t er ta l.ile honc layer clireetl betscat hu
t he’ so le c i t t he ’ c_ o p i ubo t _ ’ o h ku c_ io h Nc) riot it _ ’e’a holc ciiffe’rc ’t ic ’e in thuc stress res ponse’ is ohosc ’ r u’e t_ l
,ot iuotn g t ile’ m u s t _ s t  po led  tubule s te p s u e’ pa rc_ om uud ters . , \hsco  die’ results ind icate’ that tbse ru uo ich cl
s o t  s i ‘ 0,” . e’ej uih i ho m uui t u i . I’ ugcu u 4 .18 s h to o ss ’ s the’ pressure history’ response’ within time’ I run at
~1 c _ d i t i t  I ~mn o h 2 ( se -c I pure 4 1 2 0 . .\gain no) not i t_ c a ble t_ I i l te ’mence is oo husc ’ rs ’ c’ o h . ‘Flue -sc ’ results
ol e ’ nuco n ss b r , i t c ’ t b u , ut mb aec’c irac ’y’ b oss c o ed - ours  clue to the use of u’ e’rv ic _ or gc’ time’ ste p s i /c ’s ,

‘s It hu o u i p h um th us St t o o h y ’  b lo c  tsu iuin irutens t w ,os to c ie ’ nuomsstr c_ tte only’ time’ app h ica bnho mv of
u ti t o .- (‘ l e t  t i c _ - t i  t truuole ’Iing t o o  11 c c _ m t _ i i tij ours ’ s t u i o ht ’ . sonic’ o hc _ u ta pertinent to head inj um\’ uS is co t-

k~ct co t c o o l  o~ sIlo ou s U m m  I gore’ 4 IV , St r e s s  profile t _ hc _ mt c _ u uvcrc _ ’ col lected from thsc eom pciter
‘ i i t l  ,i s’ s m oo i . l t c _ ’ o h s°, ith t h io ,,’ lc_ m rge ’st s peci f ied tulle’ ste _ is S I/ c ’ . (0 ,4 ins , ‘l’he huilt_ hu ip and d ie t _ c _ my c uI

c’umiu pressus ’c’ ,mm i t t _ t l s l l t _’ press ure ’ s 5 5 0 1 lii n t hue’ hr,oi Ii .Ot ti me p01k .011d b eotmntem 1uole , respc’ c’t hu-e ly ’ ,
c t i  hoc ob o s c ru  cob  No o t e  th o , m n t h e re’ iS 11(1 i t idic ,ot iom u t h at tensile ’ pressures exist at the pole’.
‘ h o e - e m i t ’  loe ’iuc’ ,mt bo th e , o jo j ib i c _ ’~h ko _ to h ,  i boos  is c _ om nu t r c _ mm t ’  to the’ di c _ t tc _ o shoss’n pres’iously 0 Figure
4 -“-~ 0 .o mu t h is .o s c _ m ihua bo le ’ t o o  t hi c ’  re’ lc _ u t i v c _’ lt’ lom o g , h u t  m l l mu re t y p ica l, c huiration of the hoc _ it_ h pulse
. m j o p bic ’ o I :n t l o is  stud y.

ho ,  se - r i f t ’  n hoe iure’ .hic’te’ t _ I co t  d’co m uo l u u t e ’ dI r opid b ) 0 ) t_ I y ’  luuotiohi of t h e  ax Isv u uu t u ue ’tric moclc’ l, t lie’
t h e m  or c l o d  ui rigid too ou Iv oh isp l .o cc ’ t io e ’ n t so ilut it 0 11 us c _ os f i rst  gt_ ’ iue’ratecI in time niamumuem of particle

~ht ’nani ics . Knouv irug t h e ’  c o  om lipusite ’ m lua ss pmo 1uemti u7s of the Imiode’l I Ic _ dole 4 - I )  c _ m nuc _ h tIme t o ) me ’ i m m g
t u i i o t _ t i o u u  ,o j ij o hie’ o h to t h e ’  model 0 1 ’  og uurc ’ 4 1 5 0 , a t_ ’ lmise’ d f ’our hmi ex pression tom tIme’ c _ Oc c_ ’e’ le ’ rc _ ut u c o n
c iii t oe ’  w m i t n  c m l  010db  t hue - mu imite ’ g mc_ mtccl tus m t _ c ’  -

I he’ re ’ s o u lts o u t  tI m e ’ c’ ouo o o j o~mr isoolm are shc su tm mu l’ i gure 4 2() . It can he se-en t hc_i t tIme fin mite’
elc ’ i ioe ’ l i t o.l. mt.m is u~u go io oh ag recml ue ’ mut us it lm the tht_ ’ oire’t meal m u g ioh bocm t _ l~ dl isp lacem usent solut ion .t t

!uusc’ t i  t imes whe’nu the app lied load us mie’ c_ o r ly ’ tc miu i imi at ee l I t-  -‘0.008 se’c’c nu t _ I I - l’rior to t lsat time
Ito,’ p t _ r im  mob o o , oh t _ i msp iae’c’ ument c’o nmi}ooo nue’ n t is si g nif ic. o m mt , and Sitm d’ e’ averag ing finIte e lcm m ic ’m it chata

te nols imi nullify th u s coniponcrut the c_m g me ’ c’ n iuc ’ mut c’am u ’t hoe e’xpee’t eci to be c_ us good . , \ l te rm o. o t mv e ’’
It’ , rut-g l e e  tin ig the’ j o t _ - r i o  o c i j eal eonmiponic’rut iru the th eoret ical  so ohu i t o o n produce ’s g c oot _ I ag reen mme imt
it c_o il t o mim e ’s

‘I hId’ t o  orc’going re -s t i l ts  I mon o the .mx st nmm t im ctmi e ’ nuoe ie’ l e’nahhe the following conc lusiomms
me’g.m mo i ing t h e- .opp hic ’ah) i l l t y ’  of the finite e’ le’tulcnt nuodehing tec h n i que in head inj ur\ ’ stt iehie ’ s ,

( I )  . \ c ’ c p t c_ o b l e’  agreement b e t  us ’c e ’ mo finmt c t_ ’ lenit_ ’nmt antI finite’ ci iI’I’crc mst_ ’c rc ’ s tm l t  s (‘or .011

,m’. st mmnet r ie- hec_te l inj om r’s’ mod el us c _ os achieved for c _ i s hi m mt duration load puilsc ’ ,
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( 2 )  5 1 0 c _ ’;’ t f  c c l  ste p si/es , u ssoo cm c _ ot e t _ I  w it h time l nuu l m ho c ’o t  im ute ’ gmc _ m t ions st_ ’ b o e muu e ’ t o t  ,mIoo ut 2 , 40 .
~ (l , c _ un it _ I I (it) time’s cr i t ica l t inu m e s I c _ -p s i / c ’ e’~ hihiit e’d 11c c_ o mIt’ ide ’m utlc ’aI res o m lts , b l o t  is indicative
of tb mc ’ c-I t t t _  it_m t o i t i l i t t  out  t ime un iu p hicit sc ’hc’ mu ue im u h iec _ ich miuj urt ’ s tu dies Ss’ i t bu t y p i c  ui app lied load
‘.iu i r , o t i co mu ” .

3 o  I lie’ t i t h e Im is u cor y  o u t  o ’ ig icl  b o d y tr , o tus l , u l io o ns us c _ is p redicted c_ oe ccira t e ly ’  tour  blu e c _ o \ms y l uu-
uu u e ’ tr I t _ ’ hic ,o~i unj urv h mm ( . ud h o .’l

~4 o “o i o t i u m la t i o mu o ut ’ ho rc _ unu m iu , mt c ’ r ic _ ml  uu ,os .ie hics’ e’ t_ I suc _ ’ cc _ ’ssf o Ily’ ho e’ hc ’p c - t ic _ ’ r u t c _ n g  t he’ us o o p .o r a ’
o u uc ’ t ruc ’ e’Ie’t uue ’ m ut ’ s s pc _ ut t , I l  i t i t c _ ’gr mI iohl to ) onle- point e1 t ua t_ i r , i tu mrc ’ c _ mt tbsc _ ’ c ’ leluu e’ hut center , c _ o nì c h lo s ’
‘ . j o c _’ e u t  \ ‘ im lg time’ slId - c _ m r  omuoc lu huo s c _ o n m c i the’ b ulk nmoeh ulus S’a luc for brain miu c _ o t e ’ r i al ,

( 5 )  I 0 t i le ’ c_ - s I t _ - n i t  t hc_ u t atm ,i x is y  t tm i uc ’ t r i e , s h i h memie ’al she’ll is ,i s ol i d l mec _ o dh inj ury’ t muci ~Ic - i . t he’
f in i te ’ e’ le ’m uuenm t mmu e t hi t u ’ .h is s h ioss ’ m m to hoc ’ on c_ Ic-curate met hod fcor  Iue’ c_ oc h im mj ury ,om sa ly ’ s is ,

1(o  I lue ’sc ’ re’stt l ts c_ ins t_ I time s- e’ rs ,ot u l i t y ’  of die f ini te c’ len uem m t uue ’th mcie l c’nc’o1ir~u gc_ ’s Is  c_ o pp hi-
et c _ O t i O b l  too I t o  o l e ’ pc_ ’ o o t o t c _ ’h r i t _ ’ ,iIl~ com plex Iuec _ uch inmj ur~’ mo de- Is,

Pl c_ one Strc _ u inu Model

H inlet c _ s t  its this tuiocie’ l st iu h\ us- c _ us the influence of nuore realistic ge’o imic ’trt’ om u sku ll
be nd ing c_tm] co mm ci st r i loe mt ion c o t  intracranmial pressures Knosvlecl ge aequ irec _ i 0 ml ’ t huese par o
nuehe ’rs could c’o u n t r o bo ui te to us - h ut bc _ us iieen Icarmied prcu’ iocmsl y eomiee mnsing he’c_u d i m u~e mry ’ from ui
ax isy’nunuetr ic b u m o ut _ ic _ Is ,u ti c_ i c_ uls o intinsate whuat cams be e x p e c t e d  in t h e  c’s e’nt t m c _ ml e ’ x te rus io on T o o

thm rc ’ c’ —d ibmie ’nsion,m I mod eli ng.
.\ plane’ st r~oo m m nu cu c_ hc ’ l us c _ os eo nsst ructech too  s iu usu late ti me ge’onuetry’ ou t ,u t m nsit  s l i t _ - c’ of due

h51 0 j~~,i c _ t  t tc _ ol  pIc _ u mse ’ out t he’ lut ibi man c’ran icinu - ‘ I ’ hm is model is showmu in l”igure 4—2 1 , I’hse gec ims i
c u  w c _ os de s - eloped t ’rconsu nm ueas en rc d t_ I atc _ u taken fmom um the piatse ( of  s t ’ t o u o u i c ’ t r t -  of c_ i p Ic _istid ’ mt _ l u-
lie_ u l o b  tile’ bm u m m u a mu s I-c_ cu ll. ,\ total  of 420 t’our—t mo de’ qe madmilatemal e lemen mts c_ o ns c l 4(0 t_) i500 c _ hc _’s cO)li-
‘ . t iluib c _ - tIle h iscrcti z,ot iobl \s in time a.’.’ .us y ui uiuet r ie nimot_ le l , t h e  sk cm ll bone is s i m m uu l c_ u ted svi tbu
tb ure’ e Ic_ my ers o u t  e leibie h its th rough the thi ckness , amid tiue red uced qcmat_ irc_ it ure e lem i icnm t s c b u c_ o r ,uc
tc’nte tIme’ ( ‘ i iC, l b Osu i Ic_ O tc ’ci bm ,u i mu i i mc _ o t t e r ,  I oc_ mdi ng ss’a s prescribed as c_ I u nnifo m mm uly ’ irs ing pres-
suire’ us th u c _ o s  , i r I c _ u I  io un m tm due’ tour t i i  o o l .0 hias’ crsine fc m nuc tioms , ‘I’he o icirc _ ution of loc _ ot _ i ins g us m s  1(0 o u t s
ss’h m m c ’h os i t  m u ’ .  uI o u t  dh l i r c _ u m 0 0  o o m ’ .  iru u’ eb uie le’ tut_ ’cichc’nts - ‘  \ t inuc step si/c ’ of (1 .4 nis us _ os e’h uuislo t- e’c_ h
j im t he’ ilo tc _ - L ’ r , u moouro of til e ed lumations c o t  nmot io mm, Rcutm nda i’ y conditions us’ e’ rc- t_ ’ h t o o s t _ ’fl t o o  s i i uum-
Lmte’ rc - s tr ,mooit , c_ m g am m ust l i r p t _  rugidl h o c o h y ’  m ilotioni s c_ It tise b oc _ o s e ’ ( O f  t ime ’ c’ rc_ unium us 11c c_ mm die neck junic ’-
t o mr e ,  In thu is u lco c he l tile’ sk cull us- os treated as c_ i closed c’onut a immer ,

l’t’ c_ ’s b o I l s  c’x~ue m im uic ’ o i t c _ o l iule’ c_ lsoo re ’ n lc ’ i uts o o l  pi’c ’ssures imu the m m ml d hs c_ ug i l t a l  plc _ m o le Ilas e’ imm t _ h i e’c_ u te ’ t _ h
pre’ ssul me ’ g mc _ oh ie ’ nu t s I c o hoe ’ h imic ’ c_ or ly uc _ mryu i ug  l’ron im eo rsm prc ’ ss ooo mu to ) te ’ mis io nm ill on , o u m t t _ ’r ioir Ic )
Ic’r oo or I ‘s—I ’ ) s t_ misc ’ R t _ ’ s t m lts o of  t u e  plc_tI le’ s t r o m  m oi m o ici e lcm i uo tu str c_ o te that thus c o ot _ m It _ i  o o n ml s ’  lie
true t o o r  pmirt ,’ t r , ou us l , ot i on m cot ’ t hu c skull in ti me ’ \ P durec ’ to ou im ,  1 mm ,ic :buahi ty ’ , four  t u e  sc _ mt i uc ’ Id ou ss ’ ,
t ho c ’ l ur c ’ s so m re ’ p roof  ile’ u s o l l  be de’tc ’ riuimnec l lot t ime mm c ck c’o i m u s t r c _ u i n m t s  c_ O mit _ h time re’s c m l’t_ itu g re’l c _ m t is ’ e’
‘‘ nu u ’s t o i rc ’ ’’ bo e ’ tu ~t_ ’ e - oI  tr , m m is l c _ m t iu in i  c_ Or b ! mo t c_ It iouib 0) 1 due’ he at _ h 1m m I- gu ime ’ 4 — 22 the ’ pi ’ e’ s sure ’ pmoi
f i le ’s are’ c1u ao,Ir ,ut ot _ imu t ime ‘ s — I’ o h i r t _ ’ c ’tio)fl u s ’ mt hm c on m s u h e - rc _ i lu l y ’  more’ tc _ ’ ius j le i t rc _ ’ s s l mr c _ ’ t l l c _ i h m us e o tn l o .i
rd’ s t m l l  t I m u  .0 Iimucar p roof iie’ , I”i goi rc ’s 4 2 3 c_ t I l t _ I  4 24 siic iss’ time pressu re lu ustor ic _ ’s c _ ni t hu e ’ l u t . m t i i
and the st re’s’ . Iii sb in c’s i mu I hue’ o m m tcr ta l ole’ hum (hue , re s p e c t  is e ly ’ -

I u u o o  , o o h o h u t i o u t u c _ o l  c o o t m u p u i t e r  tunis ss’ e’ rc’ im iade us ’o t im t ime tus’ o— dimmiem is i our uc _ o i t itanic ’ str ,o i t c _  imuc o ch c _’i
( i f  the o i o o c h ’ . . c g o m t o l  plane’ I hue o ho j c ’ c t i u d ’  oi l thle’ ”t ’ t u u ou  r im ims 5c c_ m s tc ) CVc_ ile i,olc’ t Ime ’ inuf ’loi c ’ nm e ’c’ c o t

(0 1



- -

f

‘:0’

-r

~‘ - ‘
f

(m ,~

L ‘ ‘ — ‘ - 
—



c c  ~ 

r

0 0 2  ‘- 

~ ~T”~ ~
0 0~~~~ 0

/ ~ .~~

/ ‘
k \ ~~~~~~ ~~ ‘ . I

/ 0 ’  , \ 
~ 

5 1 “ ‘ ‘0’
/ ‘

~ 
‘\

0 ~‘ _ 0 0 0  ~ , ,

~~~~~~ k 
- ‘ l \  4~~~~4

~~~~~~~ I \ ~~ i~~~~~~~~~~ 4 4 ‘
‘
~~ 

‘ 
t O

~~~~~~~~~ °‘~~~~

‘ —k~’~ 
‘
~ ~ 

“ ‘ 1 o

~~u o o ~~~~~~~~~ : o o ~~~~~ k
1 ~~c c

i 0

r
~~~~d

0 0 ~~~~ 
- 

, 0 ‘
~~~ ~ ~~~~~~

‘-if 

~u 

‘

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

W O 0 ( t s n ’ ’~~ u

-
I O u , , ’.

c i  4 0--
D 0 .~

= 5 .‘ to ’ .

0 - OO , 4 oo os

0

I - c g o o r c  ‘4 22 I’ro.’sscu rc’ It m o o t o l t _ s  on  ( :b oo s i ’ ,I l t r c _ oomu ,

63



0 0 0  

‘
‘

~~~~~

‘ —

o o o o ~

’
O o i o s O

0 0 2

0 0  0 -

~~ o \ O i I , c ~ 4 0 0 0  0 0 0  O t t oo:O

0 O 0 o ’ c ~ ’. o t o  0 0 0
0 0  0 -

0 0  S

1-o get r e’ 4 2 .4 I’ o c ’s ’ ,oire ’ I l u s o o o o ’ ~ o t t  ( Icu sccI ( nc _ t om , ,

(04



- 00

I

I 

. 

‘

~0’ 
O,~

i~ ( u st i ‘.5,,) oc o ’ ., ’,’.o,,01 t o o

(us



vi sc o oc ’ h c _ o s t i c  shear nmu d )dl u iu is c hi c_ u rac ’ t erm z c _ u tmo m ns of bma imm nm ua ttem , I’he’ g t _ ’ uo mu l c t r u ’  pc isse ’ss e’ ch a
ue ’ I’ulc’ o,I ,‘‘ un’ tste ,ud o t  elo ,’se’ ,l , skull c’om m ’of ’i gura tiot’u h o t ’  pr~ 5 ’mt _ h ing c_ Ill o pets ing at time fci rammuen

ti o c_ ug nunim . ( ‘ 0 o mts t  r ,oinuts usc _ - re ’ provided c_o g ;oimus i t ran us latioi m c_ onsd rotations near tIle o pcmmins g , ami d
t Ime ’ c i y ’mi c _ u n u m oc , boat _ I s ua s ~mpp lie d t o o  time ’ l’ore lmcad region jcu s t os l’om t Ime’ previous munms ss- idm thus
mu moe lel , l iie’ m iic_ ute ’ r iai properties four  tIme lu mc _ u imu slums mu ni i’c _ u h lc - -1- 2 us’erc e luose mi so that time
s bie ’ c _ o r nmn uc iem lu ms us _ os st ro nglt u’isc ’uuc ’ last I C ;  theis , t he’ im i i tmah s liec_ or modulus salt _ m e us ,os 15 ,5(01 )
psi ,mn ch at t ile’ em it _ h o of  10 nt is t u e sh meam nuuo t_ iu lus c_ Iecay’ed to 2 .242 psi. \‘u huil e time ’ shec _ er re’ -
Sh i c o m u s e ’ us os h iu c_ uc he ’ sI rc ou o g lt t l e ’ pcimdc ’mmt omi tinme ’ , t Ile’ imu ulk miuoc l e mi t _ m s uvas eomisi ehe’mcd ,us e las t ic ,
I c o  c_ -st u b o l ishu c_u basis fo o t comm ipar isom i , c_ i eo ) nu m plc ’ t e l y elastic e’haraeteri -i;mtioim o f h rc _ i m ms Inc_ utter

us _ os e’nm plot ’ec h iii t h e  sc’ e’ ou ’ id  : 0 o ) n m m l uci t c ’ r run. Fm g u mr e 4-25 ~h m o ouv s t h e  stre ss h io ’ . t o t r ie s for both
t_’onipt_ite’r runus I mu it ic _ mIl y ’ , muo ci 0 c rent _ - c’ m u t but _ ’ res pommse us ,os noteci , but c-u cit t uallv the inuiier-
co t c bc_ uns p ing pto)pe ’mtie ’s of ’ t Ime s iscoc i ,ostoc m u i u t  crial m m mc _ u n m ife s t th e m mmse iu- c’s h o t ’  d o s s ij m ,utim s g tIme
e’mme ’ r gy c_ It .0 t_ ’ uo mut m n so oo u is ly t iuc ’rc’ c _ msom u g r o t c ’ us ithi tunic ‘s t 7.5 uis , lot t_ ’x ai m m p ic , ap~uro xi t uu ate lv
onuc’ - hualf the’ c_ l ost b e  s t r e ss response b i o s  l ice - mi dlat lu pe ’ t_ h bu y time ’ u isco elasiic ch u , mractemi/ c_ ution ,
I gore 4-2 (o shoss’s the imenmei o ng stre ss hus t oor v mm m t ime ouu t er  f ihuers of time ’ skull hone at t h e  site

c o t the I o I c o s ~’ , x i t u ec _ ’ time lu rc _ o m ni us . ut m c_ - f  f t _ - c t , s c m t l e ’r mn t h e  u iscoc ’ l c _ o s t i c ’ c’ c_ msc ’ . the e l c _ m s t o c _  s kui l l boone’
nuu mst d e f lect  rumo m re ant_ I t_ i cvel c o p imm g hier st ress e s tl m ; ’,; c _ t h e  d us t c b rain c .ose.

)bus ’ i o o oms l \ ’  .0 s’usc ’oie’ l ,ust ic cib c_ umae ’ ter i /c _ o t uoo b l  h m , m s gre- c _ mt i n mf l o ie ’ t i t _ ’u I’he cii ff ic ’ultv is in die
‘.h ete ’ r nm mim i c_ m t ioo n m c o t  .0 fl it_ ire’ c _ i t _ c  b r u t e ’  m it] re p rcse ’hut .o t uu c’ u o s c _  o oc ’ l , os l  mc ’ s luc’ar numoc iu mlus formi sc i l.mtion ,
I hue’ (site Usc _ oh  i t S dims aim ;o ivsis , s Itu osvn omu I c _ m iu l e 4 2 , us ,ms ar ho t I ar mlv iO ,05c_ ’ c l  0)11 c_i i’ oisson s mc_ utio

s’ c _ o l ue’ of (I , 4 7 5 c _  but from th is mni t ou m r imc _ o i  ohm c_tn mo ic ,o c c _ mnm hoc -  g , u i t o eci m s to the sensit i s ’ mtv of t _ R ’-
t s , s m umc _ c sI-cull rc_ ’sponsc - to ) ‘s’Osc _ 0 u c_ ’ I,is t mc brc_ o inm t ib ~it l o b  I his umutourm u mat iomi  us fl 055151 unm due’ e isc _ u r c _ mc’-
te’tI/ c _ O t 1 00 1 0 of I or ,u im i n uu c _ otero .oI pro~se mt ies i i i  ‘.uho ’ .edllmc’h t t t h ree—c l itu oe ru s io m nm al mu uc uc lel , mr sc _ mi y ’ se ’s .

I hoc - c ’o nm ipuitecl im e ’ nue linig sh ape’ ( of  t ime skull re s t _ m I t  tug frontu time lco at_ I i ng c _ mIs t _ i bo ( u c m r uc ic _ u r y c_ ’ o ot i -
e l i t ioun s cht _ ’st _ ’ mi l oo ,’c h c _ O i O O 5 c _ ~ is pres e ’ nute ’ t_ i in h’ug uire 4 - 27 - Since ’ t hus us a linear . mm i c _ u l y s is , omm it’ the’
s h i c _ u l o d ’ ( ,Is o ppoos c - t_ I too nu uc _ u g n mmt uole’ I is ot ’ m t  c -r e-sb I hi c’ Ic_ mr ge’ st ben d ing stresses occurre d .ms

e ’ mu s il e - st F c _ ’sse ’s omu tIme ’ t isod le ’ cran u ial surf ac-c ,md jc _ m t_ ’ent to t Ime loe - c_ ut ion ou t  c_m pphicc I prc’ss iire’ .
I e ’ t o s o !e ’ s i r  c_ ’ s s t_ - s  ire ’ k nnss m m to lie c om tu t _ h u ic ’ is - e too h itme ’ an f rc _ mc ’tuire in cmani ,ol hone, I he’, c_ ore irmt_h-

e , Lte ’ o h on c-ot her  side’ of time ’ sL till st _ m t - f o d e ’  us lucre they occeur , Note die locatiomm ml intle’ c’ tmco i i
}o c_ ol fl ts us hume ’h o m mc l i c , o t t _ - , m so gmu re’ s c’ rs ,o I tour  I ue ’nci m u g  s m rc- sse ’ s in tIme cranial houi ne. ‘ l ’ ht ms , svhm ile
ti me’ Il iu o o h c _  I sulggc’st 5 t hi c _ o t th u c ’  ,tmc ’ ,m mloo  051 co i n mc hu ic o ’ , t _ ’ to ) l immec _ u r skull fractcmrc ’ is o mi m due’ ins ide ’ stir-
I mc e’ n i e o ~ t u e  I, oochm n i g .  an .mb tc mn.m t ms e ’ b o o . 0 ( 10mm us otuld i c’”,ist orm time ou isic _ he ’ sur fc _ oe ’e’ muear due’ top
o i t  the skull ,

\ l l  lu e oit _ I i mm g st resse s mmm the’ skull us c o d ’ 0 oh st _ - ru e’dh tom ruse - amue l su b sid e ss mic I mr o ono o zsl y  us ’i t hu
t ime ’ iu i°.e ’rsinc boc _ och oiu g I oum u e ’ t mmm n m , I ) o s l ) I , o t _ c ’ i ou e ’ nu t ‘ . 0  0 h b O~ )0) iien it 5 dime ’ to hendimug. tlmere’ foore ’ . sso u m lt _ I
,m lso o to mhl mi u s time ’ s. o nt u c ’  t muic bois tm u rv . I b oss c -s e r , tIme resu lt c _ u nmt nmo is ’e ’ nt ienmt lc_ mggecl helu ibid th e’
load ing i l i s h c f l ’t ’ Inu this instance ’ a sc - mt s lig ht c o  otmm mt em ch oek w use ’ rotat iom m oil ’ time craniuoms ’o \s ’ c_ ls
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I oe ’ o us c- c_ - lu  I comic ’s I out cl o uc s muot solot _ Imt t i mei u m togct hser. Sut tire d ust_ ire hegmnus it c_ t hmout age 22
eons  us’ he mm u o s s u l  I c  c _ otm ol bm c- ohm’. c’ r t s  t he so ) f ’t Ii a l imme cc _ u ntihc _ o g e coatimmg c_ mt the’ J ( oihmts into) h one.
Inst t hue s , m gmt t,o I c_ lilt_ I sj i i ucn ou cl c_ u l t o  omutc _ otue ’hs 0 > ss o l  t - , t imeis c_ it age 24 t ears tIme coromuc _ il so iture

o o s s it he’ .. c _ tilt _ h c_ ut age’ 2 (o time ’ hc _ o n m ht _ io io.Ial amuc h occi p ito mu’o astomi d sout ture s ossify . Betss’ee’nm the ~ugc_ ’
o c t  2 (o c_ i nch 30 , 0 o s s i l  tt _ ’c _ mti o mu is i’er~’ rc _ o pio i e ’ o o h nu pc_ ore ’ d to thue’re’ c _ i f ’t t_ ’ r when it ub mous  s doss - n, ,-\ final
h o c m rst  t _ O l  I oss i t  ic_ , ih iohl  o t t _ c  tins uu old .og c_ ’~ ,\ i’m pa rem mt l t  this o ss i f i c c _ o t i o o t u  is imm dc pe iude nm t of sc’s -

\ t c _  m l t _ h mse ’ rc t m , c_ mt uo mm oi l ’ t Ime sk eul l surface ushic ls irue ’luciec l ‘ s m otum re ’  ele mu ueimt s ’’ ‘.S IS nm ,oc he’ ,
,ihstlci 1i ut i t l g the specifi c it mon of ’ mum ec h uc_ u c_ uieal 1i r(upe ’ rt mc ’s for these e le mm’ ocm st s I see i- ’i gcmrc 5 — 3 o .
I ) m f  I c u l t s  h u h  b e e n  e’mms’ os io j uue’ ei us lo t _ ms tIle ’ em m t ire’ crc _ ummiuomi , including time c o omm i c ’t it 5 . usc _ us  too he
di msc _ ’ rc ’ tm /e ’ d h in a ruuat uuu er t_ co tms is te ’ mu t  u s ’ t t  bu the ’ suture c h iscr et i tc _ utuc ibu time ’ 1s t _ d o  secium to he con-
tlie’tim ig rc qt_ mire i mme - m u ts  l imos , t h e’ iohc _ ’ ,u oo t om m c ’lume iing s t _ mt mind - c ’ l emsme b mts \\ ,I s t_ h ms card et_ I , \ t  due
so nic t im use ’ the’ sco o pe - c o t ’ t hue hic ,u,I nj t irt’ nuot_ icl m umm g lut he noore c_ o pp hieahilc ’ to ad ults than to
t uninger m m it _ hiv i~h em als ,

‘s t  out _ lie’s s ui t  im c_ i preu - mous fi n mote e le ’ mu ucmut tmuode l of ’ t he e’ r c _ omm ic _ u l s t n t i c _ t  nrc ’ IS e umsel u dcch th u c _ o t
t hue s t r u ct u ral s m gmmmficc _ uuce of il-ic sandss’ic’lsct _ i or layered eonst rume ’tiohs ex ist in g bsatcmrc _ tl l y in
tile’ s k oi ll I oo nme ’ is imu m po i rt mIs t .0 mm c l shoulc i hoe i nc luc_ icci somu ’me hos’, m u the s u omi  ulc_ u t m u  - l’ isoe ng h
t hu is us cork m uo ,u ’ . he ’ u se  c o t  colio f 000 st t c shell-type c lemmmcnt s amm t _ i t ime present effort ss’ m ll miuc _ o ke’ use I of
solid eh c nme ’ t mts , it i s  0 sum ui p ie m iuatter to ) e’t f e - c t  t im is s i m uiu m l at iomm , . \  d hc _ ’ c ’ l sm oo i i  too m e lt_ ide ’ a b u t  c_ - r e ’ ’ 0
skull d c _ s c  l e t  i / u t  c o mm in the ’ ill \ I e’ ou t _ he uu ~us pn in m mc _ In i l\ ’  h o s e d  upomu the’ c_ mho s’ c’ c ited rce um i ummmen t_ i .m
dorm , I l o i s  rc ’ c - oommu hlm e ’ n i e h , ot i u n us c _ us I o ,oset_ l up mim e’on msi c ie ’ rc _ utiomu tour pro upe’r skull sm nc _ ’orgi h simmu u m la -
1 0 (0 1 0, \‘ e’t t he’re us .t_ s still ,on m ot h ucr c _ u c i vam ’mt ,uge ’ on t hue pro _-set h investi gation for ohcmum u g t his .

0 
\ ‘ .‘ t  t i c _ oh sku ll  l,~ one ’ is conuprisc’ t_ h oo l  t hirce d I O S t O i l d t  l .m y e c ’s of bomse t luroum g hm its t hui e ’kness , l ime

mnmner iuuost c_ lilt_ I oe iterbmu os t b , o v e ’rs are ,I c ienst _ ’ bone nma te rmc _ uI c_ um mt _ l c_ ire re - fc _ ’ rre c_ l to i s  the mnm u e ’r
c_ mn d 0 0 1 0 ( 1 ’ ta b l e  lit_ inc . bl u e mint_ Idle Ic _ o v er is l o s ’  c’ ommtrc _ i st a sc - It ’  p t _ o r c o u u s  hoime’ m um c _ o tc n ic _ t h inc h mu
ncm ue ’ rc _ ol , us t bmmcke ’ r t bm c _ un the out isc ’ r i t _ s o c  bc _ m y ers ; this Ic _ o v er  us n c _ t e r r e ’ !  hI  0 ,i’, t he chpboe’ l , m u ’ c_ ’r R
s i mm mt _ m h~mt m n g t loi s s t ructumre ’  us rh t h re e’ Ic_ it e ms co t  s oo l ich e ’ lem u ie ’ i mt s , O bue ’ hucit omnult ’ ec _ l l stomrc _ ’ s the mm ii—
t u mr , m l s ur ic _ ut  icon 0 0 1  sk o m h l Ioo une - miu c _ o te - n ic _ ul si i t t  l ie ’55 t lm r ( m t_ ig iu tIme t lm uckmmc _ - ss ( i rc _ mmms \  c ’ rsc - c _ I n i l s t o ’c o f o t  I,

hut mlso c_ t_ ’ s u ommso ~’s to m do ta in time ’ c_ u e’ tu ma l stress s t run he huas ’ iu’ur of ’ duo: skull I o o o o m c _ -  i ’ hu r s is imui-
no t  1 , 0 0 1 0  hmce ’aumse scot _ lu on fo rmuuc _ otuom m cc _ un i,me e’omrrc ’lc _ mte ’ ch ‘.1 ire - c -i It’ usob  Ii skull bommc ’ f r,mc ’ t o i re ’

~V hme re ;o s c_ I smmumu mlm m t mo o mm us thu a simm g le’ las er o f sh ell e l emum e ’ m u t s d i ll  ac ic c i t_ mat e lv rc _ ’ po’ csc _ ’o ut t i l e  d o t _ c r -
c_ I ll s t u t t  h e s s  l o t  time ’ skui l l hi o mr me , in e’ ;uutmot y ie ld om s c ’ f u i b s t ress s t r , u m r o  imm l’o r r t l , o ihom u loc ’ e’ ,mu isc ihic
,issi gt ic ’o h rn .mtei - i,ul II ’ o pe’rt ics is iu ist of necessit y lie uucrc _ uged om r s l m 1 0 0 0 0 t h u e d  u ,olucs

‘I t ue - re ,Irc’ se ’ uc ’r,ul rc ’ .o s doo ms su b s  t im e c_ r , m o o i c _ i I  s t r o m c ’ tu m rc ’  s l mooo i l e i  hoe s O huit m I c _ ut dch e’ , urc _ f h ilt- u he ’s pot c ’
t ime ’ l . o t _ t  t hu _ mt . gc - oo c _ ’ r _ i l l t ’ , hor , ui h m ch uo l i _ u g e ’  c _ _ o i l  o o c c ’ u m r  f n o o u i i  ih iu p c _ oc ’t imm tIme c _ i bosc ’ m i t _ c _’ o o l  s kuill h o c
t o i t c _ - ,\  h mmme ’ c _ o r hec _ o o.l imuj urt - o o u o o , i e ’ I mmm u ost ime t_ u pc _ u ho l e ’ ouf b ir c ’ t _ I m e ’t mu g due ’ ouh ms c ’i c o t  s kull t r , m ’ .’ tu mre ’ ,
it isuol  tIme’ t o o ,  t ou r ’  pr mue c’ss m os e l f  l mmt _’ I um so umu o mt the ’ sk u l l  l u c o t o c ’  re o s ole - o s t ime ’ muoel c_ -I Inure’ o i s c _ uh dl c ’
ill t he n l c _ tm m tgc’ iuie ’ iut o c t  Iu rc _ o i t u t r , o t immua .  \V l ie mm b rain o hc _ o n i c _ u g c - act _ c ut ui p c _ I i u i t _ ’s c _ u se ’s e l ’ .’ t r o d  l o re ’ , t ime ’
f t  o g oico sm s C u l l  hoc ’ c oo t u s i t _ Ie’ r ,ihmlt c Io i1 i p l im ~ o i t _ ’ oh  lo t ’  i mmt t uco ’ , om u , c _ l i mi l ee ’ im o on.

I hit’ e I .m ’ .o m e , t i l t _ I  o I ler t ial  b ur t _ c ’ s e’c _ i uosmm b g ho rc _ o uu t Issue c _ i ht e ’ rc _ m r iommu c _ to - c - lI, In tm al lt’ tIme ’ i t _ s u It o t

t lse pa rt i ct i lc_ m r us .ou on us Iuie ’lu t ime ’ skt _ m l l  o l e t o o t  t o o s  c _ t nt _ h , mhoso u n hus  mmo i l i , u c t  c l o t _ n p ’ s  imt e ’ , i c  h o i l ms b , o mmt _’e’.
Fhimis , u t o o t u s  th i s ia m mt _ l i l m e’ i l m , o t  s k u l l  l o o t _ i  o i r c ’ is  ii i t s e l f  , uom uh i m lo urtc _ In mb c - oouu p u mlc ’ mmt cu f im i i i mrt’ . c , u r—

r e t _ h  s im huu m lal 0011 of  t u e  t_ t , o o t o , m l  boo umoe ’  s to  i t _ b  lure ’ I’. c _ m l s o o  rm c - cc _ ’ss ,o rs um orc lc - r bo o  p r e d i c t  t ime ’ ih m p Ou t
i o n ’ .  c ’ s to t ime ’ iu r . i mi u ,
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i , imsec _ u r skull fraetc ores c_ ore die o uic us t eomsirnonly obsers’cd types of skull fract cm re , l,inear
f ’raet cm re ’s te nt_ I to occur rad ially frommm a poiom t of is mc_ lx imum ss deflection but t ls is pattern is

so imum esv h m c _ m t mmmo el ifiecl by irrcgcml ;u r areas of i)o mmv stremsgt li . Two oh)servat ions are inmupo) rtant mum
regarci to hiime ’ar fracture , I” irst , sslherm t ime blows cause s’erv lcmca lizecl beno.Iimsg t ime m iser ta b le
is t um or e sc - s t _ re ly f na et tmret _ i t is c _ uhu t h e  outer table, Sc’con d, the location of the hlc ouv ,inei the
path fou llowe’eI h v  the prou pc_ og ;utim mg fraetcmre arc related . For froiital blows time pathm s it _ nd to
rc _ it _hiatc .onc l sc ’r’, of ten fr aetcir e time thin bone of tim e orbital roofs . I-o r vertical bloss’s tIme
pc_ oths classically rat_i i ;utc outward os’cr tise top of the skull , For occipital bol omws , time paths
run towc _ o rei time h o c _ us c ’  amid the fomrc _ u mu ictu mmlagnurn . I”in;ull~~, for parictal I)howS tIme path s rat _ lic _ ote

b o ss c_ ur ’ . i  time ’ tc rmmpora l huo imc , l)cprcsseci skull fractures are usually caused by mnorc I)lunt m m-
pc_ lets c_in ch c_ Ire c luarc_octcr ii,ee l ho ’ , ’ depression or collapse of the cranial h)one ’s sandwiched struc-
teire , I ,c _ orge ’ tic_u t areas of iimmpact cams cc _ uhms e extensive collapse of time bomme and grc ’uil t ’ modify
t he’ smu l osc _ ’ t_ luent t_ ’tuergy tnans numi ttc o.I to time i)raifl,

i’hc skull boise strt _ met e mrc canm he thocight of as eonmp nmsc ’ .h cit cranial lmonc ~ arud fac ial
b o o n e ’ s . l ime cra r mic _ ul hme i mse comus p lex eont;u imss and protects tise brain c_ inch is tile nmorc important
mo f t ime’ I t _y ou  t y pes . ‘lime ske m l l hmo isc di scrcti c_ ’,c_ u t iorm slsould reflect this inuportanee , bcot the in-
c icm siomu of the t’c_ ucia l imone,s is mie’ces sa ry because thucir inertial properties seibstantia lh y inf ’lum-
eflcc’ t ime ’ resu ltmms g mumotion (acceleration ) of the skull , ;\s it lm ;oppens in finite cicimuent tecis-
mmoho gt’ , ~o reasonc_ ublc smmulation of ’ a structure ’s immerti a l properties cc _ mn be effected ss’ith a
sur prismiu g lt’ cc ) c_ urse ’ t_ ius eretmz ;ut iom s , I I he sc _ o m i ue ’ is blot true of a streuetuire ’s c’last ic opert ics , I

Iii t im is c.use all thsat is reqemired is a reasorsable simu lation of time immert .ial properties while
no q uc _ umt utc _ uti s ’ c strc .ss -str ;um n infomnuation is socugist in the facial h one stru’. tu i re ,  ‘ I’imercfore ,
.0 C( c ons ’ . ’ t .uc ’ uc _ u l i uommme ch isereti ,.ot ionm isas bc’c’ms included in tise Ii I’d cot_ he g :o ib m i e’t r\’

, \r io mt lmer imulportant cimims icieration us the neck strcncturc ant_ I us’Iuet iscr c _ o r not it sh ould lie ’
m tic luded .is pc_ un c o t  the’ head imm p. irv rm uot _ heh , What is of pninsar>’ concern is that osmamsv so-
c ,oIlc ’d Iue ,o~h inj umn ie ’ s c_ ire ’ c_ icte o a l h y neck injuries or neck-related m nj cmrmc - s ; for e’xa nmp le , eIc_ unuage
t o o  rime sp iru ol ccord c_ umud Iur;uimsstcm u m from eithicr the lmvp e’ rt_ ’ ’ te mm sio is or hvpcrflcxionm nmoe ics o o t
in ;tmr o s sc - mt e’oOiiinuhOml \ conmp le’te , ai l—ine lc msi vc h eat_ i i h5 b i m r t ’  imiocle l should l)c c _ ohmic to sui mi em-
b , o I c  the ’ium , I- t mr ti ue ’ rmu lour e ’ , damage to t h e ’ brain steno cvc mm thu o mug im caused by hiv imcrc ’xtens ion
or hi r ’pe ’ r t ie % c _ mo di o  us ou l te mu mntr ;ocrania l damage i)ccausc the braunstenm us largely sit e matee l svit lsin
t huc’ e’ rc _ um mmt _ ihm l ,

I’ ro iu u  c_ o practical iunmele l im mg stand poirmt huoss eve r , the- re ’ is c_ u jurisdict iomial c h i l eiu u m mu c _ o ur o s imug
I I,  o o t u  t ime discontinuous nature’ o u t  the imcad/neek skeletal strcictc m re’ anei time c c uo ut imu uou is
m u o n tire o u t  the central hers o h s  ss sneimm , Flue mu nato mm mica l structure o i l  time ’ s-er te ’hmr ;u l e oht mms o mm seig-
pit_ st s stru om ig lv t h m .t t  time ’ net _ k be mmmo t_ Ici e’ d e’omltint iol isls sumth c_ I t hmo r;mcic mum o dc l Soo ims stea d t _) t

us mi ii ,o sk till rumu o he’ I , V e t . Ime’e’ause the brc_ u inste m sm c_ t im c h spinal court _ h c_ Ire co m m mtiim i io ui s i t  tile’ ilc ’,icl
nice k uh it e ’ r f  -ace , o lt_ ’Ie’t ing the nce’k t’roumm i t he sk emI l tuiodel us unde ’si rc_ uble’ hue ’ cc _ u uusc ’ tIme ’ d e letion
I mm uu m ts  time ’ sco o~oe ’ o c l  t ime iueac_ I immju n’ nmot _ hc l to) inmj um rv prediction c - x t _ ’ l uu suuc ’ omt nee k-re b c_ ut ec i
n rc _ m u m rm l c _ o  \ t  t iuis tmmhu e ’ imr.t e ’ t oe ’a l ee’o rmom uui es ;onel n m m c _ odelimig t’eas i hil itt proh ibit tIme ’ ideal e ou mu ’
st , ic ’ r . u t  000n mt  .i t ’ m mnihm mme ’o i  liec_ ucI/n eck rumode l.
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’ tth e m u m t c_ u mueck s tre m ct o mr e ch m se nc _ ’to / c _ u ioc o tu imu t erc _ me ’t imug mt t u e  b c_ use of t t ,~ .k t _ m l l , tIme ’ forcing

tcmtme - t it _ o t m cuf  tim e micek c o n  time ’ sku ll t ic_usc mmi ust lie’ tre c_ oted as nce ’ essc _ o m\ ims po.mt itm f ’ornuation too t he
s kull Il m Oucbe ’ l  l’ h m us tore - c’ is c’i tr em uue ’ ly eh if l ’ie’ult to c’st mm m uate , ‘l iii s biis ie’ ci if ’l’ieu ltt ’ is not re—
h l i c ’s ’ d ’ o h  us ibm t u e  i r uclusio um u c c l  a gout_ i meek oh is e ’ r e ’ i m / c _ mt m o t i  hecc_ ueise t h e  sc _ m Ine - ‘urohii eni us’ oc c ml ’ . i
ex is t  ss c _ t b t im e spe’o _’ m t Oe ’c_ OtIOtm o of c_ tim in pumt forcing function c_ mt time loose ’  o u t time imce k ,

ifo uun .mnd I i o t r , L e m a n m a l  Structure , S im m ucm lation of ’ t ime proper stip isort coi i uc hit iot is t o m  thue ’
I or mo l u is c o O  ‘ u l i c h . I h b i o ,’ii t c_ l l Oni p On t c_ O hu d e ’ since ’ tIme hraimm is blot nigicilt stippc irtcc l uv oti min o ts  c _ d o n —
I m mm c ’s I see I p c_ nc 5 4 t o  or reterc imcc to tura i mu c_ t mmatou ii t ) . It is tet ise’re’.l at i ts  1 uc _ usc ’ hot  time e’\ i t

o t  c t’ ,uo u ,ml mse’n\ e s  c_ t mu c l  die’ hurc _ o m n ste ’ m u u t ’ronu t he er a msmtmmm u , ‘ Flue ’ faR c_ inch te ’ mmto n iu m no me rsmhuramie ’ s
e ric h n bc _ o f t _ o r  s om p p ’ . or t .  I b uc ’ se ’ mmue ’ i u ibrammes are muot s hu o ou s’mm , bout time f-aix lies imm time I u 000is c _ u g i t tc _ o l
pl .omu e c _ imuol cx o cm me l s  o boo t _ s nus c_ u r e h Ide - i t _ s c_ - c _- tm t ime two ) cere b ral iue’ iuuisp hieres . l Ime tc _ ’ mmtori u mm s u I c o n u s
to F c ,o r t ut iou u lot _ i t _ seen time cerebrum c_ ui ud c _ c r c _ b o o,’ b lcu u m , l ime se mmu is o h it _ i muicehi t _ imi t  of ’ t u e hrc _ uin us
st m rr , o t i h O , i c _ ’dh lo s ’ c’c’re h u rc _ il spum u c _ o l  h umid I S b -  00 s s ’Imi cbu is o hosp lace d svhemm th e’ hrc _ oins s hs if ’ts f ’roiuu toise
tet lue’rc ’ ch p 5 1 0 0 0 0 m m  to ,u umot her ,

l m itrc _ o cr 0oni ,tl oo lu m m mc s l m m t t s  umm eluc ee i bo y immm pa ct p’15 e rise to ius ’ d o io , us tc  ty pes of imsj t_ m ry ,
cot _ op oi ’ ,u imm imj u r ie ’ s oo c ’c’ u m r ml .01 b lue ’ point od u mmu p c _ ld t time etiergt is Seiffi e ie ’ hm i td) t_ Iami ia g c_ - t ime’

I ot ’ ,oi mu t i s s t m c ’ . I me - c ’ ’s i ’ .’f l i  of cl amuma ge ssm l !  h oc ’ proportio umal to ) time ’ app liet_ l I t _ once ’ mui ;o gnituide.
I c r o t r e - e ’ d u t _ m p br . ommm imi jur t ’ , oc’ec m r n i m mg oppdo’ . i ie t h e  immu h mact , will be ci c ’ p cmmeiemmt eipo mu rise th ree’-

h o  ti l o t  t I me c_ lpp h ie t_ I fore-c’ s c_ ’ c t i o r  c _ us sve’ Il c _ ms time mmmc _ u gmm utemde , I hu i s  direction will ‘ .he ’ ter tmuim ie ’
us ’ he- re, c_ olo ng tIme ’ sk m il l  imrain umterfc _ ice ’ . tIm e b unaim ’m te imcl s to sc_ pc_ irate gre ,utes t troomi thse skull ,
I he sc ni ou i stme -s s of time’ inj um rt ’ u t _ o I l  ‘ .Ie ’pemu ci on ss ’ Ioctl uen or tuot lot _ m u o rre ’g ulc_ ini t ies cx sn on

‘,s ho c ’ t h uc ’ r ex ist ib ug ncrs’e roc o s  e x i s t  c_ ut thc _ u t pc_ t rt i cuml ar sec t iomm of crc _ chum - al wall ,
I lmrc ’e ’ kinc hs cot  imr ,ui n tissue ’ alteratmonu or tc _ oi l c m ne dc_ oil he’ defi m meel c _ Os a result of ’ imuu p c _ t et

I 1mev o re c _ c u b i c  o o s s o c o t m , e’obutumsion 0 bur t _ muse ’ > , c_ inch con uf l re ’ssio io ci t time lmn;u imm , l ime first is imot c x —
p lc _ tun ue t _ 1 b y  el I to Ic  ml ‘ .or 1uat h io h o m g icc _ ul t’inc h imm gs as arc’ t ime latter iss ’ o , ( o mucemss iom u is attenmehe d hm v
lo ss c of cooiiscoousness . 1100 t r o u t  bc _ - n b oom us’ Imrie ’ f , c_ in c h ~s d c _ o t_ isc d e i t he r  hr dc_ uum ma g e ’ too time e’ortc_ ’ \ (in
to tIle’ a rddt ix , o b nmcc hm c_u mmmsn m ums the hm rainstemis . ( 1ot stu si oo ~us of t he brain c_ ore generall y ,ossom ci atec l
s s ’ mt hu t ime ’ c o  O t i j I  ams ’.i c c ooutre ’ e’oup iruj urt ’ mi uee ’ima nmi sm mus am id c_ ire ’ pat h ologicall y o u lu sc ’r v ,m b ole, ,us is
esohui pre ’ Ssiomni co t  tI me ’ b onc _ ton  t hu c _ ut r e t _ omI t s  t ’ronm immtc m nc _ o l hm le ’ et_ l ing O so mbu ’ . i tmn c _ u l  i me ’ nm a to i o m i , o s o . \ tm ,o
t o o t b O i c ’c _ u l I t ’  t h e ’ Ic ’s io m ns o t t  coo i me ’ u mss ocu rm , e’ omu t cm s ion , c _ l i l t_i c’oimi pre ’ ss io mh u o r e - chs t t n t _ ’t lt ’ c h i t  fercnt ,
Be’ c _ io i sc _ ’  o~ t timis c _ mb ’.1 lice .m i use ’ timer’ us e nd’ f l out simm i p lt’ m’ e h c _ mte ’ ci , eac h ss ’i Il muuost p roh oc_ ulml s require
,m sc } o ,oma tc ’ I o u b to rc ’ thucor t . I h ere- m s nmo re - _ ut_ o h m leo belies e’ that sume’ iu theories cc _ u t i to o  it lie b oc _ u se ” .h
uo pou bi ti me ’ I uimc i c _ utt ie ’ iuta l  nuc’ e’ hu c _ ummme ai plue ’ mm o mm meno ms of sI rc_ ’ss or t he’ geomuictrie ’ .mI phcom iobuoen o mu
l o t  s I r , mmmm. If not st rc ’ss c_ m t _ I str au mm , t imenu ( m m mc m it gilt c_osk , ‘,s’Iu c _ t t oth uer f .ic ’t o mrs c_ ire ’ t huere? l ime
c1 uc _ m b m t t i  ic ’s of s eloie’ m t t , , mc ’ c ’ mHer,it ion, and force b u s t  all cu l t m nmc _ ut e ’ l v bi l c _ t h l i t e ’ s t  t i me ’ mu use ’ Iu’ c_ ’ s i t i

sonme f omr n mu omt stre ss c _ omit _ I s trc _ o 000 patt e ’ rbm s w it i mimu the’ b rain i issoie ’  , I t  seci m us c _ ms t luouu g lm t h ese
ima t i c_- rims oil Icr tI le’ best c _ omit _ I t o o t  ost d i rect romim ic’ t o m pre’ t_ h ict im i g I urc _ o m nm cIc _ o o oo~m gc_ ’

,\s  t_- , ouo hoc st _ e li in I- gore 5-4 , t ime ’ Imummi c_ m n Iorc _ i in us stn cm e ’ t c m nc _ i l h y ’ c _ ’r s co mm u ple’ \ - It hue c o m umes
(u ho s ’ im mu is t bu c _ o t  sonic c ht _ ’ g n e ’ c ’ co t  i t _ i ’ . . i l m i , m t i o m m m  us nee ’’ . - s sc _ ony w imc mm ch isc ’ o c _ ’t ui in g tIns s i r o i t _ - tu m re ’ , l ime
an-air sis to cm ls ss t Im  us Im ic Ii sue m u lish pnc uceet _ l 0 l u t o t e  eletm iets i mec IuIuodo ) gv ~ did ) not eas ily allow
s c ’ } c , i n . mh i o i m (d is h i l -acc nm cmm t , h m s c _ u o n t m m m u o t m e ’ s )  oo t doe ’ s ,ur 000 mus immtrc _ i e’rc _ o mm ic _ u l c’o mm u po mmemu ts t_ Iep icte t_ i,
e’u’ e’fl t hi m u ui ghi t b i ’ .’t on e ’ s e p 1 1  o le ’  ‘. o o r t o p 0 0 0 u e ’ m m t s . It thus cc _ m pc _ ohu i lu tv  uvere o s , oob . o b u ic . t Ime’ f i n i t e ’ c i i ’
mtue ’ h u n nmct hmod coomu ld  , mil o u u s c_ on , u iu .ol ’ ,  s ms us - boot _ - lu ss om m lc l  o mme ’ lum dc ’ t h e s e ’ e’ ouo uu po i mcmmt s c _ os sc ’ p c_ u rc _ o te ’
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e’ni i t  ic’s its t ime ’ h ’ nc _ u ims ,  It os m l o ot pi’e’s’.’ i m bls , t_ v c_o o l , uh u le ’ c_ t hme ’ ne ’ t o o o e ’ . tI me ’ o im c _ o > o o o  oc bc ’ , o b ,,it ion hi  m m scm c l e l-
mu g time I r .m mm i  is  t h e ’  ‘.‘ d O tm s mo l et 1110 ) 11 uo ( ,u i uoo n too ci ct i e ’ u iis o ou t r , mcrc _ o muia l s on ne t  lo re  1 ‘ss o - ’ x o t m g  0 cb u’ ounih -

‘.‘ir’, o o o o i c l th s ’  e’qt itu , mh e ’ o i t  t o o  nbc _ it c u t t i m e ’ u m u i i , c _ e ’ r , u o u o c _ o l s o u T h -

I hm om i t  , hy n , u h iu ic  f i n i te elc ’ nie m u t st mess c _ o m m c _ o l y s u s  t ime ’ tss o u o u i e n o t . u l  t o o r c c ’ s  s o d t u p b t t  u muu p h i c t t l s’ c _ ore

hue’ uu icr r ic _ u I c _ oh ’.1 t_ ’ l , m s i  c o c r  ees . I lic ’ b ie r  t m . o l  t c o r c c  us imut _ ’ o ” .’It t Ime ’  p r ( o d b o i e ’t c , t  t i me m l i x ’ .  ,i o io i  0 ’ .  ‘ . ‘ . ‘ b o,’ r ,o

toni co t ’ . u t vp i c o b  l i ou d hc po imi ii t ime f ’ im mi te ’  e ’ I e’ bmi e bi t m im e ’ s h u , II t h e  m ndi s ic l iu . o i  m ii ,mss , i e l u s m t ics  d o t  t h e
bul l  c _ uc rc _om u i .o I  su b o s i ruu ’ .’ t o m rcs ~mre’ t , o irly u umsmtoo rm i i  t h e n  hue’ I rei~I o o t  i h u c ’ m t i c _ O I  t o o r c t _ ’ s  ss ’i ll dc himom iuoge ’ iut_ ’o i is

c _ ih i dh e’s ’ eo ’s us’ im c I e ‘.b mmc ’ c i lv p nu mpd on t i oo hmc _ o I  t o o  t u e  ,ucc ’e ’ l e ’ n , o t o mo i m I n b 1 .  I l u c r c f o o m c _ ’ , coo l - ree l  s u o n u o l , m t  c o t m  cot

t im t_ ’ t m c ’m’ t i c _ i l I’ o m’cc ’ b e l t _ h  is mmo h sOi hui t  ic - l I lt It ’ ,o i l e ’ t _ - t c _ ’ o l  l ou  h u e ’ u s s o m i m o p t o o m o m  o o t  .0 l uc m nuc o p ’ ’ . ’ t s e ’ o o io s  i l u t l ’ , m

cnc _ o nc _, o I s t r u uc i tm rc  s lice’ u u tnc _ oc n c _ u m i uc _ u I  n i c _ u t e ’ r i , o l s  dho bm c _ m s ’ c’ b oss d t _ ’ mu sm t  mu -s  b l o c _ o h  c_i re t . u m r h t  t _ m m s m b o o r r u i .

I huis is c _ u d l  t ime c Isc ’  wi th immterou , ob e l as t ic ’ I corccs , I Ime ’se I corc e ’s are ‘.he 1uc m ucl c ’ tu t um im umi time ’
correct si i u mu l c _ ot i omni  0 oh t i le - c’t _ mmmt _ I i t io n s  cu t cbi s p lc_ i e’e m umc t ut  e’o imt i n t _ u i t \ ’  hoem su e - c_ n t h e’ umutr ; ucrc _ um i oc _ ml
st u b o s t i  uc teure s , ‘ l b i c _ ’sc _ ’ e’oiuc b i t i o mn s ,unt_ ’ mm ot c_ oI us - ,ut’ s eom m t m m s o m o t _ m s  ;un’.I c _ t rc _’ u h i f f ic- lilt to o  c_ i~ f i t ue ,  ( 0 1

co i ursc , the c ’ I c _ O s i  ic t o m rcc ’ s  are’ a l s o o c iepem me ie’mst eupomi t Ime osiec hc_ tmsie ’al pno pe ntoe’ s co t  the -se ni,utc r-
,u bs bout t Ins is t u cut the’ t_ I i f t ’i c o u l t t ,  l’~u’ eim tlsoumg h th ese ’ m uu c’c’ hc _ o mm i cc _ u i I’orc o pe’ rt ies ,unc _ ’ ki uc tus h or

cc _ oil hue es ti m uuai e ’ c I c _ om It’ i c _ c _ I  r u d y  .0 mmci c c _ o mm lie ims ’ .b iv ot _ h tuc _ ull y prescr il oc_ ’o h , t hue d c_ is o mc to orccs xi oIl
c ’ c _ um i tuo ut he c _ u ct _’uirc _ oie ’lt’ si n ut _ mlc _ ute’d umule ss tIme’ t_ Iisp Ic_ i ee’h u m ebs i t_’obltil sumoty  l o o n  chs c ’oon m i m uomi t y  I con-
c lm t iorm s e o n f i rst  he ‘ . o  o r re ’ c_ ’ t lt ’  p rest _ ’ri lmet_ I. Simsee t lmis canmmmot b e  eioiue’ ,ms a pi’c_ ic l i t _ _ c_ ui mat te r
us’ it Lu present s t c _ i t e ’ o m f  - t ime-orb e’ , u b o , o l o u h i t s , 1 appears inc _ odhu s c _ u lol e’  t o m think um te’rt ims o uf moore che’ -
ic_ il l imm tise e 0 0 0 0 s t rum e ’t i t _ mm m ou t  tIme bn c_ u im m t_ i i serctm i atmonm , 1mm t lmi s c’uonmnect iomm , i t s l i t _ u t _ m I t _ i  lie bloc _ mu-
tieuflcc l that nuests eu msi t ”.’onuiu itv lit_s i~t ispcm vt bevoumd that of ’ esthetics . \\ here p~ ”.xm lm!e - the usses hs
I i st _ ’rct i / c _ ut  i t _ o h m  shomu lcl he c’oi ustnuie ’tcc l ummi l onh uulS ’ for t h e  sc_ ike of ‘.- o o iu i p umt c _ utmc un ;o l ,ut_ ’ t_ ’umrc _ u e ”,’ ,

l imos  c _ s ex i led mIT t  treme t o o r ’ cer r , u o im f u t u t e  el c io semut i~~p’.’s su mc bi c _ os i lucose bc _ it _ c t_ h t _ m p umu i tucom u m p c_ ut oh l e
O nile ele lr c_ i t  Iomm niu i la i i o un s , \c _ o t t u r , m bbu ’ , humore ’ detc _ u i in .0 ‘.ht s crc _ ’tu ,a t i omu puts ,u muee ’ c h less si r ,ut t l

uu i u mIme ’ u m t u i lo unm o i i i t  re’ c 1t _ mi r e ’ r uue ’ but ;ummt _ i su’ ihl c_ o ci vc ’ rse l t  itu f ’luoc ’ru c’e’ t uum mim c ’ n ic’c_u I ,o c ’ c_ ’ c m nc _ u c’’, iii t b mouse ’
c ,us c ’s us- h i t_- re time ’ c _ o t _ i ’ . ht iommc _ uI d i e ’ tc _ oml  is mne l ’f c c i m o , o b or m oi t u s .mo r , i outc ’eh ,

I imene .ore soum ome c \ce h i r000 mms t I c  tile’ icl e ’ c_ oh i i , otm omm c_ u p~u mom ,uei u us hb db u o rttl o , c s c_ i e’o otu i p lc ’te ’ ls’
u d o c _ r l d o g c_ ’t i c _ ’ o d I S  i t i tnc _ i crc _ u im i c _ i l  stnuidt o i re amme l o u m m t m r m u i  t _ ims dne t i y c_ l t i o hm , h Ioes e’ uvu !l he’ ‘.Iuse umss ’ .- cl

st_ ’ 1 o - or ote ’I y 0 mm se ’ t _ ’ t i o o O i s  t o o h l c  us m g .
“une ’t_ ’ t Ime’ b rain os to ot , u t t , u c b i c - ’ ! e’o i iu t i r uu uut ms ls  , m b o u o o g  t Ime i t u tt _ ’ rtic _ ul e’rc _ u nic _ ul us-all b uumt is s u p-

po mt e ’ ’ b ,mtm ’ . i tct isere’.l ut t h e i r  i n to  i t t _ c ’ , ,o rmue’ thuoio i  ommtmst  I’ . ’  o he ’ s ise ’ oh to ,o p l und i \ i m u i c _ m tc _ ’  t h is  sus
pe ’nst o m o m  I he’ so nmg lc Ic_ over c o t  t _ - lcm u m e ’ mm n s us hie’h su b uluml c _ i te ’  t h e’ subm ,irc _ m c’lumuou ic i  sp ,occ ’ us ,os b i rd m t_ b c _ l b

in o_ bs e b m ,osoc ’ I I I M  ‘.‘o o lld’ c _ o ot ib m p ’ u i rc _ mn moo r u i cr t h is es c - n n um , u l mts 1mm this sv c_ uy prom l u 0 0 0 t u  is n bc _ o le’ t o o t ’

t ime ’ 1 i o c s s m b o m h u t t ’  oh rc_ ’ l . o t s c ’ t i i oo t mo iu * b o c _ ’ tss ’ e ’ cn t hue ’ s ku ll c_ und l  b u t ’ c_ I i b i  01 t h s c _ m r  I mu b e ’ nt , me ’c ’ l ime ’ , omu.o
tonmy su mg gc sh x t i m c _ o t  timi s i t i o mt i obm nou g h t  o o c ’ c ’t ir bo e ’c ’c_ m use ’ t ime ’ im rc _ oi t i  i s  I l l o t  t_ ’o o h m t i m m u o o u m s  mu t im time
sku m h i , m o le - co b  t h mt _ ’  i l lte ’r t .Oe’e c_ o pp ’ .- u o  5 to b oc ’ Iulorie’ c_ o t e ’ch su - i th ce ’ l ’ ’ . - l urc _ oh s p io i , i l  I’l um t _ l  \ ! s O i  Iic ’ oom ’ o o ’
suit go - c oI l s  spe.i L c_ i c_g c u t  clc’ .u l , o l oooumt  mit r ,o ’ .’ r ,u r i i c _ mI s’ oo b o m t r o ’ . - s luI’ts c _ o mmc l tIme ’ ‘‘ ! o r ,00 n sT ~~’.It
mmuc ’e ’hc _ tr mistuu ‘° “  us but _ re ’  time ’ p roto m , mn c ’  bo r , oumu h a s  c e c I l  o lose ’ ru’ e’dl hhro uigh m l i m e ’ i te ’ c ’ c _ mis ’ , u r m u o o l o s  t o o  ‘ . i is

pl o t _ c ’  r e b , u t o m ’ c’ t om time i i u te ’ r t m , ml crc _ ohuu , mb us ill, lImit must  prm~t_ o c l itug c_ u ! c _ i~ c - n oh e ’ bt _ - imm ents ohoc ’ s t uo mi t i

• i o c  i O o u ’ . o o i u i t o  s i  o , ’ O c i i u t _ , ’ 0 0 0 0 0 0 l 1 0 0 1  I O O i ’ . t l d ’ , l o ’ l , t O  0 0,10 t t t t , t l t , 0 0  d o i  O , t , t O m  ii O t t i i l l d . t I  a u o i Ii I , c i I d’ o l o l l _ I t  , Oo r , ’ , l o du lo  It ~, tu o o m r  o u o m  m O i o - ~L ’ . u 0I

0 , r  0 mO s t u r t , t d

‘ ‘ 1< i i .  J~t O I I ’ to ,  , o o t ’ I  0 S I m - i , O t i o o  I It , ’ i t t , - o O ,  I ,,I ~~,tr0I
_J!Iu 0 I lO i ’ l O I , O . i  O o o o  t O o  r i ’ , o  I l l ,’ ,, 0 0 , 0 0 O t 0 0 1  0 0 0  tOt , ’  b r _ o u t . 0 1 0 l u l c o , I I

x t _ ’ o ur t ,su i r r o  c o o  0 0 0 0 , 0 0 ,  pp 0.5 - coo-
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i t s e l f  s o m o u u m b c _ m t e  t Ime ’ s o u l oc _ mn c _ uc’hum o oi ci s p c _ ot _’c , \mm c_ u pp roo ~)r ’u , ub c _ ’ set lob mumate -n ic _ ob prou pe ’rt e’s Imicist b e
axsogtsc _ ’d t o o  t is c xc _ ’ e’hc ’uuue ’hut s , c he peimt _ i in g omm ss ’ iuc _ ot time ‘‘ph uy soc ’s ’’ o f due su I ic _ I t  0 ) 15 is o c h ies’col
too hoc ’. I It ’ .- partoe ’u I c_ m r se- i u t ’ t m me ’ c iu c _ t tm icc _ ti ls rt_ upe ’mti e ’ s rde’c mu utuie bm t _ lecI  Icon ou t_ c itu due I II\1 do le
is o b is c _ ’ u ms s ec h imm (luc_upter s to c_ O hs ’ . 1 7. i oumt  it s h uouui l d bue sc _ uio l lucre ihc _ ut th is s p c ’ c i f i cc _ o t i oon ,  like c _ umm y
o oh b ier  ouic _ i t e ’ r ic _ t h property s pec i f ic - u t  cu t s, mc o p t io m m sc _ u I t im t lse III \1 e’o i oh e , ‘l’b se ci t_ er n’i~us pre’sc ’r me’
t nt sc_ - b o oh r m m c _ o tc _ ’ r o c _ u l  p rco b ’ oe ’ rty u’alties I c o n  c_ ubm y reg ion (if time’ 1 isdne’iiiatioru -

l’ iue’ f ,uls ,uoi’ .i te ’ buto n i t _ i l i t  nume lmi hm rc _ o l ue ’ s I mic _ i t ’  us c- i l Isrescni t c_ tm mot hcm c _ s  ceptions to time eo m s t_ ’ept
c c l a co ol l i p ietc it’ hobumcogc neo us ic _ hec _ o lu tc _ o t  icon of tIme cuitnacrams iab structure. ‘Fhese nsem uuhraimc’ s
se- Li unc _ i t  e’ tIme ’ um m t rc _ o e ’ rc _ ooum a l c c _ i t _ m It im uto se’paraie eom m upartmmmcnt s c _ u tmc _ l  cc _ in p r ou’ uchc _ - muic _ o l - support
w h ic h usc cui ld resist uist nc_ ocnc _ unu ia l u t _ mi t _ mimic  sh i f ts ,  ‘l’his is c_ on iimm m)ort ant strue’ t om r c _ u i m l  icicncc ant_ I
t here to  ore ’ s inmu b .ui 0 0 0 1 0 t _ of  tbmc ’ sc ’ lmue b um h nc_ o i ic ’ s uv us gis’en careful eon~it_ hcration irm time III \ 1 e’odh e ’
dt_ ’s ’ e’ lcm p iu i c m mt . Ilesic ies tIme’ a nato m i uu ie - c_u l cvielcnec supporting c_ u decision to imse lcude thmen ’u , it miii-
t ic_ ilk app eared ,o strcuctua i si ism ulat ioms could lie e ’ c _ is oi y ef ’f’c’cte’ t_ h w i th hm c _ m smc tsu ’o-dii umensmonal ,
nicnm hrc_uimc finite e iem uuc nts , ‘I’imenc us c _ O s , h o i s t _ c t _ e r ,  a d issenting note meprcsentcc l lot ’  the e’xpcni-
miment ai wor k reported l~~’ Roberts , et c_m I.~~ - l u c y  conclud ed t h uc _ u t tIme existence of time hiidh ii-

i mrc _ m r scs rim-ache imt t i e dh itferende to time ibmtrc _ ue ra bm ia i pressem res suh micim they Isucascored. \c _ ’ s e n th me
bess , it uvc _ t _ x t_ hcdc_ ele d imsitia l it ’ to incorp o rate time effect of time faR and tentoniuiuu nscmmu lm rancs
into t h e  h I M  code,

\ 1,mr ms ’  obstacles c_ t ppeanet _ h in the initial iuttcmiu pts to discret uie’ t h e  uomtrc _ uerc _ u n uic _ il c onte m sts .
I )umn iimg time dcs’e lopmuue nu t t _) f  the diseneti z immg pro)ecss . SObi me simmm p l if ie at iom ms us c’rc iiecessc _ in il y
nmc _ md e to the nmode i to .uclume ’s’ e’ a ss’orkim ig ehiscreti i.aito is , Omse of times e ‘. imssphil’iea tm o mims us .u’~
d eletion of the reqc iircnuue ni for the mc rm mb uran mes c_ tnt _ i rc ie gc_ otiom is of their imme lc ms ion s c_ us a ree-
oiuumiucnc hec i fcc _ mtcorc ’ four futuire us omrk ,  1 but _ os , t u e  present III \1 dot_ Ic’ ‘.locs not possess time influ-
ence omf  t he m b strc _ ocrc _ on s m c_i i mmseimubnanc s , It us i mc hm e ’ s c t _ h , huc uus ’cs ’er , that t Ime met_ Is e l iscre t izimm g tecim-
tu iq tic U5t _’ o h c ,on e’u’e’mu t im -a lit ’  I oe’ mmu m t_ i of  oc t _ i  t oo  immc ’l um , he ’ t h e  me’nuh on ,u ne ’s

)ne’ (oilier pnoh ul c ’t m u ne’iati lmg t om t h e  b ume ’ nuu i o i ‘ t i c ’s s s ih l  s t i ll im~o s - c’ too be’ t _ o \ ’ c’ rc ’oh uie’ , It is not
c- le on hoo t _ v the ru m o o - ’.bimisc nsio ima l m s ue m uihorc _ t mu e ’ c ’ l c - mmo e ’ m ut s c.mmu ime’ kmi uc ’ticai l\ isoic_ uteel I r m t um c_ odlj ac ’ent
brain ele j ui emuts coo c _ Os to ) aele qt mate lu’ s u o o o u i b , o t e ’ t h e i r  i i t c ’m , o t _ ’ t i u o b m  - \s these ’ m ume tmulm rc _ umu e s c’s st in
time ’ skull , t imer’ are’ not ,mI I u\ c ’ o I c’ on tmn umomt _ ms b s usuth  , uo b i , mc ’ . ’ t i t  c’e’re’ Io nc _ o I mmu at e ’ ric _ u i . I” or exc _ u mu u pie ,
ti oo t ion o o l t u e  ee’m c ’hm rutmm in an , omm t c ’ rt ooo j oo o c tet oomr t _ i ure ’ c b i ois i s  not resus ie - ol by time ini— p l~mnmc
s t i l t  net_s oh the ’ Lob s , hm uehm u hrane , I loss- es er . it in thud’ s io miuic _ i t iomm , u se  mumc m hmc _ unc ’ c le m m ie nts c_ ire’
h o o t  e’ o i rnc ’ t_ ’t l iso ob c _ u t e ’ c_ I ( t_ Iis p iaee nie mut cci iuo 1ic_ t t i hli i i  t ’ re l i i m q u o msb oc _ ’ o I ) . time .uc _ b laee lut e’e’re’ im nc_ u l e’Ie—
nmenh s us uou u lt _ h b e - st if ’f’cnecl om it oc - ia ll t c_m el iuucorre’e’tlt imm tIme ,uu mt e ’ rmomn 1 i o o s t e ’r o o o r  dircctioni ,
I imer ef o ) re ’ , c_ on c _ o c icqtm uh e’ si i mmum l c _ o t iom n o t t  t ime’ tab c_c, ,uut_i te ’ m miono um ~uu ox imot mu c’e’c’ssc_ tn ilv aclm icved by

m u o e ’ rc’ It inclu’.iing it _ s o o —i ,fim iie ’ r ssio mn a l I m i te ’ e’le mm u e ’ m mts in t h e  dl is cnt _ ’ t mf c _ ot molm umm il e ’ss prom s- is io mm us
,o l so o m.mdi c for t h e i r  P~

’
~ 

o i ler t i Id- r u e  I ion suit hu acijc_ocem m t th ree — c l ituOelss i o u i uc _ u I , e’ercl)rc_ul elcmui e’mmts .
It us beiie ’s ’ e’ o i thur the re mx t e l  .0 tisird e’x c e ’p t icu i m to t u e  imon logem me - ot _ us intn ,oe ’r a m sic _ uh con-

t_ - e’ b o t ,mfl t_ l that it O l i s o O l u e ’S t he’ h u rai ns temmu s m mt m l c _ or i o i mm . 1 It_’re c_ ogc _ tmn u the h l l \ I  c ’ oo o bc ’ t _ booc ’m noi mc
e001 mm ut for the rati mt_ ’ r fi i mro em s na tuor t_ ’ of the b o r , u t t u s t c t m u ’ u e’onst itut use imm akeup , h > umt rc_ uthue ’ n os
Sunme’s ii t o o  be’ a hu mumm mou gc ’ m ueom e m s imm a teri c_ u l mel er mt icc _ u i to time s uum rob inel i img inutr ,ie ’ n a m u o c _ u h niater ial.

I 0 0 , , I o , - r t s . 5’ K O O t ’ i(’~I o o o  t o u t  I I “0 I Oi , o r t c , o ’ , ‘‘ i ” i u o oO I’rrs ~t Ir 1- g ro t l u eumt ’ . c ’~iu st ’ i  l ’ s  ooiu pao ’o boo tho O tUt iO , 01 d  skull, ’’
Iiiooni,’,I t o i o o , s  % 1 0 0 0 0 t u g r t O ’ t o , 5 5 5 0 0  - O ’ O t u ’I
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I he’ nec _ m t _ onus l ion th is ore ’ t ime s .ummm c ’ os t h ose o o t  Ic _ ret _ I  imu tIme dm s ee mssuo m iu o c t  the mumem uu hor , um i e ’ s , I- irs i

the t_ ’ o c r t s t t . i l l i h s  iimu l 000s c .c b l o s the’ hm rc _ o u muste ’ b u i ’s geonmctn ic ’ c _ o l  e’ o mbu m l u l e ’ x itr ’  prcu’cturc’ ci t he’ I c _ - , o b m , , o t t o o m i

o u f  .0 u ’ uc _ o ho l o,’ imut r , uc _ ’ n c_ u im ic_ t i t _ ho se ’ re ’ to ,’ c _ m tmo m u c _ ui mch , sec ’ oum m c h , tIme i im c_ m hi l it v to o sunutmic _ u te’ tIm e’ hinc_ iin st cn u ’s
kimue ni uc _ u n ic i l mte ’ rc _ oc ’ t iomu u v t t hm s iorro no m m ’ .h m m m g mi i c _ ot c ’ r i c _ o i mo o c _ okc ’ s  ailt c_ mt ic iuupt to) ‘ . l om so o m t ic _ uc is ’ m s c _ m I ole
c hu ur iom g tim e’ onit ti a l c_ I e ’u’ t_ ’iopmm’uent Cut ’ c_ u hsc ,u’ .I i m m ) e unv bumod id i , Ileec _ uci ce ’ t lie bnaimss ie ’no is gc ose ’ rc_ mll y
thioug lui to im ,ont c_ u f ) , ute ’ us’ o c lelt’ mu c- lou t _ ct _ i hrc _ oub m isj t i r t ’ , h toou v e ’ se r , it t _ hco e’s chest _ ice’ c_ u olt _ hti otu c_o l ,otte ’mu—

tiotu in t ime ’ b iiood ie ’I ili g p r t_ o e’e’SS.

\ ie ’t h mo t _ is o u t  I ) m se ’re’t ,’ , u i t l b s

\ t  due I o u t  se t  o o f  the pro o j c _ ’ct  . ge’oo m met n m t_’c_ i i e Ic _ ’ t c _ ti l  oh the’ mnodhe l sm .o s .uss mg iu e” .b bu ic_ uj or mflupor-
tc _ o t mce ’ , , \O O t I  o m m o , m h  Ic ’ niet_ is ge’m me ’i c _ utmoo l u  se lmenuues , us hmic is are’ fr eo 1uue ’nt lt .usso o c m , u t e ’ l I ut_ m u oort _ hi mic _ u r v
fir m u t e ’ t_ ’ T em uie’b ut iu ro lu le ’t uu c , u s c _ - r e ’ mn mi t ic _ m ll y reu led c o c _ m o  I cc _ ’ c_ ’ c _ o tuse ’  t h e y  us ’ e’re ’ t lmooug hum t o o  he c If ’ieiems t
om ms hv ss’it bs si im mp le’ cur . u t i . o l t ’ t i c c _ o i i v  t _ hc _’st_ ’ n ihc _ uh mi e ge ’ o o i m m c _ - t ry . \  ot i o rd arc_ leum us m m ic _ i mmuc _ ob c _ o b r } ’ o roo ,u ehl ,
b oumt ommm e nbc _ mi us c _ os c- ”c_ pectc ’ .h too be mumoore - c_ m p} s ro p n ic _ ut c for ‘.hscreto/ mmug c om m u m i m iex ge ’cm tb oe ’ t rv , us_ _ us
t u r s t  c ’ mi m hi c_ m r k c ’ d tu~u om n, b l mos ‘ .hec’is mo ms re ’so i lted imu a Lit_ - l it ’ itu tIle’ rec _ m l i i c _ m t io m n of ,u us o o r k , u b o b c _ ’ hm nm t c
t_ ’le’nmemmt d ise ’ rc _ - b u / , o t u o  o n oil rIse xk uII- Imrain s \ ’ s t e ’ O t o ,  l i u ome m g hm eu ’cntuic _ obl y an c _ iu to t imc _ o tm t _  Islet_ hi
g eh s erc _ mt ion sc - b r _ c _ mime ’ us c _ i ’ s  c ’ lb ip ll 00, c o I  s iuc_ ’ c_ ’ c_ ’ s st  l i l ly, it is believct_ i emccf ui to first c _ h ost _ ’ ouss  die’ ooru g t-
imc _ uI c tms c r c _ ’ t  u / o r m o l u  c _ i t t d l l m b O t s

\ I .o r t  t ic _ i l Mcxii ( ~e ’ ne nc_ ut i on ,  ,\  life-si ,’ ct _ ! p b,ust c _ c’ sku ih rep lica su ms inub uuers e- ob ~ni l i t  e ’ j ) u o \ t ’
o o t h i  b o o r  s u i b o s e m ,1u mcm u t nude  bt , oi u m c , ob discre’t i , ,i t i o otm. O mm ce ’ th e assc i iulmiy ss us coimmp ie te b r  co m e t _ h ,

it us ,us rc’mt mou’cd I romuu t i se ’ m m mo d t _ h c _ ul m t _ i t hue ’ mo rce ’ tc _ m lm g u m lc _ u nhv shc_upo’ c b us a tlt’ e’ei tt imug oj mcnc _ u iioot i c_ui’.i
I Iu c - re’,o I bc _ - n p o ohis imet _ i , I Ise ’ res eml tmmm g p ro o t _ - c ’ s x e o h c_ .usi ox sl u o c u s  t t  m i m I’ igcmre ’ 5 5. \ c’’.i tim e c _ u s s c _’ miu lm l y
su ,us s liced o~ut mm t hmmu s , ugc _ t tc _ m I sec iions , ec _ oc h c uf u t _ b u tch  ss ’ .nult _ i he o b I S c _  1 elI/e l by s m m } l d n o t t i b l o l s c _ t m c

. 0 gru ol 0cc- n t ime  sh icc ’ s  \ I d i s s i m e h m m c m m t s  re’I c_ m ti y c ’ to bl ue ne tcremi ce c _ I l l  I I I !  i , ite ’ su s t d b u m shso o s v n ss’ oo um lc_ l
hoe ’ nuc_ uc le ’ c o t  t Ime ‘ . l ix cr e ’ t i ic_ ut iom i  c _ t i l t _ i  c ’ m e ’ h i t t m , o blu c t _ u t _ l e t _ i  Ion omm p u ot  to’ t t u e  f i m c m t c  t’ !o.’ r to e ’ m m t mm io ’ .hei o f ’
I c c _ Id l ime ro - i cr e ’mue ’ e- c oc m nc hmmatc su stc ’ mmu is an e’sta i m i msbsc ,- c i so, s ten m I t _ on  c’ r , um u t , u b . i t i , u t co ru t \  , ‘(‘ he
\ c_ Omit _ i s - us c ’ s  lie’ in time I ’ r a t mk luo nt  plane’ I Imis p l c _ mi m e ’ e’ ommtc _ mm i u s tim e’ ,00 mchuho m rt hhu c’ , i t uu s e ’s .mmuc l tIme’
orbm i t c _ u i  c _ i c  o t t _ b i t _ s  I Ime ‘, ,O’ s us is co — l i  me’ ’,on us iths time’ line c oun mmme ’ ctmi u g t i m e’ atic h i tcurt ’  bout _ c _ i t l i t _ c ’s , c_ i15 t _ l

t u e  I - ,i \ i’~ is Iormmuc d by t h e  r ight b mc _ ommd rule,
l ime ’ e j m m >\ s  c os t  us o x slice ’ ’.! rotor  i m boi c ’ s ibm plc_ lim c 5 Pc _ 0m c _ m il e ’ l us’ith i t ime uuu i0 l s . l g I t , u b pic _ t h uc _ ’ , ercat-

m oo g  lu t e ’  el ooc \s’ s l, u b os l ime s I , ub os or t_ ’ s h momu v o o ,osscmuuimlecl m u m I ig t_ m re 5 ’ ( o  .\ t i t u t c e ie m iuemmt t uuc s lc _

~s os be ’ si ~c _ omc _’c b 011,1 soo pe’ numuu pos e’ ’.h oun cc _ mt _ l u si c _ m b . i ,o t_ ’Im s im pe’r i mmi p lo se ’ d I nucs h m us - c _ os cc u um pt_ use ’cl c’’.-

c ’ho ms m se’ Iy o h  c 1 uu c_ idnml. ot ’ .’ m ’,u b soubonc - g tomtis . 1 m m thu s uu’ ,ms time tiurc’e’ -el i mmm emm siommc _ t I ‘.‘Ie m u me c _ i t x .me h do m ’mum e o ,h
c _ u s ur re- ge ml c_ m r , Sm ’ s sot _ he ’d b r icks . c _ om u ’ .h time ’ ~I ts ’ .’re’ to /c _ otuoun us ‘.ie ’u ’u iu , b c o t  te ’tn ,uim e ’clncns s con tr ic _ omu g uul c _ or l y
s lo a1med c I t _ b l o t _ n i b s, h o  . o o idom ooomi  too  m u menc _ - It’ c hoscrc :ti i ing t ime ce ’ne i om , o h uo u l t omimc , t ime finite’ c lemime mst
o u ue ’ sh il c _ m s bo e c ’ m o hc ’si g uut _ ’~h to  o muc ’ I o mcle ’  time ge’ o o r o t c _ ’ b n I c ’ o b c I t _ b O i l  c _ O tt e’b m ’ . Iibu g t h e’ h , u b \  of ’ c’er e ’ !m r ti m m m
i mme t ou horc _ o ne ,obld time ’ t dl u io . o r uu m im i  of e’e’rc iie ’hhtl bml m u i c m i u b urc _ oiu e ’ .

I ) uo n ing t h us t _ h ’ .’u’ e’ I ou j u t i ie ’ m ut  period It  us,us ,ml so m ooc ’ t_ ’ t_ ’ ss , Or t ’ too de ’ te ’ mmim i nc ’ time ’ num m h hmcr oof  c ’ b e ’-
nlt _ ’ b ot s omi t_ I rmnde ’s d c j l u i r c d  lo in  amm .m t _ ht _ ’ c i i u c _ i t c ’ s t r u m c to m r a l  mt _ le ’ ,o bu / , u t l o u mu us hmm le ’ ke ’c’~muo m g the mmuoei ei ’ s
s o le - e ’eo nommm it_ ’ c_ m Ily nr ,o c ’ tc _ o l o l e ’ Rouu mg hols’  4 0 1( 1  e’ le ’ ib le ’ hu t s d’ c o i i s b i t t O t ’ . o l  the ’ umm u t o , o l o b us c ’me ’ t u , . m t mcmii
us t m ic hm Inmcluolc ’el ,t h o o o u t t  375 brick is t o ’ .’ e’ k ’ m mme ’nts amid a hm ouumi  2 5 nl e ’ b m b hr.mn me ’- t V j m e ’ c_ ’ bt _ ’ r t r c _ - r u t s , I mr
simulated ‘.Iy na m u ui t _ o i l  .upp h m c a tmombus m u  tIm e’ Imumt _ h S , O gO th . o l  i ul c _ mbm c ’ , s \ ’b ib m ii e’tn s ’ 55 ,05 i . i kt_ ’ t~ c _ o o hs ’ c _ o o u t c _ mgc ’
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of and t he discret ization was made about twice as tine. I loss ever , for unsymmetrica l load
app lication the coarseness shown is approximately what must be used because 400 addi-
tional elements will have to be generated for the opposite half of the skull. It was estimated
t hat 80() to I ,00() elements are nearI~ t he computer ’s storage ca pacity and wil l  adcqii~itc lv
represent t he geometry of the skull.

1 he difficulty ~s th the epoxy cast procedure arises from the parallel plane Concept
upon w hich it is based. W ith the restriction that fl O triangularly shaped elements are to he
allowed , an incrcasing l~ finer d iscrcti ,at ion occurs in planes farther from the midsagitt al
plane. I his presents an unacceptable mesh site gradation. It ‘a uuld be better from the stand-
point ot mesh gradation if the fineness of discretization would increase w ith radial distance
inssar d from the skull surface towa rds the center of the brain . Because wi th this latter con-
ce pt t h e  primary generators of the mesh must be radial lines , as contrasted with parallel
‘ect ions , the epoxy cast procedure would have no particular advantage. Instead , it was
t hought that a tractable approach could be effected w ith pliable, fine wire lengths placed
radially in th plastic skul l to act as main generators of the mesh. ‘Iwo difficulties were
to reseen wit h t h is approach. 1 irst . a few tetrahedron elements must inevital)lv be included
due to the convergence of the radial generators. Mix ing these elements with six-sided brick
elements ‘a as to be av o i ded for computational accuracy . Second, node point coordinate
me.isuremci lts ‘a ould not he accomp lished as casil as with the plane slices of epoxy.

\ ht hough sonic e f f o r t  was ex pe nded on the radial wire approach and the original C~~OXV
.Ls t °~~‘~ u~e did culminate in a usable three-dimensional discrctiiation, neither method

pr( iced to be satisfactory. I hese point-by-point discretization methods were too arduous
and did not produce sii t f icient ly uniform Jiscretitations of the skull-brain system. .- \s a
resu lt they were finally abandoned in favor of an automatic mesh generat ion approach .

\i itomar ~~~1eshi Cencra~ ion. ‘l’h is approach to the discretization of the skull-brain s~’c-
teni is prini.irilv , hut not comp letely, automatic in its computation of’ nodal point coordi-
n i t e s . ( )l~’~ ious lv some geometrical information must be put manually into the computer
bet ore it in begin to il scretize the cranium and its contents. I lowever , from a minimum of
user-s pecif ied input data , this method resulted in an automatically computed and optimally
unifo rm discret iiation of the sku ll—brain continuum. I’here r ias’ be some loss of capability
for capturing deta iled geometry , but the overall ease and expediency of the method far out-
weig hs that disadvanta ge . I lowcver , the big d isadvantage of the automatic scheme approach
‘a .is t he additional e f f o r t  required to develop the necessar y methodology and computer pro-
graril , w hich did not cx st at the t ime.

1 he automatic skull-brain mesh generator relies on I .ap lace ’s equation in three dinien-
5i0115 ,

V2 ’ l ’ \ V / )  0 ( 5 - I t

t o  uniforml~ d scre t l/e the intracranial contents. l’his classical form is applied to the I-J —K
inte ger space of the conceptualiied brain discret i,ation shown in l”igure 5-7 . ‘I he function
‘I’ is placed b~’ the unknown rectangular C artesian coordinates X , V . and 1, wh ich describe



the skull-brain system. l~hese funct ions are now written in terms of the independent integer
variab les I , J, and K formin g three independent Lap lace equations ,

V 2 X ( I J K )  = 0 (5-2)

V2 y(I J K) = 0 ( 5-3 )

V 2 Z( I ,J , K) = 0 (5-4 )

rhesc three partial differential equations arc then c.~ t into finite difference form , and
each is solved scparatcl y using standard iterative techni ques as described , for examp le , by
Smith ~~~~.

\s an illustration , the X-coordinate function of Equatio n 5-2 is found by solving a svs-
tern of difference equations comprised of one equation for each internal node. I h i s  results
in a system of 125 equations (5 cubed) for the examp le of F i gure 5-7. If a central diffe r-
ence scheme is emp loyed using the coordinates shown in Figure 5-8 , a ty p ical equation in
t he system can be written as

(N) 1 1 (N - i )  (N) (N- I) (N) (N - i )  ( N )
x =— i x  + x  + xl ,J , K 6 \ I-+ - 1 ,J , K l- 1 ,J , K l ,J + 1 , K I ,J - 1 , K l ,J , K+ l l ,J , K- 1

( 5-5 )

The superscri pts (N ,N- 1 , etc.) represent the iteration number during the convergence pro-
cess. Typ ically this number can be between 30 and 40 , depending upon the prescribed con-
vergence tolerance C; i . e . ,

/ (N) (N- 1)\
IX - X  I~~~e (5-6)\ I ,J , K l ,J, K /

It is obvious from Equati on 5-5 that the Lap lace method results in a simp le averag ing for-
mula for computing the coordinates of internal nodes. This results in an optimall y uniform
brain discretization. It is worth notin g that (iallagher ’4 has observed that mesh un iformity
is desirable for accuracy in the finite clement solution process. i’his is particularl y true with
some incompatible elements.

• I) Si i i N irii, ~ r u .~ I ~ ,I ution of p~i rt al dii kr,~ii I al t~quat io ns. I ondon . Oxford Vn v c rs i t y Prc~~, I 9~ 5.
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l)uring the iteration ~rocess the nei ghboring nodes surroundin g an internal node near
the surface will  periodicall y lay on the cube ’s surface. The coordinates of such nodes are
prescribed data for the l a p lace scheme and arc fixed and not subject to change during iter-
. lt ion .  Put anoth er ~~~~ these data form the boundar y conditions for the solution of Equa-
non 5-1 . I hcsc data are taken from actual skul ls or p lastic skull rep licas as shown in Fi gure
5-9 . Because accurate geornctr~ of both the skull and brain surface is sought , the prescribed
geometrical data arc recorded for the internal  skull surface as opposed to the external sur-
face. . \ long with  the X- . V- , an d Z-coordinate values of a typ ical surface node , the local
skull bone thickness is also recorded - Grap hical results of the iteration arc shown in Fi gure
S - tO .

lh c  skull-brain mesh generator , besides discretizin g the brain with the l a p lace scheme ,
discretiz e s the skull bone into three layers representin g the inner  and outer table bone and
the middle Ia~ er of di p loc. I his is accomp lished directl y (without  iteration) b y computing
t he outward normal at each prescribed node , assigning its lengt h to he the skull thickness
and then appropriatel y dividin g the lengt h into three segments. Everywhere the inner  and
outer tabl e thickness is one-fourth the skull thickness , and the di p loc is half the skull thick-
ness . ;\ four th  layer is also provided at the same time (using the inward normal) and simu-
lates the subarachnoid space between the brain and skull. Its thickness is arbitraril y selected
as being everywher e equal to the table bone thickness. The conceptualized skull-brain dis-
cretization is shown in Figure 5-1 1 .

T~ p ical skull-brain discret iz~it ions that result from the skull-brain mesh generator are
dep icted in I i gurc 5- 12.  The coarse facial bone discretization was constructed manu all y
su bse quent to the automatic generation of the mesh . Scale factors arc provided to alter the
shape or size of an exist in g discr etization (within certain l imitat ions) ,  thus avoiding the nec-
essI t y for havin g to re-generate the mesh when stud y ing the influence of skull s u e  and
shape . If warranted , more detail in the brain can be prov~dcd ltv prescribin g the coordinates
~t internal  nodes to coincide wi th  intracra nial  structures or more detailed brain surface shape .
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(i . ~~\ l  l l) .\ I ION 01 1 1 1 1 -  l I l \~ (:01)1:

Korn hau s c r 1 ’  h as suggested t h a t  w i th  proper va l i da t ion  the advanced computer  or
ma the mat i ca l  model approach is the  u l t i m a t e  quan t I t a t i ve  predict ion method in b iod vnan i i c
modeling I here Is , how ev e r , s cr ~’ l i t t l e  i n f o r m a t i o n  on , _ t s t  w h a t  ‘ pr op er v a l i d a t i o n  en-
ta i l s  Ven t t e a t  Ion oI l) ion lech anic al  models is more comp lex than ver i f i c at i on  of i nan ima te
sS s t u . t t l  m dels . I h i s  IS because it must  inevi tabl y  deal w I t h  expe r imen ta l l y  obtained in ~i so
or in v i t ro  data , s~ here the  exp e r imen ta l  t echni que and repea t a l ) i l i t v  of data arc adversck
.i lte ct ed by phy siologi cal processes

I sact solut ions  a— c avai lable  only for s imp le problems , and of t en t i m es  exp er imenta l
resul t s  ,tre ques t ionable .  \ er i t ica t ion  or mak in g  sure the program does what  it is intended
to do is the  responsibi l i t y  of the or ig in ator  Ver i f ica t ion , howevc. is a hap hazard process ;
there is no such t i l in g  as absol u te ver i f ica t ion It  has been propo ‘d by ( r i f f in ~’’ th at veri t i -
i i i  on be rep l aced by le sc i  ~~ conf i dence ’ I h e  level of conf i i t e of a program would
e i i u . u m t n p a s s  a number  of th in g s . inc lud in g  qua l i f i ca t ions  of the program~ 1cn , the  comp l e x i t y
of t he model , de te r m in , i t ion  of whether  solution procedures are standard or advanced , de-
gree of app rox ima t ion , comp arison wi th  theory and exp er iment , and the length of t ime the
pro gram has been in use. U l t i m a t e l y ,  however , it is the user who is the f inal  debugger ari d
he should not accept an~ program as being abso lute I~- verified bu t  should sc ru t in i z e  all  the
data  and then  teed hack to the program developer ari ~ errors noted

I he l inear  head inj ury model development was vtcwed as pcimar ’aIv an app lication o~
e x i s t i n g  technology and conse quen t ly  use of avai lable  computer  programs was indicated as
opp oseti  I I I  the  development  of a d i s t i n c t l y  new cotic .  I ’he computer  pro grani U~~Ofl which
the h I M  code is h ised 55 .15 deS elope d by l a ~ lor 2

~’ and is termed the I l . , ,\ l’ ( F i n i t e  E lement
.\n a lv sis  Pro gram) code. I h is  section was pr in ia r i lv  based on the F E A P  code ’s potential  for
alloss in g the specification of a general purpose code of moderate size to th e uni que problem
( If  he.id I n j u r y  modeling It i’ not large and unwie ld y  .Inu.I possesse d the general i ty be—
lic ’ved s u i t  ic ict l t  t i l t  t he  task M o d i f i c a t i o n s  of both an u n fo re seen  and an ant ic ipat ed na tu re
could be ci t ec t  t d  l iv  de lv in g  into  the code. I h e  elemen t l ib ra r y  contained standard ts5 . i
and t h r e e - d i n i c u i s i o n a l  I sop a ram e t r i c  elements , but  the I - F,\P code ’s u nusual eapa biIi t ~ for
c ( i t l l i ) i t l i t l g th ese e l e t t i e n t ’ . wi th  l inear  viscochistic mater ia l  behavior was decisively influen-
t ia l  \1. inv d i f f e r e n t  s t ruc tura l  anal yses had been succcs sflillv performed in the p a st w i th  the

I \P  t u l l e , and it ss is s t i f f  i c i ent  lv we l l - do cumc -) t cd .  Since its modi l ’ic at ion to tile I I  I \1
code f or m , there have been close to 90 static and dy namic  head i nj u r \  s imu la t ions  per-
to r r i t e u j  M. ;t i~ of these were dev elop menta l  anti of a debugging n a t u r e .  1 o date there 5i r e
nc~ known ercors e i the r  in the log ic or in the coding For the past few scars , th e f in i t e  dc-
m in t  method has been es ta b l i shed  is a viable th r e e-d imens iona l  ana lys i s  techni que Iw o  of
the  I I I M  eu ,dc ’s f e a t ures reco gnita b le geometry and linear visc oela st i c i tv  arc well w i t h i n

‘ 51 K irn lij ust-r l I s i i s l t t i i m t u u l s  n~ . I s I u u u g  a t i s i  ulung at i t  I ir u p s s n i u r p h  ic s iu i t t imues , u r i i n ials mii i m ai l p i p e r  prsssi i i r , I  at
‘s~~t u pulsmu t t t  s u m B i o d s u r u r i r u ,  Sl i lc is ansi I fu c i r  ~ pp I i s  . u t u o u s s  W ru ~ I i i  I’ a t t t ’ r s ss i u  Si r I s u i s s -  l i u s i  - I) a i , u u u , Ohur , ( ( u l
I \ \ t f < I 1 R - 7I 2’o

I). S ( , r u i l uu i  I hr v c r r l u s  , m t l u s i r  .s ius l u s ’ s  p u r i s t  s r i  • r t t i p u t s r  p r s , g r s u t u s  f i r  , lrs i~~i s u a l s - s i s . (In i s - u s- i s ! I’ uir ps~ss- I -s t i ~tc
I k m ri it  I ~i r t I p ut er  I’ rus gr ~s uims cii I’ ~s .1 s i s i .  \ c s s  S s Is 55511 I’)7(i .
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the  s tate-of- the i t t .  I h e  equa t ions  of mot ion are l inear anti are solved by standard solut ion
techni ques I h e  f i n i t e  e lement  formula t ions  (clement typ es)  are also standard ei ght-node .
compat ib le , i sop aran uc tr ic  elements.  Indeed these standard fea tu re s  were in i t i a l l y  selected
to enhance  the  level of confidence of the I i  IM code.

( :i)r rel ;Itu ()n wi th  exp er i f l l enta l lv  measured data in pr imates  has been from the beginning
an ob jective in the I l l , ’sl code developm ent Ih e  results thus  f a r  have not been comp letel y
successful I h e  p r imar y  d i f f i cu l t y  is tha t  the exp er imenta l ly  measured parameters are i)asi-
call ~ ti i f  f e r ent  in k ind  that  tile computed parameters Nevertheless , all of tile e f fo r t s  to

t ’r i f y  tile I I I  \~ code I y correlation wi th  experimental  data arc presented and discussed in
t h u s  chapter .  All  of the exper imenta l  data were supp lied by the I Ii ghwav S a f e t y  Research
I n s t i t u t e  (I I S R I )  at the Un ive r s i t y  of Michi gan under contract I)0 F -I IS-03 1-3-749 with the
I) epar tm ent  of I ransp ortat ion , Na t iona l  I I ig hw av 1 ra f t  uc S a f e t y  Admin i s t r a t i on

Sta t i c  Skul l  Bone Structural  Val ida t ion

Sta t i c  va l ida t ion  consists of compar isons between two k inds  of measured anti computed
data;  load-d eflection data anti load-strain data for an empty  rhesus sku l l

.-\ midsag it tal  P lane ciew of the  actual rhesus skul l  is shown in l - i gure  6-1 - I h e  three
directions and reg ions of loading, \-P , I. -R , and S-I are shown relative to the strain gage
rosette locations emp loy ed b~ I I S R I .  Itt Fi gure 6-2 , the midsag i t t al p lane vue ss of the  cur-
r c sy ondin g three-dimensional finite element model is shown .\ t thmi ug h not shown , the
fa c ia l  bone discret izat ion was actuall y included in the computer  s i m u l a t i o n .  I I sR I provided
( :1 .1 .  wi th  the actual rhesus skul l  from which the exp er imenta l  data sv ,~s ob t , i i ne s I  I h i s  s k u l l
was s.liscreti zed as described pr ev ious I~ for human skulls by the a u t o m a t i c  mesh gu n e r . i t u r .

I h e  numbered f ini te  elements shown were those svhose computed strain re sponse ss as
compared wi th  the measured strain response from the strain gage rosette s . I w o  elements ,
468 and 540 , are designated in the occip ital bone reg ion because the corresponding strain
gage rosette is Ofl their  common border.

1 o account for the ar iance among published mechanical propert y data for skul l  hone .
uss l i m i t i n g  va l u es  were used for Young ’s modulus . I h u s, computed data are designated
ei ther  as correspotsd ing to a hi gh range ” modulus or a low range ’’ modulus.  (h e  hi gh
value is 1 78 x io6 psi anti is taken f r o m  Mc IJ haney  ct al~’~ dir ectly for compact bone (h e
low value is 0 82 x I o6 psi and is derived as follows. Instead of compact bone propertie s .
1 is based on experimental  composite skull bone properties which include the porous dip loe

lay er  along ith the compact bone. Additionall y its derivation excludes , as being too stiff ,
all mechan ical  property data obtained from embalmed material.  Fur thermore , its premise is
th at the s imula t ion  of three homogeneou s elements throu g h tile thickness must b e h a v e  on
the ss hole as does the composite bone. Mechanical properties fur the  middle skul l  lay er
( d i p lo’i~) are taken as one-tenth the  values for the inner  anti outer lay ers.

t ics Ii sir I- .I lsancv - s u  al , \ is ~ s I n u s  si prope rm cs of s r s u , u , s I  I s s u t u s  Jsiu rnal o f ns, , i t wchanscs . vss l I , I V7 0 , pp
4)~~- 5 t  t
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.\ comparison ( i f computed and measured load-deflection results for the A-P . I . -R , and
N I d i r c c t l s ) u i s  is presented in Fi gure 6-3 (he  loading portion of the expe r imenta l  curves
cht ’ui iut is tr ; i te  the  l inear i t y  of actual skull deflections wi th in  the range of app lied load ( I h e
lo ading  rates  varied from 3 to 9 lb/sec. ) I lowever , the unloading portion consistentl y es -

hi b i t e t l  .i nonl inear , l iv s ter i t ic  behavior Ih e  I I  IM code is linear anti does not account for
t h i s p henomenon .  1 lie essence of ’ this data involves a comp arison between measured and
computed  slopes (a s erage of the slopes for exper imental  data ) .  I hese values are a measure
of tile sk ull ’ s s t ruc tura l  stiffness in each of three roug hl y orthogonal directions.

.\ summary  of t he  data is presented in l able 6-I and shows clearl y that  the f in i te  cle-
ment  rt iode l is frotn 1 2  to 2 2  times more stiff for the lower modulus and from 2 7  to 4.7
times t liore sti ff for  the hi gher modulus than the actual skul l .  \ t  first it ss as believed that
this  discrepanc y was due to errors in simulated skull  thickness values. But after carefull y
reco nstructing the geometrical simulation , only a small improvement  was achieved . I t  is
now believed that  the d i f f icu l t y  is with the particular f ini te  element formula t ion  used for
the skull  element.

I able 6-1 Comparison of Ex per imenta l  and Computed Structural St i f fness
for Rhesus Skull No. I

I) irect ion u S  R I  I .  per i m ental  Computed Stiffness Computed Stiffness 1
of St i f fness  Usin g Low F U sing Hi gh F

I o~t d ing (lb / i n )  ( lb / in )  (11)/in)

H _ _  _ _ _ _ _ _  _ _ _ _ _ _

12 ,600 15 ,527 33 ,693

3 , 70() 8 ,011 17 , 367

- 

N - I 
- 11 IT ~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~
- -— -

~~~~~~~~ 
—-— 

-

l iii’ e lement  et i i p lo~’ed is the ei ght-node brick , and it cannot ef f ee t  sc l ~ capture large
bendin g  st ress  g r a d i e n u s . * In the reg ion of the skull  hone direct ly  beneath the b ail the de-
t o r t u i a t i o n  is p r l m a r i l \  due to bendin g. I I owever . in reg i ons onl y a small distance ass a~ the
bending st ress gradients  become small and the membrane stress values predornit late .  I (crc
the clement f o r m u l a t i o n  is expe cted to work well. But  in areas of large bendin g stress
gradient s . t he solut ion is to use a d i f f e r e n t  f i n i t e  e lement f o r m u lat ion ; e i ther  a 20-node
brick , or a n o n c o n f o r u u l i n g  t o rm u i l a t  ion l u  correct tile probl em an eig ht—node . incon i p i l t—
dde f in i te  e le i l l eu l t  has been developed ari d check ed 115 I avlor , ci al 63 ,tnul h i s  been adde d II

5 ,  l u ,  s i u s s i t u i t  u s  t , t i i t l I l S C  licant 5 i s s , i 5 r  s t i m u l u s sc u t s s s I  i l i is

~
‘t K , , Is , r t  I .  I u s  i r s , . I’ c t , r  I l f c t c ’ . I u , , u f  ,iui~I I .1st s i u l  I W mlss iu i  \ i l u s u u s s  n u l s m n i u t u g  L ie t t lc t i l  h i t  s t r e ss  .s us .s i t  s s ’ . , l i t te r

s i r s 1  h i s s - u i  is, ? \ u u u r - r u s  ii \ lc th,ssis Ii I t t g iu i cer s ng i , u l r t i u i t i ,  1 sir p u l u l u s - J ss i t l  i ’ s T S ) .
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the I I - \ l~ code element l ibrar y  I lie e lement  li, is demonst ra ted  improved bendin g response
and has been coded to l is t  st ra ins  on I he c lement  s i i r t , l u .- t s  Lii f o r tuna te ly  fu nds cx p ired
prior 1( 1 i nc orp orat ion of t h i s  e l e n i t n i  nI~i the  I I I M  t u s k .

( .onip ar iso ii s  u I f es mputed  .uid measured st r , i l f l s  ire pres ented in I - guru 6—4 . lh e  data
are sriown in load versus p r i n c i p a l  s t r , i i i ‘ f u r i i u a t  - I o i l s  55 cr c t s .pe r i n i e n t a l l v  app lied
quas~- sta t ica hlv in 15 tests w h i t h  are n u m b er - ed con s t ’c i i t i s  t I  I r ou t  3 t I 1 7 ILI s i c . i l l \  the
e x p e r u t u t e n t a l  data I S a cce p t ab le  in tl  i stic e .ig .i In s i en io ns t r a t e s  th e  l i n e a r i t y  of sk ti l l  hone fs r
t u e  range of loading emp l oyed In  some load e,iscs the  sp rc asi in & I , i t . i  is larger than  in
others -\ t r aine d ev e  t~iay i) e able to d i sc sn in t  some of i t , but  all the data received from
I ISR I us p lotted in t h i s  val id at ion e f fo r t .  I he coni p u i t cd da ta  is shown for 1)0th the  hi gh and
ow elast ic mot lu lu s  I .  w i th  a solid l i ne  and a dashed l ine , res pect ively .  Each l ine  is num-

bered corresponding to the element from which the coul ip utet i  principal strain sv~is ex-
t rac ted . ,\l so in each fi gure a M ohr ’s circle for strain is qu a l i t a t i v e l y  sketched for both the
measured and computed strain states I ron i fi gure to fi gu re the relat ive circle si/ c describes
qual i t a t iv e l ~ the relative strain r ru agni t udes  occurring front  test  to test . ( h e  solid semicircle
represents the measured values

I h e  pr imar y consideration in looking over the strain comparisons is tha t  the  measured
sa lues  are surface s t ra ins  and ti le computed values are subsurface strains taken from an dc -
un cut  in the v ic in i t y  of tile s train gage . Wi th in  the element tile computed strain is every-
where constant , hu t  ii portends to be most accurate at the  element ’s centroid . 11w result
is t ha t  compari son s are being attempted of measured anti computed strains at points wh ich
d i f f e r  in locat ion i .e . the  gage point  and the element centroid . I ) epcndin g on the strain
v a r i a t i o n  in tile neig hborhood of these two points , this  difference may or may not i)e sig-
n i f i c a n t .  ( ;t’nera lly , however , it is known that  the shear strain at subsurface posi t ion is
nonzero ( tends t i ) svard s a n la .\ imum at the mid th i ckness  po in t )  whereas on til e free surface ,
the tss o shear st ra in  components must always be zero in the absence of a tract ion force
Since shear strain is c~lu i v a l e n t  tO tile Mol ir  circle radius , the computed \lohr circles ( f o r
subsur face s t ra ins )  arc a lway s  exp ected to be larger than the measured \ I ohr  circles ari d th e
results do bear th i s  out .

I n sp~~e of the above l imi ta t ions , at least quali tat ive evaluat ion can be made of the com-
parison presented in the nine part s of Fi gure 6-4 . l’he results range from acceptable corre-
lation to no correlation at all. l h i s  qual i ta t ive  evaluation is summarize d in l able 6-2

l i gures 6 4 ( d )  and (e ) show the computed strains bracket the experimental strains
nice ly ( h i s  is t rue to a somewhat lesser extent  in l i gures 64(c) an. i ( i )  if we choose to key
on clement 468 Iuis lead of 540 . In all cases , element 468 seems to correlate better than
ek u t u e n t  540 I h i i s . in t h ese four eases if an average Youn g ’s modulus were enlp loved the
cui ui pu r ed str a ins woul d  correlate acceptabl y well wi th  average measuret i strains Thi s could
a lso be t rue  s I t  t h e  resul t s  in I igure 64(a) al thou g h the exp er imenta l  data spread s imp l y
prcelu de~ ar t y  meanin g ful  eva lua t i on  I he r esults show correlat ion ran ging front poor to
n on e at all iii  I gu rus ô-4(b ) . ( I ) ,  (g ) ,  and ( h )  Res u lts  of l i gures 64(b) antI ( I i )  demonstrat e
a q u a l i t a t i v e  agree nu en t .  .\ ga ir i  . i s sui t i i in g an average t r u o d u l u s , t h eir error ranges f r o n t  50 to
I ~~~~~~~~ I Isissiver , t he resul ts  shown in h ’ i gure s 6— 4 11 ) and g) show the model to be predicting
much more s t ra in  ( m ore th an  1 ()U~~,) than what is being measured.
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l ) v n i n i i e  I x p e r i n u e n t a l  ~‘~l l i ( I a t iO l t

I here are I ss ()  k i t i ds of data and Iwl I s i l t  lerent conhigiirat ions invok ed  ill the  dvn anu c
5.h t i ~L1tlo1l p h ase svli is _ I t  ih1thi )Cdi atel~ fol lowed the  static va l ida t ion  e f f o r t  I ) vn a m i c  cranial
hone s tra I t s -  Ill bot h a dry rhesus skul l  m d  a live rhesus were  to he uSed as cor re l at i v e  da ta
I hcse sI runs ss crc induced b~ impacts in a controlled laborator y t’lP,irOflhItCnt - \ lorc ins-
po r t i n t l y ,  ~l v n a m i c  int raet i n i a l  pre ssu re data recorded for the l i s e an ima l  impacts were to
l)C ~iseci to correlate ineasui res i anti predicted brain resp onse.

I ) v n a n s i c  Skull Ron e Resp onse In the  first  configuration the  cn~ptv rhesus sku l l  ss-as
anchored to a laboratory te st  I r aitt e SV Itl t  a wall-anchor  bolt assembl y inserted through the
sku l l s for anien  m a gnu m  su that  the sku l l  base ss as immovable against various d nami c  i111
pacts .  I-our strain gage rosettes were located on the f ron t a l , the  two p ar is _’t~l l . and the  occi-
pita1 cranial bones ( lie I tSR I principal strain data shown in Figure 6-5 were recorded for
.1 3. 8 ms impact on the sup erior  s u r f a c e  in the  S-I direction. Ih e  peak load was 63 pounds
app lied 05cr an area of 1/ 2  sq in I h e  s train magnitudes are ty p ical of th i s  series of exp er-
smental tests. Ihe first impression of these measured strains were that they appeared too
low. I h e ~ are on the  sv l uol c  about f i s e  t imes smaller than the s t rains  recorded dur ing the
s t a t i c  va l id a t ion  tests at equ iva len t  peak load Ic s-el s Ih i s  difference can be exp lained from
,un ex a n ) u l t a t i O f l  of the geont etrv of the  app lied load and boundary condi t ion at the skul l
1 ~ se -

In t h e  s tj t i c  load eases the app lied S-I loading was equi l ibrat in g ,  causing the rhesus skull
to be “pinched’’ in t h e  S-I direction ( see I- igure 6-1) . In the dynamic case the applied S I
1 1 1 . 111 s e c t i ) r  ~: s u s  not pass throu gh the base support but rather forward of it , and instead of
pinching the skull it bends the skull as in a cant ilever [he eontiguration of the correspond-
ing II IM code simulation i l lus t rates  th i s  in 1-igure 6-6 . I h i s  causes rigid body motion of the
skull about i t s  support . bu t  mot ion  not present in the stat ic tests I h u s , the  dy n am i c  strain
levels recorded t ss.sv sscll ls e bels tw those recorde d for the static case as mentioned above.

I t  the  test setup had been arran ged so tha t  the  dynamic load vector passed throu g h the
supp ort , sul~sequ ent  s in iu la t io n  oI t h e  tes t  would have gone more smoothly Revii ’sv of
I ISR I hi gh sj t t e d  f i lm revc~acd tha t  the  wa l l - anchor  bolt asseIlsl ) ly deflected e las t ica l l y  under
the Impact of the  contr o l led  blow. I h i s  meant  t h a t  the corresp onding I I  I~d cod e simulation
h i  to  I cs_ -ou int for this nuot ion ur us te ad ( I t  merck cons t r a in in g  the Ilod Il p oints  .ut the b ra—
flier s magnum agaIns t  nu ov enie n t  Several load-deflect  11) 11 t e s t s  of the ss - a l l— anchor bolt as-
sej i u l il ~ had 10 be t - I ) n d u e t e s l  at ( : 1 . 1  to determine its s t r u c t u r a l  pr op ert ies  I hese proper-
ties ~s etc then t ralhslCl ted in to  an equ iva len t  wal l—anchor  l) Ol t  f i n i t e  element which was  added
to the I l I5( of the siniulted skull Ibis ‘rocess is , i t  best , on ly  roug hly a pp r o x i m a t e  \es er-
thel e ss the compu ted s t r a i n s  I or t he  s i t s iu i l a t ed  S I impact arc shown in I i gur e (s -7 I h c
upper curve represents  the computed strain history for  coml) lcte rest ra in t  s i t  the skull base ,
5un d the  lower ( l i ve re presents  the  s t ra in  h i s t or y  for an e l as t i ca l l s -  restrained sku l l  base ( )b-

~iouslv  the  rest r i  n t  gre at lv in fluera -es the predicted sI r u i n  i~ l thou g Iu .ianv i iu ()re Compute r
s Ilt l l i l a t IS ) 1 t s  we re conducted in t h i s  val idat ive ef fo r t ,  the two curves represent the l im i t s  of
s lr ~h i n  res ponse predicted

1 1 )4
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1 he p r imar y  ol ts t - rs i l  ion when s_.o lu s p ar ing  the  n seasur cd and computed strains  is t h a t  th e
con sp ute d  s t r a l l i  is . u t  least three t imes greater in m a gn i t u d e .  (Care was taken t h a t  the  corn-
p i i t c u f  str um was  saits p l ch  at a location near the corresp onding s t ra in  gage rose t te  on the
r l iesius  p a r i e t u l  boric ) Comp arisons of computed and measured ii n a n i i s _ - s t r a i u u s  e lsewhere
on t h e  rhesus s k u l l  co n s i s t e n t l y  revealed t h a t  the nsodel predicts  s t ra ins  b~ .i t a c I I Ir  between
th ree a issi s ine  order of magnitude greater than ms_ - as i i red  strains . ‘I’he discr ep ancy  s t a s

. u s c r u l  s e m i  to t h e  eight-no de isoparanietric elensent sv liIIsc s t i f f  ness , as disc ussed in the  s ta t ic
v,ul ud.utt on , did riot .hmlc q uiatclv caj )ture the sk till bending response - Bc’causc of the inherent
shi f t ’Iclu It les iii attempting to  match finite element model st r .u ins wi th those t the ac t ual
slsul l , i t  sta ’- s _ \  pt ’s_ -ted that correlat ion svould be difficult. I h e  finite c lemen t  model , h ost -

evc i , should be cap abLe , it s this unstance , of better correlation and on that basis re qu ires
im provement

l ) y n , u i i i i c ln t r ,uc r an ial Pre ssures~ \ series of experimental validation tests  w as conducted
by I l~~l~ I st uis l i ve ~~~~~~~~~~~~~~~~ in an anesthe t ize s_ i condition , in the ease o f \ -P  ( rc . u r )
in p ac ts . 15% 1) speciall y prepare s_ h pressure transducers were surgicall y placed in the skull to

i l i o n it o r  i n t r a c r a n i a l  pre ssure.  ~~ne was located in the lef t  p a r ie ta l  bor ic near the ~~~~~~~ of
i mp a c t . and the o ther  was  in t h e  forks ard ri gh t corner of the f ron ta l  bone over the t ip  of the
rig ht front a l b lue ( I f  the brain . -\ sc hematic of the pressure transducer system is presentetl
in I - ugure 6-8 , I lie t r an s d u c e r  sensor u s not locate s_ I in a subdural  posi t ion;  ins tead , it is care-
f u l l y  p laced ep i d u ra l l r m bu t  t c r  close to the  du ra  - App roximately one eve drop of silica gel
I Ws the notch in the skull and is intended to provide a pressure transmitting medium. ln this
st .sv the  pressure I l leasl i r s_ i l  is said to be equivalent to Use intracranial pressure ct-en t h oug h
t h e  sciu si sr us not in d i re ct  contact  rms i t h  any  intracranial mat- rial

\ t~ p l c . ul me .t su re i l  press u re h is tor y  is shown in I - igure 6-9 In th is  ease the d .u t a  arc
f r s i i t i  t h e  f r o n t  pre ssure t ransducer , and the  .upp lied load was from the rear so that  the data
i re s.i id I s ,  be conl i s . s _  1111 1 1 pressure . I ’he app li ed peak load magnitude in 115 R I  run number
1)03 ~ is 800 pound s  and the  du r at ion  of loading ss as 2 ms wh ich amounts  to fa i r l ~ ri gid
i I i lh t .i s_ t I lie i n i t i a l  peak pressure is about  13 psi tension and occurs at about 1 iri s and the
l i e\ t  pi.ak  u s I 9 - p si  eo t iu p re s s ion  Occurrin g just  af ter  2 nu s I h e  second peak is believed due
to t he  i n f l uence  of t h e  rhesus  neck s t ruc tu re  in reversing the  forward acceleration due m i -
t i a l l v to t he  .upp lic d s la s h  - Sin ce the  pr i m a t e  us heavi l y  anes thet ized , th is  may be neither .u
voh ui i i ta r ~ nor in inv o lu t i t a rv  neck reaction but  just Iron s  the phy s i cal pre sIncc of the neck
.111th t l u i i r , u c i c  i n e r t  I a . I he f i r s t  peak is t h e  c l .u s si ca l  tens i le  pressure at the  contrecoup lo s_ a-
Os in \ls iri_ importance is l s l 1s _ t t l  on i t  bcc,iiise it is popularl y thought that tensile prs_~~i~o s
Ir s - more m h i l u l h i i e i v e  t o  h~rain un~ ury,

Ss -vera l 1555 ii i temh com puter runs w ith the II IM code t t t re  made in an attempt to ellrre-
l a t e  the  s_ i i su p u t e s i  response rms ut  h i the ml s l i t  c measured in t racran ia l  response - In  each sucees-
~ i % 5’ t I i l i i p i i tc r  ruin .s s l J i l s t l t ) e r l t s  t o the model were made which  t s s _ i s _  bel i ev ed to  be improve-
r t i s _ ’ i i t s  in a her t he nuo del  or t he s i r i l u u l , i 1  ion and rms h i t h  , i t  rms as hoped , would brin g the corn-

I t  e l  l I r uss l u l  e In to cl sse i  agreement st - i th the  measu red 
~~~~~~~I h i ’ nuidsag it t i f  p la ne d us s rs.l u/ at iot i  ( t f  t h e  s int ulated rhesus  skull is shown in Fi gure

( s  11) \ the ? the scal p allil other su it  t i s s u e nor the 1i1,iItIlIlIle arc inc luded d i rec t l y  in the this-
c r et i , . i l lon h it- i s l iu luined it i , ss of ilir-se ct i n ipsnuciu ts \% as , however , su l i se quen t ly  co in—

I l i t I I h  du ll . i d d t i l  to the  model li ~ incr e u s i n g  t he  d e n s u t v  of the  outer  ho er of ’ sku l l  h o ne

11)8
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mater ial by an appropriate uniform amou nt. I ’he fac ia l  bone s t ructure  of the rhesus sk til l
is ser com p lex and extensive ~r lien compared to tI le h u m a n  skul l  A l t h o u g h n iuch effort
was expended in an a t t e mp t  to include the mandible  in the  rhesus d is cret i , a t i on it proved
too d i f f i cu l t  (unlike the human model in w h i c h  the ent i re  facial bone comp lex ss .us
un c lude d ) , I he other f ac i a l  bones stere d i f f i cu l t  and their disere t i ,a t io n (shown in Fi gure
(s -I 0) was not achieved easil y. Perhap s a more imp or tan t  considerat ion in e v a l u a t i n g  the  live
rhes u s monk e~ s i m u l a t i o n  confi gurat ion is the u n k n o w n  boundary condi t ion  at the base of
the  s k u l l .  As s ta ted above , t h e  neck is 1)ehieved to influence the rhesu s head acceleration
( , u c tu , i l l ~ rev ersin g I t )  subsequent to the impact Sines - the corresp onding model does r iot
~~OS5~~55 a iseck struct tire , the neck reaction forcing f u n c t i o n  on the skul l  would normal l y be
considered as necessar~- input i n f o r m a t i o n  as is the s imulated imp act  force ,  If  t h i s  in fo rma-
t io n ss ~-rc available it could easily be i n p u t  to the model nodes at the base of the skul l - - but
it is not known  nor is it k n o w n  how it can be measured , 1 her~ fo re , the only recourse is to
assume sonic reasonable disp lacement  boundar y  condit ion fo r  the nodes . ‘l he choices for
th i s  condi t ion in the  Present I I  IM code version are comp leteR unrestrained nodes , eons-
p k ’tel y r es t ra ined nodes , or constra ined nodes tha t  slide along a prescribed flat p lane
( l h e s e  eases are evaluated ant i  discussed in conjunction wi th  the human  model in the next
chap te r  1 [he best course of . ict i on app ears to be to ,ussunie a eonr p he te bv unres t ra ined
( f r e e )  condi t i i i r i  for these nodes , ~-\ t  least the  i n i t i al peak (tensi le p eak) in the meas u red
in t rac ran ia l  pressure-h is tor y  should be unaf fec ted  hi ~ the neck react ion . Indeed the  I I S R I
expe r imenta l  configuration ss ,1s desi gned to create .i free bot1~ 

‘ ‘  cond i t ion  for the live
rhesus head at imp ac t  b~ a li gnin g the head un fr o n t  of the inspa ctor  wi th  li ght supportive
surg i cal thread a t tached  to the  p r i m at e ’s ears I h n s , it us h i - c lue s - c  to be better  in the corres-
pond ing s i m u l a t i o n  to model the  rhesus sk till w i t  Ii no res t r . i in t  at the  skul l  base. Comp uted
in t rac r an ia l  pressur e da ta  w a s  ex t ra s _ t e d  and examined it element 109 , ss hich corresponds
closely to the  I lSl ~ I t r a n s d u c e r  los -at ion , .inti also along an an ter ior -p os te r ior  ( :\ P) p lane as
shots-n, I he anterior point (A I, in te rme diate  point ( I ) , and posterior point (P) are in the
mid sag it t a l  p lane. F l e n i e n t  109 us r iot in the  n i id s i g i t t a l  p lane

I he s i n i u l a t e m l  I r l i p a c t  force -history is 5h i i i t%  n in I - igure ~i - l  I and was uni forml y  distri-
hiu te d  l iver  an .ir e,i s i t  appru s l i i i  s ly  1 ~ 2 

~ i in - I t  s imula tes  the short durat ion blow deliv-
ere d s~-n in ic t r i c a llv about t h u s - n~ u - l s a g m t t  ml p lane w i t h  a hard impact or .

Resu l t s  of the I l l  \1 com ic s in iu la t i ons  of the live rhesus monke y test are shown in Fi gures
6-I 2 (a )  through fY \ri integration tun ic step size of 130 ps was emp loyed in all the compu-
tatiolis ex ce p t  as noted . I his series ( i -f s ix computer runs consi tute  the more iniportant at-
tem pts to ei)rulpute intracranial pressures which , it was hoped , Would correlate w i t h  those
pressures measured ( F igs_ ire 6-9 ) M ou c  specit ucahlv the objective of the Computation was  to
agree as closely as possible w i t h  the peak tensio n press u re of 13 psi observed b~’ I ISR I -

In  the f i r s t  s i n t u i l a t i o n , l - i gure ( i - I  2( a I , th is ’  rhesus sku l l  model contained no op ening
t h roug h the  cran ia l  hu a s e  where the foramen ma gnum s is normal l y  found anti throu g h which
the bra ins tem p,tsst- s t h i s  was th is ’ ex is t ing  confi guration of the model at that  t ime.
i’houg h clement  109 produced a relat ivel~ hi gh peak tens i le  pressure of 35- p si  tension,  these
results were i n i t i a l l y  encourag ing because it was believed tha t  the intended subsequent in-
clusion of the t ora rnen magnum would un i forml y  lower the computed pressure . \ lso it
was very uncommon to find any  head inj ury model pr edicting peak int racrania l  pressures
below 100 psi at tha t  t ime . ~
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In t his’ r s - t l l ~u i n i n g  II\ c s i n i u l i t i o n s  th i s  spu_’s’if Is ~ i tio iI III l i s s n e  I t l u t e r i a l  prs I~lert is ’s  l s s r  t his
u nits - s- ls ’ms’nt s m thi s -  r e )1 I l s t I  si t  t h e  fu i r ,iiuieo ma gn u m  I s t s Fi gu r e  (s 1 ( 1 1  o u s r s -n i u sc i i  ans i  re
p l i t s ’ l l is  t i l l s s ~s s  ‘l it  s h I t - ~ l a s -cr  s t  s ’ l eu ue n t s  55 ru i s s i g t i e s l  t I  l ie  s i f ~ m l  c l , u s t i c  in t he
n i i n n c r  I l l  -t t u e n l l s r a n s - s c a l in g  over t h i s - f o r u i i e u i  m u g n u i n s  ap e r tu re  I hi c  n e x t  th ree  inner-
most h i ~’ers sv e rr - assl ( 1n cl h t I l e  b i l l h an~c u h  p r o h u e i t i s - s  o f th i s  b r a in  u i i a t s - r ~al ans i  St I rs t h o u g ht
s n i  Is s i n i n I i t I h i i 1  a r i t h i s r  t r un i ea t e sh  h i ’a i n stc u i i  In  this -  . u l s se i i ee  m u )  a ieek n n s m h e h  i t  \\ (s h iop e d
din t h i s  t’uOI i I r !  pi l ls  Il i e .i h t l u l i e  rs-a l is t is - upp i— oxini . i t io n u s  t i l e rs ’g iss n of the t l i ran I s - n  th ug
n u n s  I n s h  i s r i i i n s t e n i  ss l i i l e  s t i l l  p r i i s ms h t i e  s i  s i l t i l i n n i e n t  ( I l e s c s s ,u r \  for i t h i n i e r I ~ i i  s t I I n l I t \  I f o r

lit  su n u i I , i t s ’sh i t h i b , I s b  h i l l  c t u t t l s -n ts
I l ie r e s u l t s  in I - I- ~~i r  ( s - I  2i l u  svs’rc sers - s u i r p r i s i n g ,  ho wever h i s ’ s a t l s s -  svh i l e  this-  e o m p n t m -

p R s s u i r c  u t  j 5 l i m b i t  P n e t  u m u s s - IL  t h e  ts - n s i i s -  pr s’ssur e s ’ x t r . u c t e s f  fr su n i  e l e t i i s ’nt ] ( ) 1 )  ns r c i s s - mh
S t i l l  ~ ~5I Is  S ( i7  PSi A ge n e r d  dec r eu s c  in overall  i n t r a c r a t i i a l  j~re ssI i r e  did rum I t  oe’et i r as

ss. is ex p e s  t m - I  b u t  i i s i c . i m l  a s h i f t  in th s-  d k t r i b u t i o n  of the  p ressu re t h l a t e r i a l l / e l l  t h i s  ss as
h f )  ~! i t s  f rom t h e  st a t i s i p si u n t  s f a sh ~s- v i i i ,~ correla t i o n  n I t  the  1 3 — p s i  peak tensil s’  ~i rs’ssn~~ri thi ~ I ~i ci  ot c l em e n t  ( I )  U u i t  f o r  rs -asIun s which  s s i h l  hue s - x p l u i n e d  niore t u m i l y  i i )  d slib-
scsj l i c t i t  l ist  Ius’ i ( i l i  on st u t  I s t i C s  if obss-rt t s l  h i s - a s h i n t u r \  d i s t r i b u t i o n  a r e t u i r n  to t h e  ‘ S i l l

f m r un is - i t  niagtiiini eo ul t I i l I I r ,u t ion s s n i l d  not bc ; I l s t u f i e s h  - - \ ! s s l  ill t h iS suniulatio ru ti le app lied
( 5 . 1 1 1  O i l s  i t l i p r l s s  esi l I f  u i u s l i k h i n g  I l l r t h i  I - a nsi I - , e \ u s t  i s us 5111155 ii in I iguire ( s - I  I s v h i e r c i s

this - n r e \  i o u I S  s im u l a t e d  b u r l  i nc luded  l I n k  I - ( mi m parison w i t h  t h e  n le~u sur esh Ii I J u . i5 t f s i r s ’e
b s i s t su r r  s hm stvs ’ sh th at th is ’ e o n i b i n . i t i o n  of I - 

I ansi I - ) g .m sc  a i u e t t s - r  i g p r u s \ i h l l a t i o n  of the  ac-
t t i a l I s s as h  I bu s chan ge S l I  s u k h  e \p l.tI i i  th e s tut ’f ’eret sc c isetwe~ ts I igsite (m 1 2c u)  ,stid I f u  I iii t b 5

t r a i l i n g  ( i t t  u l s r t i m I I I  u s )  t i is eu n i p u t e d  I t l t r , u L r a n i u l  I C  res ~onietliiiig s t i l l  had t m l  l ie
shiiti e w ut hi t h e  n io shel t m  reduce this ’ prcsh s ted p re ss l i r s - s  ansi  the re  re mait ie d :1 i t uod if icat is ii
t h a t  FLush Iseen i n t e n d e d  Il - I t  s t  seas u n t r i e d

‘~unce this - b rait i  is not cs int inunus is w i t  is the  in te rna l  crania l  wa ll  h u n t  us suipported and
te the red u~ t h e  s k u l l  n t u r a i n  inter f i ies - , u m e thod  stas sls ’v i s e ml  to app roxi mats - th i s  s u u s t ’e n s i o ;  -

I h e  s ih i l i l e  u s e r  I s )  ehenien t s svhuc hi sunuu i l a te  th i e  suiharachnoid space st a s  1 i r s s m i d s ’ d in tile
I s i s i c I h I M  s 5 I l h s ’ c m s i i t i g i i r a t i o i i  i c r  t h u s  csu c n t i u a l i t \  F 1I i l l  t h i s p o i n t , th s- r i i e eh an ica l  p rop-
e r ty  sg ‘c i t  I s .u t ion  ns r  this -s c e lement s  has beets iden t ica l  t o  t h a t  of ’ r i s e  I s r iiti e h t n u c n t s  I b i s .
c s s t n b j n e m i w i t h  t he  u h i s p l as _ - c t i i e t i t  con t i n l l i r v  imposed st the t’ini te clement t n e t h i s u d , s - f l eets
.1 i s t l t i n u i o u s  s m l p ; t o r t  I I u st e~ s r  Is ~ s p e c i f y i ng t i l e  t i u t t e r i a l  for the  si ih ar a e h n s i i d  e lements
( s s ’s I - i g u i r s -  6 10) as s’oni prs’ss ible, i m h l s l s u t u t i i i i i O u i s  support is-t o ecu t u e  h i r a m  and s k u l l  c m
be ap pr o x  m n s a t e s h  \s it hnupps’ns die l i s t  resul t  should also lie t u s  rs’d u i s ’s- t h e s h e f o r n i a t  s in

Iii k I l t , i t i t h , her-ice this ’ i n t r a c r a n i a l  h c ssuircs  th at develop in this ’ b ra in .
I bis - rs -s uil t s sf h u a r u s  t s ’r u / i r i g  t h i s -  s t i ha ra s - hi no n h  sp at e  is  sIsn i l l r ess i l ihe ( b u l k  n l o du l u l s  1s t

I p s i )  ire sin so ii in I- ugsure 6 I 2 I s ~~ I uk turns’ , u s  e\p ect s ’d - t his’ ~ss er all cotiiputs’ t h i n l r , u  -

crania l  pressure st u s rs ’s iu iced - Pressures at all  p s s i  u t s  0 s-re  is stt s r  t h a n  t lis ’ y ws’re pr ior  to t he
c o n u i i r s - s s i t i i h t t v  sl ee t I c , i t i o t l  in  this ’ s m i l i a r ~us - h in o i d  s ib _ us - I - e l e m e n t s  I he p e u l 5  t ens i le  pre ssu re
in c le m ent 109 m t t l l b l p e l b  f ron i  (s7 to . 5  s s i  1 Ins seas s t i l l  bug hu compared Is 5 th is - e \p s ’ri —
n u e t i t . u !  s - a hu is -  of 1 3  psi l i m i t  nes s ’rr h iele ss 0 us es ins is ic red ui iniproven ien i ‘s t r u l t Is iii the
brain , t h o ugh not sh own were red ucs’sI correspond itig lv -

\‘ rv- i ng this ’  compr essible s t i i p e r t  i s s  of this’ s i u l s . u r ac h iuo i d  sp ies - u s an i t t s’ I t ih l t  to s h sa l
w i t h i  an m n t r , i s - r a n m u h  ar c :u f o r  ‘t h i s -hi t h i s - rs - e x i s t s  no i i i a t s _ - r i a l  p rop er t s  m l I t , i  ,insi in o bu ieh i  t b .

s t r -ss s t t , i i n  behavior  is 5 ) 1  no I n t e r e s t  so h un g us d i s e s s i i t u i i i u i t v  s ) f  d u s } l h , i c c m u e n t s  is s i n u u l a t e d .
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I b u s r s - u n i v  nes s-r li -c u iv mate r ia l  pr op er ty  data h ecauss - of the  sh i sc ont  l i i t 0 I l l s  t i _ u t  t i re of the
sub s ur a ehn oi sb spas ’ s’ - ) mie rccs su i rss - is to effect eng ineer in g itp l )r o \ i n sa t i ons  w i t h  regard to the
n ie ch i ut i  sal I seha s is it s i t  t b u m s  ,tr ea.

In  this -  courss- s t c on t i nues _ i  ch ecking of the s i m u l a t i o n  fo r  ascur as -r - it  was tho ught  that
this t I l I s s  u I f this - c i l i u n e s - t i i i g  hs’asl t u s s u i s -  ansi the n ia n s h ih u l e , tvh i i eh  st-as neg lected in the  model ,
ii u m g l i t  his ’ more si gnifis-ant t h a n  at f i r s t  r eali ,ed . \ n sst in ia te  of th is  a sh di t iona l  nuass o us
t uasis - fo r  th i s ’ spesi f mc l~r i u i i1te s ’ iu i l ) l l uv s ’m l in I l SR l  test ( 103. I ) i s t r i bu t i on  of t h i s ads i i t io n a l
mass ss hen as_ Ides i t s i  t h u s - nuos _ ie l , sou l s _ i  not  be accomp lished accura te l y  since , us descrih ied
ear l i e r , no I i s s _ ’r e tm , a t iomi  s s f  the rhs ’s ius m ;un shibie  seas in c hud es h  - I~ut  the n u i s s  d e n s i t y  s s f  the
osit er lay er  of e lement s  fo r  t he  cranial  bone was ir i s_ reasesh by a un i fo rm amount , mak in g

lie t o t a l  ut i uss of the model more closely equal to t h at for the actual  an in i a l .
I s s  d s t l l s )n st r a t e  the un f l suence of ’ t h i s  a s idi t iona l  mass t i-ic rhesus skul l  disp lacement  s_ !ata

,irs- p resentes _ h in I - igure ( s ’ 13 I h i s  i n fo rnua t ion  was also derived to aid in imp rovin g the
s u m u l a t i o t i  i t  t h e  live rhesus sxp er imc n ta l  tests . I f  a reasonable correlat ion betsveeri inca-
suresi ansi computed intracranial  pressure is to occur , at least the measured and computed
s _ h is p h a e e i n e n t  h i s t i ) r ie s  of this - rhesus skul l  should agree Accelerat ion histories would per-
h iap s have be emu more cons ine in g parameters , but  th is  in fo rmat ion  oas  not of su f f i c ien t
q u a l i t y  to lie usable at the  t i m e  of t i -ic t a l ida t ion  s f  f o r t  herein slcscr ibes_ ! , I u gh Sp ecs! film
provesi more uss - fu l  in s le termin in g slisp lacern ents than did ths double in te gra t ion  of
i ius us u red acce i s ron l s t e r  data ,  I he ‘ particle n iec lu anics  so lu t ion ’’ assumes pe r fec t  transla-
t i on  whiieh s tas  not th s- cass- as some rotat ion st-as Pr~~~ ’~ in the h orizontal  h is p lacement  of
th e f r o n t a l  bone The disp lacement  history curs e associates_ i w i th  tb - ic corrected or adsied
i i u s s  is mole p ara llel wi th  the e xp e r i m e n t a l  data ti -ian an~’ of the other  curs-es. I b i s  means

th at tb - i c computs - si s c lo c i tv  agrees more closely st - i t hi  the measured velocity ;us a result  of the
aslsiesh r i iass . I his is not necessar i l y  t ru i e  of the acceleration , b oss es s r , bce iu i se  t h a t  q u a n t i t y
depen ds on the curs-ature am - is _ h not the slopes of tb - i c curves , and curvature cannot hi - c us
s-asilr observe s_I in this  data It  does appear as thoug h the as_ id es _ I t luass  has retarshe s i , li -v t u s o
mu i ch , the disp lacement of the frontal bone.

;\ dis t inc t  res _ huc t ion  in overall in t racrania l  pres sure con sp t i t e s_ 1 br tI ’i e I l l  \1 code us i re-
su I t  sif the addesi mass can be seen in Fi gu re 6-1 2 ( d )  I h e  peak t e n s u o t i  str s- s s in c l en ic t i t
109 h ia s been lowcresl from 55 to 43 psi -l hese results demonst ra te  the  imupot t unes - s i t  ade-
q t l u t c l v  s imu la t in g  t h e  n uas s  of ti - ic rhesus skull when co n ip u tun g  t lie i n t r i c r , u n i a l  p r e s s u u r s _  -

,-\ I th is  p oint  there were fe st ohis ious addit ion al  modi f i ca t ions  to t i is ’ s i n i u l a t  m on , i t i ml
model which could reasonabl y be proposed wi thou t  revam p ing t u e  c u l t u r e  usso s l e l  I l~ u~ u s i us l v
the  me asui rs - mI pressures were st i l l  well below those w h i c h  were u s i n g  c o n u l ) u t c sh  ~ i i is _  s t m i l l s _ -
di~h not allot s- ui s-xt ensive m o d i f i c a t i o n  to the nios _ l el , to - is nuors ’ s i m u l a t i o n s  tt s-rs - t u t u  -

h ucts -d st- h is-li r u_ - s l u m r e ( i  omilv n si n or changes .
I l-ic mechan ical propert is _- s of t h e  su li -a r a chns _ s id spacs- 1 ic in g sh u ts mi n k nowti souls ]  be

guessed at wi th  rel m t i s s _ -  l’rc - s_ sloni , if  a r educt ion of ’ t in- skul l  , u i o d u i l u m s  f ron u  3( Ic  00(1  lii
3 050 

~~ 
p rot isl es _ I utu  in l pro t - s-nlc nt , t h e n  perha ps a fu r the r  res ius-t ion to  3 0 5  p Si f s i t  cx  -

, i i t m l ) I e , o i s u i l sh 1 1 5 5 1 l i -c i s_ ns f u s u a l  I h i s’ comp utes_ i  intras-ranial pr s sss_ ir cs prs ’ ss nt s_ ’ d iii I- igur s ’
(i I 2 ( s )  Ire for  th is  s_ -ass - \ ii imp r o t - e n i e n t  was in s_ Ice s_ I reali zed a l thou g h not is su gu u  i f  i c m i i t
u s b e fore .  I hs e comp utes _ i  p s_ ak t e m i s u l e  pressure in s Ic i i i c is t  I (19 , corrc sp onth r ig l i i  t h i s  p s_ s- s
sure t ran sdus-cr st-as r s _ d  t us ’csh f ro m - i l  43 to 37 psi. I ’lser e is a l i m i t  imposed li -v nu mt,’r s a l
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st , i l s i l i t ~ - N i  t l i s ’ a m o u n t  h i - v  ss ‘ s _ I ’ m t h e  h u l k  mu os iu lu i s  can be re s_ Iu ces _ I or to the sns- s_ ’i f i e d  coni-
p rt - s s ib  sd i t  v t sir this ’ lay er  of m ’ ls ’mu :n i t s  s_ i s’sig u u i n s - sb as the subarachnoid  spas ’s I h e  la t te r  bulk
n o s _ h u h u s  s- , i h uic of 305 psi is s t r a i n i n g  t ha t  l i m i t .  -\ nv f u r t h e r  rs- sh u c t i i ; n  wou ls l  risk com l)u i -
t i t i o n  s s f  in s ’ s i m p a t n h  i ls d i sp l ace ms i s_ ’nts  in ths’ subar a chn o i s_ h reg io n wi th  the prs ’scnt niodel.

I h e  f ina l  a t t e m p t  it  c s i r r c l a t in g  ss-ith t u e  measures ! in t racrania l  pressures seas masle hs ~
t e s t i ng t u e  s-ff ’es_ ’t of th i s ’ p rs’ss- r i i i - s ’ sh i n te gra t ion  t in - i c  step size.  s i - t h i s p o in t  130 p5 seas ths
ti n -ic step en ip love sh mi  al l  s in i u l a t i o n  ans i t h i s  value mi ght app ear co urse st-u s_ ni s _ s  i -n ipare d
w i t h  this ’ riss ’ t in - i - i c  , u s ss is _  u ates i  w i th  tb - i c i np u t  load func t ion  ( I -  u g u r e  ( s - I  1) -  I h i e r e t s s r s ’ , this’ prs’-
ss l l t i c r b  t ni t -  step st- _ is h a l t - es _ I tss a s m h u i e  of ’ 65 ps svbiic h is on t u e  ors hs ’ r of on e — t e n t h  of due
ruse  t i n t  s posss’ ssssb  Ii  thus -  impac t  b ash , I h u s  is o r sh inarm ls ’  s_ I es ’ni es_ I ad s- s 5iate , and anywhere

r ss n i  omis -s ug l i n  is to s i n e - t e n t h  s- ui hi - c ii ss - sh as a ru l e of t h u m b .  I lie best nietiiosl , hos s’s- se r
us to test  t he  e f f e c t  s i - t i  respo niss - of vario sis pr escribes _ I t i m e  s teps  I l-ic resul ts , in th is  east ,
a rs’ pr s- sents ’s_ l in l igure 6-I  2( f ) exh ib i t  s cry l i t t l e  s _ h u f f  crcncs’ in peak i 5 sp On se , ansi shios s
tha t  no rt - al benef i t  can be expected isv un s_ l er g oin g t i lt’ a s h d i t i u i n a h  cx ps’nse s i - f  a smaller inte-
~r . i t  ii sti t ime  step size,

\ s u i m n n u r r  of  t he ]  II  ~l code s in iu la t io n i s of this ’ lit -s’ r h e su i s  imp as -t exp s ’r iment  t s’hich
ha v e seen s_ h iscl ! s scm i Js sU\ s IS presented in I able 6-3 - I here it can h u e seen that  the h est e f fo r t
t m  s s _ o r  ‘s h i n e  s m ) m i u p u t e s _ i  ansi measured u n t r a c r a n i , u h  l t ~~~~

’
~~~ 1n ~

’’s ri- s t i l t s  in the  I i  IM cod-~ p redist -
ti g ps_ ik i t i t r u c r a n i a l  pressures wh ich  are abou t tbire s-  t i i i l c s  hi gh er than - i  t h ose s ehu i c h i  st crc

t i u s ’ , i si1 re5! in I I~s R I  test  n u m b e r  003, i t  can be ss-s- n t h a t  t i -i c prs’si c t e n b p ress u re g ras _ I i s_ ’n t  in
the  \ I- dirs’ctioii is subs tan t i a l .  I t  is ah) out  65 psi in the  sb ort space of ap p r ox i n i a t e l v  3

m miche s . \ \ s s r c  detai led s_ sn ipu tc s_ 1 in i t r as _ - ra n ia l  pre ssurs’ sl ata f s i - r  ths ’ mis _ Is ag i t t al p lane result-
ing I r oni I I  l’s l so s_ he s i m u h a t i o n  ii tm nfl b )er 5 ( set ’ ‘l ’abl e (1- 3 ) is prs’sents_ ’ sh in F i gurs’ 6-I  4 . If  at ,u
l,uter ti nus- t u e  ~tuisi t io n which seas selects’ s_i for correla tuoni  wi th  the I ISR1  t r a n s m h  u ct - r  is I os, uns!
to is ’ in m cc ui ru rc t h us s ia ta can sers’e to adj ust the above vah isla t ion results ,\s ev is_ len ccs _ ! l i - r ’
t i - ic p ss -s s iu re gr as i ient  siis- . it  woul s_ h not res luire msich of an error in t h i s  p osi t ion to n akc a
si g i u f i t  u t u t  s_ I mf t ’ers- ns-e in these res u l t s .

Qui d m t _ i t  is’ s- \ a l i s h a t i o n

1 h ere ,ure sus ie e h i a r ac t s _ ’ r i s t i s - t r a i t s  of typ ical I I  IM cosis’ pr etl ict ions o-i’michi  ha s-c sur-
it i _ s i  sl u r u t i i ~ the  s lev elo pni cnt  process and svhich are consistent with general and experi-

n i u s n u t a l  s i - t is s ’rs  m t i u n s  s i r  bit - i s _ i  i nju r y  s ta t is t ics .  ,r\ 5 a result they are presented here to s’nhan s-e
n he k’s s_- 1 n s t  55  s l u t  is i- is’s- in ths ’ b 1t ’ r f o rm ~um - ic s ’ of the I I I M  code in a s_ iu a l i t a t iv e  ssnss- ,

In  I s  ~ts -ncrahlr u~tr ecr  s i eng ineers  amid c l inicians al ike th iat  eontrecosip brain inj s irv is an
im l isi - r t i i i t  s u t s ,~~i r i - !  s s i t  l o in Inj ury. ~~h e n u  tiic initial s_ let’c lupmenst s it the l I I \ l  cs_xI s’ hl s ’gan i
n bis ’rs- s t - m s  n io g u i l t  a n t s _ - c n i i , m t  t h u s  u n i m p o r t a n t  mechanism st ou ml s i  m a n i f e s t  itself in i f ini te d c --
ni ui, n m  I r u m s  i~is ’l - V s - u  r m i  ths ’ p rs _ - l n u u i n a r y  t w o—d in u en si ( in a l  m o s_ he ls  to the  prs’ scr it tl ree —
di  s i m s - m s s u s u n m h  i l l s  i b . :l s signs uf u s _ a  s i t  ts’ns ils ’ m nt r a s _’ rani al  pressure has been c on s i s t t n t lv  prs’s _ hi cts’sl
in tb i , mt ~~~~~~ s m i  t im e I s t , u u n  opp o smts ’ to t i-ic app li es _h i l i l p as t  load . , \ t  the  s imi l e  t I i iW , s’oni-
Pt t ’ Ss iS  UI t ’ i~-r u i i i , i l  1~~ -ss re in th s’ h i r a m  ad j as’e m - i t  to this’ app lied load (coup pre ssurs_ ’ ) is

s _ i  insis t e tI  I irs - th u s t i _ s i  I h is  p i - i s -n on - i - is ’n s in has not i — nh  h) 5 ’ 5’Ii uh i s c rv cs _ h  c l inical l y ansi path o—
hi-g m ‘illr , b u t  I t  15 a r i_ us s t i , i l s t - p h i r s i s _ - m h n u e chanisni  wh ich sl - iou hs _ i be cxpe s-tes _ l from a prop-
er hr  s u n s i u b u t i  m l  s _ - t m s _ m 1 isu ~l , u t - 1 - I I u i d l i k ( ’  ns a ts _ - r i il I ’hc m os l s I  s imula tes  th i s  basis ’ nie s_’h ’iani sm
ts ’r s  ttu hl
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‘~onse interest in g s t a t i s t i c s  re lat ing the ineis i en ce of coup and contrecoup head inju r ies
h ive l i - es _ n s’onipiles_ i ~ - It us belie ves_ i t h a t  th i s  i n f o r m a t i o n  is germane to the s_ Icve lopni ent
s _ m t  his’ad inju r y  n io s_ icl s ansi that onu s’ cr i t e r ion  f o r  a t-alisl model is tha t  it account  for th is
data.  ‘I ’he in fo rmat ion  us presentes i in - i t a b l e  (s -4, It is r s’as _ hi l v  app arent from this  data that
this ’ t r a s _ m m a t i c  nt - s u i l t s  causes_ I by f r o n t a l  ansi rear imp acts  are d i f f e r e n t , * ‘l’he slata suggest
t h a t  frontal in s i pa c ts  arc mors’ apt to induce coup bra in  inj ury than eontrecot ip inj u ry , while
rear imp acts  induce  pr cs_ iomin ant l y contrecoup inj ury . Side imp -acts are more apt to pro-
s_ i s_ ice s-o ntres-oup inj u r y  ins i ep sms_ Ien t  u s f  ins ip a s ’t locat ion ( lef t  or ri ght side).  S~~t i u n u c t r v  of
the resul t in g inj ury c \ i s t s  Ior  side im pa ct s but  does not s_ - s is t  for front  and rear imp acts .

t ab l e  6 4. I ) i s t ru b u t ion  of ( ;~~~p s_ uis _ i (~ )ntr ec~ uj ) l~rain Inj uries with
I ocat ion i of lnsp act

Percent locati o n of inj uries
l ocation N s u n i i s s _ - r

of of On ly sir  Only or
impa ct  e s_sc’s ma in l y  at ma in l y opp osite i-; qua l lv

impact site impact site sh i st r ib u  ted

1-ronta l  280 49 5 46

Rear 36 0 97 3

I , c~t sisie 33 12 67 21

L Rig h t  s i - i c  31 13 68 19

li i  I p u r e  O 15 , t his - i n t r ac ran ia l  pressure d i s t r i h u i t i o n i  mn the \ I’ s_ i ir t ’ct ion are p k i - t t cd  fo r
s i s n u u j l , i t  u s m n i s  I ans i 2 ( I  .mbl e 6 -3 ) .  I’hs’sc siata ir s- normali z ed on-i the hi ghest co nis puts _ ’si abso-
h uts -  h s r c s s u i r s - I h - ic contrecoup p r s s suu r s s or tensile pressure s na tura l l y occur in the anter ior
i m r a m n  ts h i u h s _ -  t i u e  s’oup pressures or eonipre ssis-e pr cs sum r s - s occur in t h s _ ’  posterior b ra in .  I lots--
evs-r i l l  s t s  t h a n  t } e  \ P p rcssu mre s_ i i s t r i b u t i o n  curves for t ine  close s_ h skul l  intersect  tb - ic / e r su

s r i  s s m i r e  l ine  an ,i s I t  ion considerabl y anter ior  to st-here ths ’ open sk u il h  curses intersec t  -

s \ -  ~,
- s im ~~s 5 ‘i l ss  i 5 ,5 i i i i s s r i n .55 s I n s t s r , i s ~ s s t s -  s _ S r - i l , I 55 s i  i I . s s s i  - i i’ s_- i i ia t is \ t s s i m s r , N 5 - l~~ 7 i - ‘ i,~’ii

‘ - - i tt ’ rs  r s  ic- i- ,i t u t u  _i H r  In I s l t i ,mi i r l  I r s m .s1i ,d ,ii- si i l i s i sm i g i sss i s s s i g  I., inn vm ii I rs i i i ta i  .misml I i  .5 5  r i l i Is .sm ~

I ~u u
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I l-ic net effect is t ha t  in the close s_ I skul l  the  contrecoup press u res are much smaller t i - ian  th ic
cont rs _ - coup pressures for the open skull  case , since at any t i t h e tb- ic two eases ~‘ielsi n e a r l y
equal  gra s_ l ien ts * I f  the vu lne rab i l i t y  of brain mater ia l  to tens ile prt -ssure is accepted , ti -is ’
b srs _ ’ss t irs ’ s_ i i s t r i h i u t i o n  occurring in the open sku l l  is far more l ike l y to s’s~p l ai 5s t i- ic slat -a s i - f

I a id s’ (s’4 I h is  s _ Iat , m ins _ l icates  t ha t , f o r  rear i mp a ct s , -
~~~ 

~~~~~ of the  s_ ass - s l i - r a in  inju r y  ocs _ ur s
s in lv  or m a i n l y  at a contrecoup p oin t , ansi in - i only  3% s i t  ti - is’ s_ a s s _ s  inj s_ Ir y esj ua l l v  sh i s t r i b t i t s - si
( i i  no c,us s- s were t i - ic coup injur ie s  f ou n s_ h to occur in the  absence of con t rees i -up  i n j u r i e s  Vet
this’ s-los es_ I sk s _ i l l  s im s_ i l a t n on  tsould prcslis’t , in - i absolute  n ia g n i i t u m ds - , coup pressures nu s_ i s-h
h i ig h c r  t h a n  co ntrs _ ’c om i p l)res st ire s, Whi le  it nu i ay  h)e in t u i t i v s -h v  oh v iou i s  to sonic , th is  sl ata
s_-o ms c lus _ h i - s t h a t  .m i ’ h s i - s s _ s _ i  sL t i l l  eo n fi gurat ioni  fo r  head inj sirv s in s t i ha t io n s  must  be rej ect cul .

\ i i s i - th e r  p s s ss i l i - l e  cx p l a n ia t  ion of the  sh a t a  in l’ abbc 6-4 st - o u l sh ins _-l u - isle t i e  s l if ’fc rens _’s- s in
t i - i c  boui ~ i r regula r i t i es  of tI le an ter ior  and posterior in te rna l  sku l l  surface,  S in - i cc the anter-
ior sku l l  e u ) n t a i n s  more sharp pro t rus ions , the interface condit ions  between t i - ic cranial  st-all
ansi brain anu s_ I at tens l in g  hazarsi s wil l  t i c  more ss, s’ere under  d yn amic s ’oru s_ l i t io n s , ‘ l ’his 15 U n -
s _ hr s u i h i t s ’ s _ I h v trus - , h i - u t  the sl if t  in ti- is’ locatio n -i of zero pressure as s_ li scussed abos-e has also
been observes_I ex pe r m n i ien r a l l s -  ~ - \s shotv n by comparing I’ igures 6-1 2 ( a )  ans I ( h t , the
s-I ts _ - ct  of th s’ foramen n ua g nun i  Op enin g is to create larger tensi le  pressures for longer dura-
t ( s i i i s  at an te r io r  p oints  in the  brain s_ lur in g  rear impac ts  It , therefore , i s regarsl s_ ’d as an mu -
port ari t mech anism in head inj  u u rv  nu os _ i ch ing.

1h- is 5 5 - 5 , 5 - i’, t m . s s , s r s I I n tru e I s ,  s l i m  s s s u p  prc -s ’ s urs -s  i t t  s _ i s  s i p p rs _-s ’ s s u r - ’, i t t  the s_’isrss_’ s i sksi li sr i -  t isiss ’ii iir get nh~mii m Iss- s’s_s up
p15 ‘s~ s i rs - ’ , r is cI s c 5 pen ‘u s  uii -
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7 h I I \ I  ( ) I I - 1 ) 1 -  ~ I -1lO I ’Ml ’  \ I ~\ l .  R h ’ S U L  I S

In  t h u s  s_ mu t s t s -r th is -  c o n u u p u i t s _ ’sh s~s n . i i i n i c  r s’sp ii - ui se o h m t . n n c s h  f ’ron u several I l l  \i code si i i iu ia-
isi n s in - i  t h i s ’ la - i n  p .u t t  s i t  th u s’ he ash I nj u r v  n n uos _ i s ’ I s _ Is _ ut s’bop men t progi’ii n n i  ire presented . ‘ h u e

s _ Is _ _ il s_ s in  hi th s_’ h u i n u , u n i  s o n t  ig u r a t i o n i  urn 1 , i i i  p a r t i cu l a r , ss- u t h - i  t i - is ’ th r t ’ s_’-di n iu ensio n a l  d i ss_’r c t i t a ’
I ns i n  s _ I  s e l l s - i c r  t s- , i r l us - r  i i i  ( h u i p ts r  5 I hs i s i g h most ( i - f t h e  e f f o r t  ds’ss ’rn l ) e s_ l t h rou g h out  th i s
r e i n s s i t  pe r t a i n s  to u i n s  sls ’s t - hss pni s ’n t 5 f  a u sable  ts~~m [ t s - u t h  tt’ h iic h ’u to st sid r head inj u ry , some
ot thus’ rs ’ssi  I t s  h s r s ss ’n lt s ’ s _ h in i l - i  u s t h ~u p ts _ ’r pro t -ids - u s e f u l  ins i ght i t - i to  ti - i c niechanical  cause- s of
hs _- .u s _ h u n i u r v  un s - n h - s  i r t , i n u t  ohm i s _ ’ s_ ’t i ss ’ s i - f th us hs’a s_ i inj u r y  nu osie l  stud y . l’ s cs’rpts from these
r s _ - s u b t s  ts s r s ’ p rs’ ’ue r s n l  - I ,ut a im s’ , i r h i s ’ r slats - in Referen ce -  65.

I i s  i n i t a l  I n i u p _ u c t  \ ‘crss us t ) - c i p i t a h  Imp s _ st

I hs- h i u n u , u n i  sk s _ il l  nuos h c h  s -n i u p b oy in g  the  f ine s _ h iss’ rs t i ,a t i on (see Fi gure 5 — 1  2 1 was stub-
j ec t s ’ sI  t i m  i t V h i l s , I !  s u nset  u n u i p a c t  b ash f r o m  the front  and from the rear . lii each-i cass’ the
peak b ash st a s  2 ( sU ( l p oui n - is i s  an - id w a s  s _ i i s t r i h ) u t e s _ l  os-er a sk s _ ill  surface are- a of about tss (1 sq in .
t h e  u m $ s u s _ t  l si - , is _ i  t , u r l sn l  with  tun ic  ,us a h uts e rsu n e  f s in s_’tion havin g a dura t ion  of 10 ms. The

s _ l ures _ a u i - n  s f  l s i -~i shi ng nearl y pa sse sh thros ig h the skul l  center of grav i ty , ansi t h e  skull  was corn-
p h e t  clv u n i r s _ ’sn ra ined - I h e  sk t i l l  n uioshe l  included an s -ha s t i c  menibranc over the forameri mag-
n u m  ii t h t -  “ n t i s ’  n i a n i n e r  as p~~” iou isl y discusses _ h for the rhesus skul l  mo s_ lel - -  \ d d i t i o n a l b v .

s_ - o n i p r e s s i l  s i c h i s _ i l k  n n s i - s _ i u l u s  ~~ ~~~ l~ 
sta t  assigned the elements  cons t i t u t in g  ti - ic sub ara ch ’

non! spa s’ s- I he i t )  t cps atui ) i ’u tun ic  sit - p siis’ was I ru - is.

( r , i n i _ u  Ri  nc 1< esp i s l u s l . \l i r u u m u  n u ansi m a x i m s _ m i p r i nc ipa l  stresses in ti - ic m is _ hsag i t t al
s i  t Ic  s. r. 5~ ii I il i I .i r s ’ s ress ’n utcs _ l  un - i contour  t or n - i  in F i g s_ i re  7 —1 for a f r o n t a l  impa c t . \s-g-

i t i s  c a n - i  positive v ,s _ hui s - s  r e fe r  to e~)mprcssioi1 ansi tension srrcsss -s i n-i the sku l l  bonie, respec-
i s  e ly For ti - is - I ro n tah  I s _ i - a s _ i  s_ ’ons h i t io n , t i - ic outer  su r f ace  of the f r o n t a l  bone s u n s t a i t i s  t i- ic

n n a x u n n u u n m ci inup r s’ ss ionl strs - -is ((i ,20() h i - S I )  t vh i le  thi e inner  surface of t i - ic  I r o n - i t - a l  bonis’ sus-
t au r us  t h e  i u , u s  n i u n u  ten - i s i on  sn rs-ss (2 ,050 p si ) .  I his ’ss - are’ l i - ens l in g  strssss - s I h i s _ v  appear rs
.iss_ u i n m u l a t s _ -  a h s s  is s_ thus’ lo a s_ i in g reg io n-i st -here the f rontal  bone th ickness  is red s_ ice s_ i i’he rela-

it e m~i g n u t u i s_ h c s  of e o n n u p r e s s u o n  and tcn sion stresses are significan t since tens ionu  strs -s s is
u s u a l ly  tho ug ht of u s i m e i n g  more conducive to skull f r a c t u r e .  ‘s e t  the conu p rc ss i t t ’ St res st s
are  rou ghhr t h ree t imes  gre .u t c r  If they were eq s_ ial , then f r a c t u r e  wouls i be s-\pecte si ts _)
h m e g m n  t ’t - s ’n t u al ly i i i the inner  and outer  cranial  surf ’as_-e , hig he r u p  on the  frontal  lions ’ . R s it
is the  ana l y s i s  sb us  itt s . the  larger compressive strcsss -s n u u v  sign i f i can t ly  -al ter  that  f r a c t u r e
p a t t e r n  h i i n I t i a t i n g  fr .i s_ ’t u - ire onn ti - ic outer  surface of t i - ic  f r o n t a l  lions’ ust below tI - ic ir i s_ I i-
s ate s_ h p osit io n I or imp ens h i n g  tensi le  fr - acts _ ire ,

P r inc i p a l  stress data for t l s- os’ci p ital im p act us pres s’n-it s’s_ l i n l ’i gure 7-2 - \i ax imun i s _ i  s i n ’
st rs -ss (5 , 1 60 p5i I os- st i rs j us t  abot -e ti - ic b ash r s ’gn on on ths ’ outer  s k u l l  s s in l  , ics _ ’ ,-\ gai n

hess ’ ar s_- bendin g s t r s ’sss’s l I-is’ n ua xu nu uu in u tens i le  stress ( 1  820 psi )~ h s s s s s s- s _ s r . ( ices _ i rs it  t h e

I S - I F , in i ~~, 5 5 5  ‘ u i S i s s _ t i n s , ui e r n  ii s Ir, m iss ms ‘ u k u l i - I r ,  s r , r  sS s t ,’i i i . in i’ s s i s , .  l n i s_~ si  (s,  \ i s  i s , 5 5 5 i 1  st i ll’
i is i rasim m , s i i i u r s , s s , ,  Sari 5 5 r g . s , 5 N m  5 5 , 5  (sp ~i-. i  S r i  I
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s’s_ks’ s s l  t h e  I ’o rums ’ n n n a g n u i n i i  - tt - i,- h h  I i - e h s tt - the po in t  of b( s. i n h in g  - -  \s a rs ’s i i l t  this ’ fo r an i enu
n u u a g n u i n - i .ipp ca rs t ( i -  h ) r c~~’ z’ ~t in - i ~irs’a of s t r i ss s_ ’ons ’s -n l t r a l  n i n u  n i o t  u n i h i k s  t i ia t  fo t u ns _ i  in con i-
s- s_- n t i o i i a l  s’nginc s’r inig she ’ll st r s_ i s’tsir cs in t i m e v i c i n i t y  of ups -r t s_ irs’ s .  I h e  s’muuu press i s  s’ s i r u ’s’ss’s
ins - again j I n u u n  sst t i - i r s’s- l i nus -s h _ ir g c r  th ian i  t he  t ens i l e  s t r s_- ss s -s -\s a r s - su uh t  t h e i r  s’ si - n i t r i b u t i o n - i  to

I i n u e a r  fr~i s n  (i rs- s_ - ann ot  li e ’ igno re s_ i es en th o sig h ts ’ n s u h s - st resse s n - iu a y  l ie i i u o re ’ s _ n t is _ l u c i t e  to
h ine , i r  f r a c t u r e ,

h is’ s’ff ’s’s-t 1s t  s u n u u l a t i n i g  the - sand tt - i chic s_ I or havt ’re’ sh n at s_ irs’ s f  the s r a n i a h  hi -one’ s trs i cturs ’
is i l l u s t r a t e s _ I  f roni  the co ruce rut rat ion ’u of st ress contours i n t i - i c  inn- icr _( ni sl  ( i - t i t e r  t ab le  iss  i - s e
l , u \  s-rs , st- lu Is’ this ’ s_h p loe , si r ni id slle lay er  of ss ft cr  hone ,  is s’ssc u i t i a l h v  s_ he s’ oi d of hi gh st resse s .
I he h a~ crs’sl cs_ sn st rs_ u ct ion of time skull  is in s_ lees _ I t -er~’ ef ’f ic ie n ’ut in rs -s s t s n g  the  bendin g  forces
s t I m i u p a s a  - ( s _ i -nu p r es si s - t - h i - s ’ n d u n g  stresses ire c o n s i s t e n u t lv  hi g hs -r than  tensile’ t i - e n d i n g  stre sses

i n ths _ ’ ahio t ’ e t st s~ s i n i u i b a t i o n s , Rt ’c at n sc hi - on - is’ is more suse ’s - l ) t ib l c  to fa i lu re  i sv  tension
st rs-sss-s . i i  is ~h m t  I c u l t  to ~~i - p ~~n it the’ ex ac t  local of i m pending fracture - , ,\loreovcr , no ,u s ’-
ccp tabls _ ’ t i l t - i re  c r i t s r i on  t \ i s t s  f o r  sku l l  bon e suh )j ect es _ I to tts’o- ansi thrs - c -s l um ens i o ru s_ I  stress
st ates , I t  is cbc ,ur  t h a t  f r a c t u r e  pa t h - i s  anti  areas of hig h s t ress  are considerabl y al te red hs ~ local
gs’onus’trn s- ul ir r s ’gula r i t i s ’s of this- s_- r an ia l  s t r u c t u r e ,  It  us also clear f r o m  ti -ic above’ t st -o sin ui u l a-
t u s m n s  thi u s the oc cu p s_ i t  s_ lcv eb op es less stress for the san- i- ic load ti - ia n - i does the I ronta l  bone and
appre.irs tu )  Se snr oni ger .  I i n s _ a r  t r ac t s_ i r s - s  are apt to orig inate on the inner  sku l l  s u r f a c e  us
st e li  as the  outer  sku l i  sur face.  b - o r  f r o n t a l  imp acts  the’ f rac ture  of t h e  fr o n t s_ I bone is l ikely
t s _ m  s scc s_ i r  u h s i  st - s t I e  b low at a hi gher p os i t ion .  I - or  occip i tal  impacts , f racture  of ’ th i e  oc cipi-
t a l  h i s s nie is l ikeI ~- to occur s ’ith icr a hm os e or below the imp act  area and p erhaps u s far s_ Iott ’n us
the  forarn s’n niagn s _ m u u -

I n u t r ac ran ia l  Response. i) ata  in th is  section as in all h I M  cosle pres iict ions are presented
I - sr tb - is’ n i isl sag i t t a l  p lane of the’ model but  is to be inter pretes i  is predicted s _ h i t , u  for a sag i t t al
p l ane sist to ) t i - is’ rig h it or l e f t  of t i - ic  m u s h s a g i t t a i  p lan - ic of a h i s _ in - i an  skul l ,  This  is Iis _ -c, uu sc  the
tst o ce rebral  hs ’misp hercs ars’ ac tua l l y  scpar ~ite sh by ths’ faR m e m b r a n e  wh ich  ocs’s_ i p is- s a

is sJ po rt ion - i of t h s  iui i s_ iSa g it t~sh p l~mn e , \ fu ib l  s~u g i t t a l  st - st ion of cerebral i ua ter ia l  os- s’s _ i rs in
as t s _ u . i h i t y  on h\  t o the ri ght  or h s _’ t t  s i t  t h i s  p lanis-

ftc r i-suIt s f or s- , s_ ch load c uss ~s_ n s’ p re ss ’t ite s_ i together in h i gurs’ 7~~3 for s_-o m par i s s i -n  \s’g-
i t S t e  . i t usi  p ( i s l t i t ’ e- 1) r s_ ’sss _ i rs’s s_ he -note ssa nul p ressuo n an - i s_ i tension , rs’spc- c tu \  s h ,  Peak presss _ ure

t h a t  i s _ s t i rs Is s- i s n i i p r s - s s n i - n  ut - i t i -i c an t e - r u i r  h i - r a i n  f ro iu i  t h e  t r o n t ~i l blots’ ( I -  igure 7 -3 u l and
( h o >  us less l ike l y  to ) c~s i i s s _ - b ra in  s _ l , u  mmu, i gs _ ’  t h , in i  t h e  peak pressure occurr in g as t en sio n - i  is_ u the

u ni ts _- n or l i - ranni  ,is i n s _ Is i s- es_ i l i -v t i - is ’  s i t - . s 1 i s t ih b , l i i t v  I I ’ u gure  7 - 3 ( s ’) a n - i s _ I  ( s _ i I ) ,  l ’ii s ’ v .urs - nea r l y  this
s,i nn s_ ’ in ib S( i -Iuts’  n u n a g n i t s i s _ l e , bu n ti - is -  I s r , n n - i  us ims’hies’ t ’si n i iu n s _ ’ suscs - p t i bls’ to i n i t u u r t -  t ’ro tu i ten—
s is i - ni I h i s  is t he  s, inu s’ charac ts’ r ist is ,m ss is is i- Is’ s _ h ss i t l  th e rl s’siis nio s_ l e l  , in s _ h of f ’cr s a goos_I
s _- ’sp l a n a t i o i - i  for  this ’ s I ; i t i s t i s ’al l y obse-rscd p h us _ ’n m: i i i i c no n  s st ,us ~ n i n - i c t r v  in h i - r a in  i n j u r y  1 ss’t ’

I able (s 4 1 s-~u s _ isc s _ I l iv f r o n t a l  arid occi p it al inuspa c ts
M,i ‘s i n u u i n i  shs -ar s t r a in  da ta  ~t u s _ n  compared f or tb - is’ two load case’s i re’ aln ’nost i n s _ h i s t i n ’

s_~ii u s b i , i l i - h s  in - i s _ I  t h e r s ’ f s i r t ’ ,upp ear to be in s_ ic 1x’nde nt of svh is ’ther the impact  is f r o n t a l  or occi-

~ it s i  l i-is- p s_ a k  shs ’,ur s t ra in  for ti - ic os_- s- i p i t i i l  impact us 20” , greater th u - a n  for ti - ic f ’r u i - n t a b  inn-
p~~ t U r a i n i  s i s n t u , i ~’e di nt ’ to s h i e , s r  st r a in  s v m h h  n u n - s n  h i k s _ ’ l y  1s t’ f o u n d  n ths _ ’  h i r a i n i s t s - t i m  or
b)oss uh mIt the cs_- n s -bcll u m as c i i - rd u r g  to t h u s  da ta , rs_’gar s_ Iis _ ’ss of thus ’ impact  load siire c tio ru - ‘ t h e
n i i d b r a i n  rs’gion p~ sss_ ’sss_ ’s t -c rs l i t t l e  shear s t r a i n ,
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l im e - ic  i n u t n , u s _  r , i n i a l  r c s u i i t s , h u i - t h  } s m c s s u s r e  anus _ I  nua ’s _ i n i u u n u u  sh s -; ur s t r , u u u , s t i r s - I s  i n u s h u c ~st e th at
m i s  r i s - r , u n m a i  l i re ’ssiir s - st - s i i u l s _ h  u s ’  t l s ’  n is ’s- Ii a n i s _-a l p h s ’ni o n u enuo n n i si -rs ’ l i k e l y  to e\p lain the st un is

n i s _ ul  s _ I i s t r i b u i t m m n i  of s’ s _ i u i p ,in s _ h s- o nu t rc c -o u i p d a t n i a g e - st b u m s _ h  is m i n s t t n i  in ‘l ab le  (m4 , ‘ l i t ’ n u nos t
s e t s _ i c  s his ’ar s t r a i n  s h ieS 1 s t  s s s ’ciur , it c i t h i e r  “ s n i p or - - n n l t r e c s) u i })  l oc a t i o nu , ‘ l I u c  m m u s s s (  set s- r e’
pre sss_ irs ’ s _ I s i s _ s occs _ ir ~u t t h s_ s e  p s m s u t u o n i s , ( his ’ io c.us i oni  of t Ime  nus s - i s  ses s- re shie ,u r  S i r i u s  sloe ’s t~ st
s u m s  s t i t h  t l s _  l o u d  sh i r t ’e t i u s n l , b u u t  t u e  i s i c a t u o n  of t i - i c  h ost sesers’ snes s i s’ c hoe s

I h - is _ is  I .i r t i - i s - i l l  ~i sos _ is  i m i s i  u t - s t e - i  p re ss u re to be this ’  n - is s - i t  in i p or ta r i t  i n t r ac ran ia l  resp onse
f o r  prt - s _ i i s ’t un g  h s r , u u n i  s l an u u a g c .  I I s _ u s e s ’s e n , to t h i s  po in i t . s) n mlv  t r a n s l ; u t i s s r m  s f  t h i s -  sk s _ u h l  h i s  sn ‘ ‘ mu
s t u s h i e s t  i n s _ I  s s i m e t h e r  sr  nuo t  th uese res u l t s  ssn il l  su f f e r  fo r  r n s t , u n u s s n  r s -n ma ins  t n s  h~ s_ - sc - en ,  l i-i c ci -
fee t  of m i s t , i t  m u s m i  i s m u i v - - i t  l g s t - r i  i n n  t h e  I o h l s i t v i n i g  sect ion .

~ _ ii ’~ t u g  t h w  8k s i l l  t i- ic Bs~~u s u s _ h  irs 5 5 s m u n  h i t  u i - r u

\ st - n t -s n s f  t s i u u r  I i I ’ tl s’s _ is _ i t ’  s i r u s _ i l , u t i s n i s  ,irs pre sentcs _h ansi  n h i s c u i s s t ’ sb I s - n  t b - ic  p r i n - i a r  p u r —
pose’ s _ sf  s _ I c t e r n u u m n i n i g  t i- ic t t s ’ s~ ss m t s f o r  i n - i s _- i ui s _ h i n u g  a neck s im u l a t i on  s t i n  Ii ti - is - si5 s _ - il l  nios _ lel - In

- i n s _ h u c t i n g  t ic - i s -  s im u l a t  m s - n - i  t i - ic s _ f t  s _ s t  suf  skul l  ro ta t ion  us s_ i so intros _ I s_ i ces i , R g is t i s s i - n i c
mot ion  s s t  th is -  sku l l  and the  rcs p u i -nss -  u i - i  t i m - . - brain in St - I s m s  of ’ i n t r a c r a n i a l  pr essure s_ l at , u , inu s l
n i a x n n u s _ n n u i  s l i t - m r  s n r u i m m  s I , u ta  are en uip loves _h m u  t h e  s _ h i - i c m u s s i s s m m  ( r , u m m i u i  h i - one  st resses art ’ riot
n h t - i e m u s s s ’ b , b i s _ u t  t s r  cat-h si nus i la t ion  h ik s ’ tho se sf t i - ic p rev soms s  ses_ ’ tnon , t m m i n s r n n , u t i o n  p e r t a i n i n g
to l inear  Is _ acts _ i rs ’  n i l  t his’ e’r~s _ nius i m s s u s  s’s i i u p s _ i t e s _ h  -

l b- is- s i  Is ’ s_ i s t  t b-ic bus _ i n i sha r v  cond it ion i s  un this -  sku l l  i sa - i s ’ u i p u i n  in - i s  r , u ur , sm m ial rs _ ’ - i l s s s i i s s _ -  is
I t i S  St IL s,i t C r h  i s ~ r e p e a t i n g  ti - ic i r u p a c t  s u n u u b a t i o n  f o r  .s s ku l l  tv lu ch i  u s ( a )  I s c s i  u p s i m s - i t  nu move-
n - i - i t - n i t  ,ut tb - is’ h iss - , ( i s  I P~ m~~ ’~I i t  thus’  l i - a - i t-  , u lhu i - s v i n g  r s t ~u s i o n u  ~i h i s _ i s _ i t  i b i s ’ i s use ’ , ( c )  rollercsi it  ti -i c
h i ss ’ a l lm is s  ing this -  s h 5 u i l l  t i s  s l ide ’ a i s ng a p lane , , s _ n th ( s i t  con ui p h c ts - l v u n r e s t r a i n e s i  at tb - ic ’ b ase’
~s l lo w i n - i g  t i- ic - sI- , s i l l  t s i  t r a n u s i - u t e  a ’m sl  r u i t a t e , l i- ic- s u iu s s i l a t c s _ h  impact  loath st-as ,u c o n c e n r r a s s _ - ,i
f o rce , s ,ur s  m u g  ss n b - i  t i n - i n c  as a havers ine - f u n c t i o n , w i t h  a s i s_ i ra t ion  n s f  10 n i t  ansi  .u p e,uk I s sr cc
s i t  I ~~~~~ pu s _ i ns _ Is . I he u n u p a c t  i~ as_ h is app lies _ I u t an ang he - of ’ 15 ds -g rs _ ’ s_ -- i w i th  the  h o r i , s - n t -al
on the  in  s i t u ]  s n  s m l s _  \ g u i m u . t b - ic n u ms -r i cah  i t i t e g r i t  n o t - i  t i n - i c  s tep s i /c  st as I u s .

I i s  cr 1 i t  t i l t  (t ot - t b -i c’ i i  \ e s i  -ik u i h l  is  con inp ls -te - ly restrain u es i at ea ch of t\s -i s n io s_ ( c
j io u m i t s  ( i n - i  th i s -  p e n m n n n - t n - r s s t  t h i s ’ I s i m , s m m i s ’t i  i u i i g m m u i i u I h is ’ c o n u u p u t e s _ l  n i l s ] m l a e c n m i e m i t s , st r s_ ’s s s’s ,
an d shear s t r a i t i s  a r s ’ s h i s s t t  n in I u g uins’  7 -4 Jt  t h u r e c -  s els _- s_ ’t e s_ i t un i c s  so r r s _ - s~so n dmng  t s i  peak loa t h-

ri g , p r ior  to peak h n i i n i u m m g .  ansi s m i h i s c s _ 1 u i c n t  to pc .u k s i d i n g  I he -i cs i s_ i s ’n s_- s_ ’ of s iu s p h~u s ’e n u u c r m t s
s hmss t t s vcr u h i t ths _ -  S u ghh  hui - s Iv  i m u o s i o n  h~,’ s_ eu - ic sf t b -is’ ‘- es t ra in t  at tb - i c b u s e .  I ’ o shisp l~iv whi m
r u g u s h  h i - s _ s - I s  iu o t ionu i l l s _ h  s - \ m s t ,  t h s -  s h n - ~ s i acs ’n iucSin s  55cR ’ s ca les _ h  t s s  2 5  t u n i s ’ s t h is ’u r  as- t u u a h  s a l s i c s

In  t h i s -  s u m i s i r , i s ’ h u n i s i u , l  rs _ ’ g uonu n u t - s r  t I n e  top si - f  f l i t ’ s k u i l l  a re’i , u n u s s ’  r u s u s n  ion bs’t sts ’cn t h e  in - in - icr
sk u l l  s _ ’ Ic n t us ’ n t s  , i n m s h  t h us’ o u m t s ’ r b r a i n  c lenu i en t s  s i n  be oi iss _ ’r -, - s’s _ h at 5 s m m - , ( n i i i s _ ’  thus’ tog un the t s p
a l i i ng t l i s _ -  s s ’r t i s ’ ah nis’sh h m r s s - s s  t hu s is g n a j i h i i c _ i h  es i dens _ - e’ n i l  t s s  de’si r c s_ i s’f ’t ’s’ct s _ i s -sig n s- s _ i bu’
s u s e n  I s  u n g  a rs ’l atu s e h u  coniprs - s - i ih h s- h ulk  tu m s i s_ i l us  in - i  t h i s ’ t u h i a r a c l u u i o i s i  s’l c n m u c i m t s  I h i s s  rs ’ s u u l t
s ums he ohis s_ ’r v s - d  in - i  o ther  I l l  \1 s _ s s s h s _ - si n i i s _ i h , u u u s s i i s  i s s  a lesser or gut  e c u  s’-i,t s u i ,  I hou i g im t i - is’
ri l o u t s -  n u ( i t i n ) n  is i R s - as - s s b u g bi r , i t  ss_ ’ rs s- s t i n  rs’s _ l u us _ ’ s’ si > i m n m I s s _ - , i n t h ~ ’ t i me st r ss s c - ’, a i ns _ I - i m r , i u m m s  in - i
t I s- i r o n  t h u  ~~n i m u l h  s , t h i s _ ’ r t s - m ss -  s ls -t -el op l i - v a s s u u s m u s m s g  t h a t  t h u s ’ b r a i n  is n i g us _ h l ) I i\s’ s_ I t i s  ths _ ’
in r s  r si’, s i l l  su n u s e

l ime sui rs u t s_ i r s’  n s f  t h u s -  s t m  n s s  contours , I s I r  st hu ch , i l uu t -s ,i rs _ - gusen  - in - i l ab(s’ 7 — i  , sls ’nuioni -
-m i t e s  m isc r s m t , m n i s s m u  t a k i n g  p l acs’ to t h e  s u r t u i a h  c s c h u i s i s ’ ; ,  i f  t r , u n u - i l , i m  t i - ni  .\ si g n i l i s  a m m i  i s m u u i u u n u n
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I ’ able 7 I , Contour Values for l- ’ m ’ s e sh Skull

( :onu t os _ i r  Stressa , I) Max imum
No , ( psi ) Shear Strain

-5 ,4 0.035

2 -2,2 0 070

3 +0.9 0,104

4 +3 , 8 0 , 139

5 +7 ,3  0 .173

6 + 10 , 4 0, 20i~

7 +13 ,7 0,242

8 + 16,9 0 277

5) +2 1 ,9 0.3 1 1

10 + 2 3 , 2 0,34 6

Negat iv s_ ’ sign ind i ca te s  conupres sion , and positive sign
m i s _ h eats _- s tension - i ,

hi - p si = 0,069 bar.
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n - I  i n s t s s n  t ’ , n ’s i , t c m m t  i n - i t b - i c  ‘ r u ,  s in - i  t h u s  s i n u m l a t i s i n , I l i e  sk s_ ih ;o  i s _ s  t i n t i t s _ s i  ‘ ‘ I s i s _ k  os’cr ” t h e
sii h s h s s m n t  - i i u n m a h 1 ~ c l u i s u n i g  e s i m n p r e s - i i  sn - i ut - i  th is ’  u n i t s ’ n ’ i u i r  and ts -n s i ( i -n  in - i th i s’ 

~ 
‘ - i t s r i s s r  b i - r a i n  i bi s

s k u l l , h i  r \ \ cver -‘ s un ,uc s _ c l e r ,u s e s  h i a ck  i n - i  t h s ’ s ipp os it t ’  s _ iurs _ ’ c t ion  u s t i us ’ m i m I  s m m i s s m n i e s  I b i t s
s , u iu s e s  a si gn - i ne t  er - i , u h m u  t h e  si re sse s  s i - I  t i - ic a n - i t s _ - n o r  h s r , m u n u  , - \ s _  s t i , i h i y  th is ’  p s _ ak  t e n - i s i s _ m i - i  s l u t - - i s

‘ n t  nrrs - il ut  ~~ i n s I nu ( i - t  s h i ss t s  n - i )  i _ n - i  t h i s ’ a m u t e r i o r  b ra in  s s m n f , u s ,’ s_ ’ i i i  th u is  s i n i u i , i t i s s n u .  l h e  s _ l i s t , s  m t \
sf  m i s s  s k u l l  i s s i - t i e  lm , us  ~~r t - .  pa te s_ i  s u g s m t t f i c u t m t l \ ’  h s c c , m m u s e  of t i - ic r e s t r a i n i n g  c s i n s h t i n n ’ t

“s i ts _ ms s t r , m i m m s  i s ’’ s-h i-p u n i t  s i l t  in - i  t i ne  h i r a i m m s t s _ - n i u  re gis _ i - n - i  ti - i s - n - i s m i i s s l n h s _  .ut 7 n u s , s m n lv  t s s  i ii-
cr 5 - u - is - , u g , u u m i  m s  th i s ’ i s , s s m n i i i m n - i - i  s , u l s _ m e  ut  ‘)  n i - i . I h i m - i  o s s’ i l l a t m ( st i  is a u t i a n u i f s _ ’ s t a t i o n m  n s f  thi s ’ s u s m m s
i mbms - n o n t i s _ - nuon i  s _ h i scu i s s e s l  , i i s s s t s ’ s i r  th us - -~ r es-i re s h s oi - i ss _ - . I hers ’ is o t i l v  a sh i g h ut  t e t ms _ hs - n cv  fo r  t i - i c
‘, bue .u r  s t n , s  i r i s  t s i -  n l e s c h i i b n  n s m i  this’ s u i t s - n sn .i rf ~mce n s f  tb - ic  b r a i n - i ,  ( hue b r a i n i s t e i m u  s u u s i , u i nesl s i r s , s  s l i t
si b S h u t ’ s i m s ’,s r s t m , u t m m  I s  nu i g b t  rs- , i s s _ s n , u i s h s  he’ t - \ p ectesi t h at t h i s  o hu s ’ to thi s- i i \ s n h  s i i p p s sr t

n n n i t n i i t i s s m u  h i s _ i t  m s - s m u t s  s t i l l  h s e - sh osv n u f i s t ’  a rm t i m u r e s t r a m n u e s _ h  s k u l l  w h i c h  d u s c s s u i u i t  s h u t  s s s s s i i ’ i ] i t s ’

“ k s _ u i ]  I h i m m g s - sl at th i s ’ h t , u sc  5 ) i i l v  in - i t h i s - nmi ~~st rare s i t s _ i~u t i o n  n,t - s_ > s _ i l s _ i  a c n s n u p lett’ l v nt - s i r  i s i s _ i

sks m l l  s i m i m s _ u h a t u s _ i - i u  b i t ’ app r s m p r i a t s _ - . \ niu s i - r e  rs _ - , u l i s t u n ’ s_ ’ s s t u s t r ~i m n i t  s s s _ s i u l n i  a i l s _ i - s t  s s s m m i t ’ r i g m s l  s s s s _ R
muu s ’ s_ ’ n m - u s’nt s s t  th is ’  s k u l l ,  1 Ims ’ r s ’ cu m ls s  f ’s _ sr  ,u h - i i n g c s I  - i k s _ m l l  are ’ shown i n - i  I g l i n t -  7 5 .  I bis ’ r u s t a t i o n
t ,i k s _ ’s p hase’ ,i hou i t  u j- i n n e st  n o s_ he  ( ut - i  t i - i c  un i t s -n on rns _ I gs’ of this ’ l n s r , s m t ; n - : m  n u ia g n - i s _ im ansi s _ i n  h s ’
ts - rn m esh n s i - n u s ’ s_ ’nit r oudah  r o t , u i i s s m m  ‘~m g n s t  t e , i m i t  r i g i s _ I  i s s s n i \  mm io t io n i  s i - s _ s _ - i r s  as conup ars - s _ l - t  r h  ibis-

n n I i ] ~ t I n ’ t s  I s  r s _ ’st r , u in es _ ]  s k u l l  ansi ,us ,u r e- i sIs  t b - i c  i n t r a c r a n i a l  r- :s 1 n n sm -ss ’ is s’ers s _ h i i t e r c m i i  h - i s _ s t
‘ f a l l  t h i s _ - i s - i s  m i s s reversal  of ’ si u_’ m m  i n-i t h i s _ ’ c si n m - i p t u t e s _ h  i n t r a e ’r in ia l  r s - s p o im ss _ ’ ansi st - s o ns _ I , t i - ic  t ’ s s S m S

p rc ss is ’c - in r s_ ’ss s’s and shear si r . u m m i  i re  s_’onsi s icra bl y u r g e r  us s u n  55 i i  i s s  the s ui s _ uc s  in (‘~s_ hls _ ’ 7 7
h mms e s s n i s i r t u s i r m  us m h e r c f  sire ms _ i re  sc\cre ihu ~mn t i - ic i s s u i u p 1s_ ’teh ~- s n -s r r , s m ” c n h  e s n t i n i u t i o n  s t i t h  m s _ - g e

ss i n t r a c r , m n i a l  rs -s } n n  s mis s - I bus is riot t r ims  fo r  the  sku l l  son s- rs’spo ns s_ ’ .
I his’ c u rv ar u m rs ’  s f  th i s ’ st ress n s m m t n t u m r s , csps’ci a i hv  i i i  t i - ic an t e r io r  h i r a i t i , re f ls -et  the sl u t  sn

i r u gus i  hodv t h - i a t  is t a k i n g  I n i , u s c  I ’he s _ s u i t r s ’ so u ip rs’s p s s t i s - is con ip ;u ra t i s ’ s’l~- n u i l s i  u s evi s_ hen e s-
u ti t he  pe ak r s_ ’s~n sim i s s ’ i t 5 n u t  - i b i s  its t n g Is -- is t h i a n  1 3 _ h i s  ts ’n ns mo n in - i  this ’ p cms te -ri or brain,

h hs’ im u , u  s in u s _ i s_ n  shea r  str ~s _ i n i  r s _ ’ s p s s m i ss ’ p e ak s  at 7 m i s s  - ‘ ‘ ., ssih iss ’si u en t  to peak prs ’ssu urs - rs ’
sp s i - t i ss ’~ I hs ’ i s r , u i n s t s - n i  reg ion — i s — m onus  due more s t - s t - re’ sh - i e ,~r ‘~t ram n a u n t  t l u s ’  n u u i s _ i b m r , m i n m  rs’g i u i n
s t i s r , m m n s  tb - ic  I t  , s s t  shear s m r , u n  - ,  \ b t l i o u i g hu not si - is- itt mu , t is ese - u s b s - , cr\  s t i ons sue ~i h s s s  t r ue ‘‘ I  th is ’
sun u p I i t s _ n i  normal str a it -i s i t - i t  oh s i t

S k u l l  “s i i h i m i g  oni  ln ~ h t . o s _ -  In  t h i s  i m u s t , u n s _ ’ s_ ’ t i ne  s m i i u u l , m t s ’ s _ b s k u l l  is , i h l s i - t t s - sh t s i -  — u s _ is  ‘s n - i ,i
h i r s i i i , s m i t , s I  s i s l i c ’ t , i m s gt ’ m u t t s i -  thus’ ‘,i- , u l b  i s , mss _-  un - i s i s-i’ th i s ’  i n i l s_ i c t i s s ’ n s f  t he ’ m n i i} - i ms t  I s s r s ’ s- I h is ’ m g i n

h i s s - I s  r u m o t u o n  in t h i s  c, sss ’ u s 1 s r i t n a r u l u -  t r a n - i s l , u t i s i - u - i , i h .
l b-is’ i n - i t r a s _’r , i n i , i h  re ’s ln in iss ’ is b u a s i s ’a l l s  si n i i l ~u n to this ’ i iu n m ges _ i  s k u u l l  s _ s m s s h s t m u s m s  Is sh ots n inn

i i gure 7 (s~ i b is’ stress s s s n i s s s i n  s , u h u s - s  p r e s s _ m i t c h nt - i  I able 7 - 3  i n u s h i t ’ a t s ’ ,i h ig hs _ ’r s _ s s m n m p r s - s ms s _ -
st r s- ss mi  this ’  a n u t s -r i or  b i r . m i n  an u s _ i , u i s s i -  a sh i gh r i v  n i u u i - r s’  ss_ ’se re- s_ ’ s m t i t r s s _’s i us p  s_ s s m m s _ i i t n i - n n  in - i  this -  i’~ts _ ’ n us i r  b r a i n ,  h i s ’ nn ag m u n u u s h e  of t s _ ’ n i s m l s _’ st r s - ss s_ ’s ins -  b u u g hi s -r a n i s h  s h i , t i  H u t s _ - si ot s ’r , i h s s i ~r t h i s ’
sas mi s ’ m n i o u n i t  s s l  h i r a i n u  m u u , m t s _ - m  i i i  us i s _ n this ’ h i nm g s~- s _ I sk s _ u h l .

I ’hc s i m s _ a r  s t r u m - i  s_ -o n t o u i r  r c s p s i m i s s ’ . st u th  r’s-g an s _ h t i n  s _ i u s s n i h s s u t  ion , l u i s k s  t h u s  s, mni s _ ’ i - i  t h i s ’ t

f s sr t he  h in ge s_ i s k t m l l  lh i i svs - s - s_ ’ n tbis ’  n i u a g t u t t m s h - of tb i s _ ’ ss ’ s _ s s u u t s s m s r s  is hims s s-r f i s t ’ t b - ic sl id
m u g s ku l l  t h u _ i t  in  us f o r  t h u s ’  i i n n g e s h  sk u m l i ,  Si > , ts’ h mhs ’ thus’ i n m s m s h s _ ’l i s r en i s t t h i s  i r a r i h , i s s _ ’~i sI’ s _ i l l  to

his ’ nn m s i r s ’  s s - t c r s _ -  s t - i s I s  re gard t ss  s’ > up  m s _ mush  s s i t u t r c s s ’ t i p  s m m n  s s  — i t  . i h s s s  p m s ’ n h i s - i il - is ’ m s s t i t s _ ’ d  s k u l l
to lie’ m u ons- ss’s’s’rc t s _ ’g . mr i i m i g  t h u s  s t r a i t - i  s s i n ’ i s _ h u t i o n  mn - i  t he  h i r ~i u n i s t s ’ m i m  is - g i s m m m

I ~3



l u - h e  7-2 , ( on tou r \ ‘ahuis _ ’ s  for I I  i n u gc s _ I  S k u l l

( ontour  St ressa Max imum
N s m . (p si ) Sl ear Strain

-40 ,8 0,093

2 - 34,0 0 ,184

3 -27 , 1 0,276

4 -20 ,3 0,367

5 -1 3 , 5  0.459

() -6 ,7 (J ,55()

7 +0 , 2 0.641

8 + 7, 0 0 .733

9 +13 , 8  0 , 824

10 ÷20 ,6 0 ,916

‘~ N e g a t i v e  sign indicates compression , ansi positi ve sign
ins licates ten sion u ,
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‘I abls ’ 7-3 Contour  ~‘alucs for Sliding Skull

( ;ont our Stress a Maxi m un
No. ( p s i )  Shear Strain

1 -55 , 1 0 ,065

2 47, 1 0 , 128

3 -39 , 0 0 , 192

4 -30,9 0 ,255

5 -22,9 0,3 19

6 -14,8 0,382

7 -6,8 0,446

8 + 1 ,2 0.510

9 ÷ 9 ,3 0 , 573

10 + 1 7 , 3  0 ,636

a Negative sign indicates compression , and positis -e si gn
indicates tension ,
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5 i - ’5’ l . i & n n n n t  n _ n  t i, %\ S i n, in S n n  n , n
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Sk ull  ( ; onui p le tc lv  Free in due Bass’ . I hus’ res 1ni -ns c si - f t l s- h i - r a i n  is sli gh t l y  more ss’vs’rs-
t h ann  pres iosms res p ssnm ss_ ’s if ’ , f o r  t h s  nus’ um pss _ s _ t lo ath , ti - i c boundar y  rc~t ra ints  at the  ha ss’ oh
t he skul l  are ren us-s’s l , I ’he 1 h i M  s-os_ Is - r s ’ s iu l ns  fo r  this- mi uu pa ct cs _ I , f ree sk ul l  are’ presen t es_ i in
J i g s_ i rs’ 7 - 7 I lere nu gid bosi~’ n u u o t i o n  us sm gn u mf i s _’a nut at -i d is a gs’ncral or s ’urs - i l i n em s _ r  state of mis

is _ i n - i c on ih i - in in g  b - s i t u  r o t a t ion  ansi t rans l at ion - Respunuse’ par s_ in s- i s-rs s e  present s- ni  at t he
sarn s’ se lecte s_ h t inu es as h ic f ’orc ,

l ist ’ stns _ ’s s eon t osm r lines arc general ly nuo re strai g ht a n us _ h less ver t ical  ti - ia n - i in the ~)rcs’ious
cases , I h i s  does not n ecs _ ’s sar ul v n — mean Is _- st r o t a t i o m n  ( i - s’c s_ mrrc s_ I , h i - s i t  s. ii u l v  th at there is in t h i s
c,iss’ , n - i - is _ i - re of an inf i smence f r o m  t ransla t ion ,  I h e  n i s t a t m o n a l  m n f l u u s ’nce is m a n i f e s t s - si i n time’
s’hange in s r i s ’ m u t , u t m o n  of t i - ic  ra ther  strai glut cot t o um rs  h u t - st rs’ss ni - i a g n i t mi shs - s rep ortes l in - i
I a is le  74 s h is i s t  tha t  h u i gh ier coiitre s-oup h s r , m i n  sn rs-sss’s s i - c s’urrs - s _ i i nn the free ’ sk sill t i - i an - i  in - i m v

s i t  the ~~~~~~~ s in u u l a t i o n s , l’hs’ s t ress — tin u ue  r s_ ’s 1u mr - i - is ’  f ’o lh mss t  s s.hs sss- h v thus ’ b ash - t i n i u c -  spt ’s’ i f i
cat ion ss mthu the peak res h ium ni s s ’  occurring at 5 n u s , I bis’ u n hlnms’ui s ’e m i f  t he  f ’s _ s r , m n u i e n  n i m a g n u m n u  us
s- s- ide mut f r om the posterior location of time - /c-ru prs ’ssu irs ’ reg io n .  l ’hi csc t ss s _ s s s i  sss ’r s u t  ions art’
generally tr u e oh ’ all these s i t u u u l a t io t u s ,

She ,u t  s t ra ins  s_ les ’ch op i n i t i a l l y  i i i  ti - ic br air 1stem reg ion as before , I ’h s ’v s’on t ins ie  to in-
s- nt-ass’ t h ro s _ m gh os _ it  t i - ic s i n u u l a t i o n  to the i r  nu - i a ,- i i n u u s _ i m  s ’a is _ ic ,  I ’he n uua  \ i n u u u n u i  response tin - i - ic  is

m ess a l t e r  which t (u c\ ’  subside, At any given t ime the shear s t ra in  d im in ishes  svith s _ h i s s  ance
Irs _ i - r im the t s _ ) r a n u e n u  nua gnunu towarsis t i - ic  nu i s _ I bra in  reg ion st’hcre the sh iear st ra in  pres _ i ic t ion  is
alw ,ivs ui-b sert’s ’sh to hi - c minimal , Beg inni ng I ’ronuu ti ’m e n i i s_ Ib r a i n  reg ionu , t I m e  sh ear s train gs_ -nm cr-
all y increases t t - i t h  r s s _ s _ I i aI  d i s t ance  toward the muter sur ( ’acs_ ’ oh ’ the t i - rain , part ic u tarl v s _ h u e
sup erior surface ,  ‘I ’he shear s-f n ’s_ ct  can also li -c seen fror ti - ic sh is p lacements  in tb - ic s_ i i s tor t ion
s i - f  t i - ic outer  brain  e le mius -t t s as conuipares h wi th  t h e  s_ I i s tor t ion  si t  t he  inner  bra in  s_ ’I cm c n t s ,
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I th i i s ’  7 4. ( on t ou r  ~‘alucs for I- ’rce Skull

[ ( ‘ m i -m o s_ I r { Sn ress i l~i- Max in um
N i -  ( h s i )  Shear Strain

_ _ _ _ _ _ _ _ _ _ _ _

1 -51 ,9 0,091

2 -42 ,0 0, 180

3 -32 , 1 0,271

4 -22 , 2 0, 361

5 -12 .3 0,451

6 -2 .46 0,541

7 ÷7 ,43 0,63 i

8 + 17,3 0.721

9 ÷27 ,2  0 , 812

L 10 + 3 7 , 1  0 ,902

“ Ne g a t ive  sign indicates compression , -and posit is-e sign
m ns _ i ica i e s  tension.

b psi = 0, 069 bar.
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S I ” - i l ) I l - t I - (  I IM P , -\( ’ I ,\L( I ’ I , I ’ , R. \  h l (  IN

1m m n u a n v  h - i , m , a r s _ hs _ i s _ i s  s i v n a m - i u m c  s’ s_i s i r o n n u u e n n s  s _ u t  s’upan ts ire res t ra ins ’ s _ h ssi th at t l i s ’ ir  i - is - as _ I s
niu , i ~ mum 5 s _ h irs ’s’t iu -  5 u i u p a c t  s u i r r o u i n u s i i n g  s s i s}s ’ s~t — \ ‘s’t t hiers ’ us a muse s _ h to sietern eu ine time nnes ’huan -

uc a l s i r s _ -is mi n i  s n r a m m u  n t - s p ssnuse  s i t  the  l i - r a in  s _ i t - i s _ i t_ n t i - ic - is’ cmrc s inu s t a r s cs - s . 1 h i is  is , u lss _ i -  t r ims -  of
h u m n u u , i n i  v o l u m n t s ’ s_ -r ns - - i t unu g ts hem’ s- th is ’ s’ rm s ’ urs _ i - nn u en t  s h o s _ i I s _ h  n u t  bus ’ t r u l y  h a , a r s l omus , li - s _ m t n iech—
,u n i s’.ml strs ’s s m ush s tn , n n p r c n h u s _ i i s s t u - i  are ’ ii s_ ’c s’ s sa r t s s r  co r r e l a t ion  s t i t l m  measured p h i vs ioh o g i—
s_’,il rs ’sp sis uss - l i - i  m ms -is i - i t  ar i s es  t i s ’ i u u m p u s -t fur s’ s--i are- t r a n s n i m t t e s _ h  to ti - ic he -a sh at ti - ic’ hi - ase ( i - f
th i s -  sk ul l  in — si  s s u h i ~s’ s_ - t t b i s ’ I i s , u s i  to  u i m i 1 > ,is ’t ,ics ’s’le’ r a t i s i - n  ,us s _ i s _ ’ s s _’ rih i -c ’d hs ~’ I - w i n g  and I h u o n u ; m s ’’~’ .

.\ n u m i t s - n u s u t  s ’ s _ f l  s mr t  us m s m i g s  s u n g  to s_ 1 sman u t m f ~ t i - ic h s _ m n u a n  s h v n a m m c  response to imp act  acesi-
e r , m t u u s n  i n s _ h  i t s  s _ s  irns ’l,ition ss t h u  m n j smrv an - is _ i p hw siologu s’aI s- f t s - s_’ts , ‘ I h i s  researc hu is being eon-
n b t i s _  t s ’,b i t  t bus’ \,i s ,ml \s’m - s p i t s -  Ms’dis’ah Research I u i-oratory (N.-\,\f RI), \~ic huo u s_ i  S ta t ionu ,
Ne ts  I )rls - ,m nis , I - s i t  i s m , i l i , u  \ ‘s s l um n u ts _ - s ’ r s u m b i -~s’s’ts and h u m a n  analogs are gis-en inu pact  ic e s- I c -na-

is _ i - n - is ,u n , s n i u s i s _ i s’r u - i p n t ’ u m ni i _ Lt  i s _ a h h ~ pows’rc’s _ h sis’d I ,is’u lm t v  . .-\e oniputer—controllesi shm t a  as- tjmu
su t m on s~ st s_ ’ tm m s _ n s i m S u n s _ m i i - u u s i u - m i i i  m m i i t s  mrs  al l  i n p s _ m t  pa ramu - i ets ’rs as well as schectesh o u t p s _ m t  pa ra ml i-
ete ns s i t  ths ’ s u i b u j e s _  t ’ s r e s p i i m i s e \c quires _ 1 s_ l a ta  is then  app li ed in - i the s l e s e l o p n u c n t  s _ s f  mathe-
nmi s _ t i s ’al t uum is _ hs ’ i s  wi - ins _-h ars’ m ni t s ’ nu s h cs _ l  to cos_u p iennent  ansI cxt en sh ~~;‘ n ‘st-led ge ac quires _ I  c-xp eri-
n k ’ m i t a h l y ,  ( ) mucs ’ s a h i s _ h u t i o n  s i t ’ t i l t -se n uis _ is _ i s’ Is  is achieved and ones- su f f i c i en t  level of s’onfi-
nI t - nec h a s  li-s’s’ n i t  t a m e’s _ h s t - i t  h i ti - is’ t i uos l c l s , ti - i ce wi l l  p lay an actis’t i -ole in ti -ic desi gn and
s-\’ a l m j , i t i m i - n  s i t  p rotes - t i t  e s\ st s ’nuu s fo r  i mun u uan s  in h i ai ars i ou i s  dynamic  cnv i ronnu ien t s , Speci fi-
c ah i y , ah t s ’r na tm t  s’ , i n n cn~s_ t ’t ant i  shi p desi gns s-an be es’a lsmates i f r o m  the  stansi point  s i f  crew
—~ — s en - i s,ut s’tv, ss u t h  t u e  m a t h i c m u i a t i c a l  mos_ leis p rov i s_ l in g  basis ’ s _ i a t a  in t i - ic eva lua t ion  pros’css .
It  us never too si-on . st -he n- i considerin g tb - i c sic’ s c ’l s _ i -p i iuc s_ ut of ns-st hi g h p ert  ( s r m - i i a ns’c’ s_-raft , to
, m sk ss l i t -ti - icr crs’ss s can f u nc t i on  sh i r i n g  norm al  s ip erat  sin and hi -c reasoiuahilv Pr~ tc’stcsI sis_irin g
al m s s r i i i a h  operation m i f  b u u g b u p s’r f s i rn ians ’s’ craft  - I Iy siro l ’o ihs ansi su r face  e’t ’fect nuachin s es  are
snte ’ns _ hesh s _ s i -  t r , u s e I  i t  sps’es_is up to 80 k n o t s  at ros _ igh ss- ,u st ,u s s ’s ,

I s i  c - it a i i - h ms i i  thus ’ I l l  \f s _ u  ms _ Ic ,is ,m us al i - i s - tool in in s t amu t’s-s of i ns _ I irs’ct imp act , sc’ss’r -al pr e—
imru i i n a rv  p ro ti - i c r u s s rs -quirs ’ s_ h solut n u ns ,  ( I ’he nus ’cs ’ss,ury t iue ’orct ica l consisicrat ion s were Pre-
ss- m ite’ s_ i i n - i ( hapt e’ r 3 , )

\1 ,u ss I ) m s t  r m b i s _ i t m s  mn - i Pnum l i e ’ r t  us - s si -f t h e  5k nu l l

l i i  i s r e s i m i m i s  - is m i s _ i  us _ s st i t i  this ’  I i rmite  s’I e’nuc nt h-ic -ad m u  u ry  n uos _ l e l , it stas fo smnd tha t  s i g n i f ’i-
s_ ’ , snt mnst r au , ’ r a m n n a h  p r ests _ur es os- s si r ss s - h I alter  skul l  ds’h ’orm ’n ation tuu od s h a d  diss i p ated , l ’his
su gge st s  the ms _ nu p o r t a n s’e s i t  c o n i p t mt in g  t i -m e corrs’ct r ig isi body response ui - f  die head s _ is _ me to

lu t i amis - h i - as _ I ing . I s u s t his’ rs - l s i r s ’ m us ’ s’s’ssa rv t h i a t  the  s_ i iscret uts ’ sh l’init e s_ lenient n rm os _ i ch  of th ie
h& is t  i sm ssss_ ’ss t i n -  s _ s t  t s _ _ s_ _ s i n e r t i a l  p roperties.  l i i  th is  cm - is _ i thus’ c a p a h i i h i t y  f o r  s’oi uupt i t i i u g  ti - i s’

u u , uss n o o n s - nu t  oh mni e r tm , i  t s - n i s m m r  ss m t b n  rs ’sps’ s_ ’t to this -  s_-enter  of ’ g n u s  tv sv ,,s m i M es _ i  tu i  this’ e x i s t
m t i g I l l \ I  s i m i l e  p r s ’p n i i s _ s’s sm r . I’ t ’ e n t s _ i a i l v  n l u s s  s’mi n m p tm t s ’ s _ h s_ i a t , i  st -a s to his ’  conn i)ars ’ s_ i ss’ iti - i nu s ’ a—
sumr s ’ s h in s ’rtua l s i m s n r m h m s _ i t u m i m u  

~~~~~~~~ 
s f rb ’i s _ - s um s skull s uses_h in N , \ M R I ,  t s ’ s n u m u g .  ( s i r r s ’ i , m t i u i n

st soi l s l  v a l i d , u t s _  t h i s ’  is s u r i s _ u  u i I  th is ’  u i isc rs-t i / a t io mi

~ es nmn ~~i 5< , -., m rs Is I af s ,sr’Jr ,, rs \ t smSs _ i  5 l , s s s s ~~ s i lt 2 i i n n , , , , s n n  is , s - i  m is t mis _ - k n n s i s n n n s( ’  m i  s mn i p as n
nils, - is r 4 s s , m n , 5.5’ ( h-,m nnm n 5 ~ 5 I’ s * s m n ~’ i n n  n I s s s s n , i J Ih,,nm,m ’, i ’ i s ms , s s s m i _ m 5 i , \ s n s  i i ’ ,’
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\ ) s - s s m u r e n u e n t  oh ’ th ess- p ro p s ’r t us _ - s  us s _ h i f ’f ’ ic i u l t  but  luas been as-hics’ed fo r  iuu m an  cadas-crie
sk s_ n l l s m ’ 

- N unu ie rns - al s’ o n u i p u m t a t  mom - i  ui - f t i - ic ine r t i a  tensor for t i - ic rumosiclesi sk s _ m hl  is eo t ic t -p tuah l y
vs -re’ ease - , h- iott’ es ’er , I -o r  exan iu p le , t Ime  mass m u ionuucm t of un u er t ia  tensor cu i -n n i po n cn t  st itlu re-
sps’ s_’t to t b - ic -ax us h

~ 
t h r m ms _ m g h this ’ skul l  is dch ’i n es _ I  as

1~ f(x 2 + i2 )sh n u

svi ere the  mm ut e gra l  us ev al t m at e s_ I  ui - s - s n  ti -me ent i re  sks _ m hh ,  Sim u c e , i s_ u the f in i te  e lcnu i cnt discretiza-
t io mi pros ’ s _ - i s, ti - ic s k u l l  s’i m n t i n u u n - i u  has been conven ien t ly  s _ his - is les _ I  in to  a great many small
s’hs n i smi  t s . l s_~ 

can [us ’ appro ~ i nu a tes _ i  as

- ÷

st-lucre am -is _ I t~ a rs’ ti -ic dmsr a m i c e s  in ti - ic .x ansi t direc t ions  from - i - i the y -a ’s is  to t i-ic cen u r s_ i is _ i  i- f
the i th el ement , mm m i is this s m ias s of ’ ith clement ansi s’ is the ns _ mr nber of elements cons t i tu t in g
the s i msc re tm z a tm on ,  ‘I ’hc e lement  mass tu~ is computed ri u numcr ica l h y hi - u ’  im u te g ra t in u g  the  c lement
s s _ m l s m t u e which in turn  is proport ional  to the de te rminant  of ths - J acobian j  J , s vh i ic i i  s tas
s_ let  miues _ 1 in the element st i l lness relat ionshi p (secti on 3. 0), I h i s  sj s m a m u t i t v  is rosmti mu eh v s_ _ s mis _ u -
at ’: s_ l f ’u i - r  each s l s ’ m i ien t  sluri mi g t h c  i m u i t i a l  check of ti -ic f i n i t e  element ni e sh ss _ m u i - se q uem u t  to ti -is’
,u u tom i uat  ~s’ ms ’sh i generat ive pr ess and pr ior  to I I  IM cod e s-x ecut ion .  So ti -ic most inipor -
ta nt  in t o r n u a t i s i n  for c o mp u t i n g  inertial  q u a mi t i t i s - s is a v ai lahi - le  ansi l i t t le  a s l s _ I i t i s _ s i u a l  e f for t  is
r esj umirs ’ s _ i .  I t  is also muecessar v to esisic the p arallel  axis  theoren m u to eniable ev a hs _ i a t io n  i- f t i - ic
iner t ia  tensor wit h - i  respect  to s’ ari ou ms lu ca s _ h am atom uu ic ah reference s’s_ s tems ,

R s - s t m h t s  of ti-is’ mass nuu omc nt  of ins ’rt ia computa t ions  ars_ ’ presented in ‘I ’ ah i - le 8-1 for the
rhess _ us  skul l  n ios _ I ch uss ’sh in the s’ahi s_ I a t i on efforts  reported in Chapter  6 , I h ie com p s_ m ta t i on :s _ l
sch cnu ie st at cheekesh be m s ’a- i t i r in g the slisp laced s-ohunue s _ i - I’ an - i cnu p tv , si rs ’ rb - i s - sums sku l l  anus _ h
s s_ mccs ’ ss f u l Iv  coruu p ar in g it  s t ’ u thu t u e  con-ipsited volume of a discret i-,,esi sc -r s i on of the  sanu e
s k u m l b  In - i t u e  absence of n i i s - a ss _ mresh  im i er t ia l  sj s iant i t ics , mu o s imreet  check of the siata ml I ’ ,mble
8-I us p o s - i ub l s_ ’. But the  res u l t s  app ear reasonable ansI also eomu parc ss e bb  w i th  this ’ ine r t i a  of ’

soli d sp he re about a s_ i i a n etrica l ax i s  that  is equiv alent  to ti -ic rhes u s skul l  in to ta l  ru u a s s
I he c o n u u p u m t a t i o n a l  me ’tbos _ i  s _ h i ss ’ s depend on havin g a great mui anv sm al l  chen cnts  for

,m ccs _ ir a cv ,

5, ,,,‘, 5 njs _ s, Si, in, mi Ks_ ”,s’ nirs _ ’h I n j t s s s s , u i , s s ~ \ 55110 5 5 5 1  \i,’ i~ n in,  , n n s  lit s ’ S i r i s ’ ,, s I u ” i r s l s s m n , s i n m  j’tl m , m s m i r i s s s  55 Jlinm-
Iss is i l s _ _I t ‘~(‘5,~71ss _ ’s n I’ - S n -i - I s5 ~~-j rsi  Im Iii - , ks _- s i’ s ss ’ , s ~ i s i,m , i i - S i n s  i~~ ’n’~i
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I rs- s 1s_ i s’ n i s’s I’t s ’sp sm mu s s ’

I -rs’ s_ 1 s _ m s ’ nuc s  m e s } n i s t - i s s ’ s _ i , m t , m s _ i - f  this - his _- a sh u m u p s _ u m ’ u -  s u ms _ I d  is u i ’ ,s- f ni n i r  t s v s i  i ! m f ’f s ’ r s - im m i c _ u s  ‘ m i s
i n s _ I  s u ms _ -h s i , m t , m  s h i u i u u l s h  his’  i - i s s , m m m u s - s _ h ~si s’uin mis ’ct m m i n i st - it h , m b i s _ h a t i i m i - I ins t - ~hc n i t t .1 s t i l l  m i s _ i  i n

t i me schs ’ s _ i u i m n  n s f  u f s l n r s s i l r i i t s _  f n e q u s ’ns ’s r s _ ’s~n s s m i se  r , u m i g c s  f o r  t r s i m s s _ h i m c c - r s  u s s ’ s f  ni s _ ’ \ p s _ - r i m u i s ’ m - i t u I
s l i n i , i t i n i n u  t e s t s  I t  s t i l l  p ros ms _ Is -  uppe r  and lower i s , i - s _ u n i s _ i s  to t h e  s p s _ ’ c t r s _ m n u i  of n h u s m i u i n a n t  f ’re-

s_ i t m e nl s_ is S pi ssss ’sss _ ’ s _ h i ss t his’ i s_ - m s _ I
\ n s  Is ’s-i 

~~i t , m m m t  is t i - ic  u m t i b s n  e s i t  t r s ’ s _ h i us - nev  r s_ ’ s } ss is isc  n i i t . i  r e gan s _ h umig  sebs - cs ion s i t  . u p ~i r m m-
h i s _ i _ S t e  t i m - i c s t e i n  su, s_ ’ in n i s i i u u e r i e , u I  s i m i m u i h a t i o n s , g c c , m u u ’ ,c ti - ic s _ ’ t l c s _ l  of s _ h i s c m n - s i / i m u g  t i e  s_ inns-
s _ h o t n a m n u  h i r i n g  un iv  c s e e e i u n s m u  i i i  t i us ’  t m m o s _ i e h  is ~n s  n - i u m n n c r i c a l b v  f i l t e r  t i - i c  ‘ i r s_ ic ’ ’ soh s_ m t i o n u , i t  i - .
n i p - i t , u m m t  t h a t  the i e s i s _ i u a l ’ ’  or c o n i m p m i ts-d s i s f u i t i o n i  m m s _ ’i u us _ he  t h e  i m u i j n s r  t r e q u s -mi cv  s_ ’ s i ’ ilpo-

nut - n uts Is m~,’!mu ev c t i t u s  s _ s  i m s _ h u t i s i t m , th us’ sel s-ct i s in  ( i - f  a t i m i i e  s t e p  s t / c  st -h - it - n s _ s c e n t  ing the  b i b
s’s _ i de’ n m i , - i t  hi - c’ h m , u ss _ - , i , u s  L ust  mu p art , si -n frequenc y ns _ ’-i j s s  m i S s ’ mn f ’on ni ua t i on ,

I - r s - si u i t - nce  c s i m n m l s o n s - t i t s  f o r  t ’ ar io s _ m s h h i M  cods ’ n u u s s n i s _ ’ l s  ss ers - sh ets ’ r m i u i i i c - sh i sv  us in g  ,m ge- n i
e m a l m r u n s  t u m r , i ~ a n a t \  - is  s _ s o n p t m t e r  css s _ I e  cab l es _ i  ‘ n \ h ’ ”~ , I bit s coshe e\ t r, m s _ m s t he  c i g e m u s a b t m e s
I r s _ m m  larg s - - i t C is t u r a l  s t u t t i m e s s  m u m a t r i c e s  I sv  a t e c h m m m n 1 s _ m e  k m m ~~’n u as s s _ i i s s h m d e s ’ ; t e m s l i s s 5 i ” - h i - ic
use - th u s _ h  is ‘hs ’ s _ m e t  m i t  r ccon n n i em i s _ l e s _ i  p r si - s_’cs iuuu  s’ st -l ie s- i f u r  gs_ ’ m uiat ri s - c’-i ,mrs - i n s u l t - e s _ h . \ c’t t h i s _ n c ’
us s i ms’ n i  n i i t n t  u s~ t n s  sv i m s _ t l m c r  sumhs p acc i t c r a t ’w m conuver ges i n s  t h e  I ni - s \  c - it - ~u nms _ l  mn ost i m u u p o r t , m m i t .
m m i n n n i c  I n - i  anu s ease t i - i c  user s _ i f  t h i s  m u c t I l o s h  ins _ i _ S  accept the  m i u m n u s - r i c , u l  r s_ ’ suu l t s  ss i t h  l i t t l e  us-
s u m r ; m n c e  s e v s , t l s _ b  a s_ _ s smu s’ s_’ rgemmcs - t ) a p rc s cr ihm cs I  t n  m l c r , n m i t e  t h at this’ lost ’s-st ci gemu v abs _ me is r e m u s ’
t i c - a l l y  tb is -  f i m m m s _ i , s _ m i u s ’ n t , s i  I r e q s u s _ - n c v .

ih e  n i l  s m r a 1 t u c n 1 i i e i m c m s _’s m s t ( n e t , u t e n i  sy i t h i  this’  I i i ~~ t u s m i r  niosis ’s ss f t i s t ’ I I1M e s i - she  rhess _ is ins _ h
t u u i s , m m u s k u l l  n os_ Is ’l s i rs - p rs’ -is’ m - i t e s _ i  u s I , u i n u s _ ’ 8-2 . I . x p e ’ru n ien is , s !  m m t t - , i s u i r s _ - n i i c m t t s  of ti - i c i n ; n n s t

m m i i  m m n , m l  f r c ’ s _ i u i s ’n i c \  b i as  V i n  h i s _ s _ i  i i u t i ubs ’rs st ’b uc ’I m arc’ mm - i t i - ic  r s m i j , 5 n i  I to 20 b hi  f ’s _ mr h i s _ m m , m n  an us _ i
i- l i e s _ us s k u l l s , “s s n  th ’ie s _ n s i i n j r i L - ,i sbus ’ s s_ Is ) apps’ar hui g hu . l ’h is  m mu ’ bus ’ m s _ t n u l s s _ i t s ’s_ l t s s  t i m e
m n i s i - n i e l ’ , sk s _ i b l  i so ne  s u I t  l ies-  wh ich , f r s _ s m m u  s t u t i e  v a l i d a t i s n u  c’ t t s i r t s  i ( h u p t c r  S n )  s sa - i  shoss’t t n s

i s ’ t n ~ h i ‘i~b u

( o nvs - r - ~i n n m i  n s f  N \ \~i ( h .  \~ n, u s u i r s - n b  I ) u t , u
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t a n u e s s u u s l v  , \ - i  ,mmu h i s ’ ses’ni ins  I g u s ’ -‘-i — I - u t i l e  r n u i , mt is _ ums if  s _ h - is’ bss.u ~I i lL s _ i n n s - I  - L i ’  ‘ s i ’ t I m e ’  t i - i l
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i mra in  - It cannot lie ss_’ s_ ’n u ifl t i- is ’  sh i sp luis ’s ’nucn ts i se’ s_ sus s e t I n,’ t n , m n u s j u t  uon .ih nuuv s’n uss -n t  u - i s h u i - n m m  -
n u a i u t .  I hut’ stns-ss am - i d s t r a in  m i i _ m g m u u n u s _ I c s  ~mrs ’ g u t  s_ - t i  m u  I i b m l c  8~4 ~m mls i  show si - s t em m i i a g n u m t s m s _ b s ’-i
th an t hu - s e -  in th is ’ s l ims ’ s_ - n m m n i u a s  s _ s . s t - h i s _ l u , m m f s s m m m n s s - , i nvolve hi gh er , m s s _ s _’ l s _ ’ r , m r t s m m s  Ie’s’s’b - i

I ins - m r \ l sn i eh  I , m m u i m t . i t  m i m i - i

I t  should be c m ui p h_ us s is ’ s l s _ h at s_ i - is’ I I  I , \I sods’ us ,i hinc ~mr h un i t s -  e le nue’n t s _ s u s i s  .miu  I S b u s t  i l l
t i-is’ r e s u l t  s s_ I iss uisss - si to s _ h i s s  pa int  ,m r e’ s s _ ml i j s - s’s _ to the I u r u u i s _ a s _ i o n s  itui p oses _ i h i - v li e ns _ in s_ - l i - i t  is i n c
t i sm - m m r s, I s t u m  such I m r u i m t a s _ i o n s  w lum s ’h ins - par s_ is’uh~s _ n Ic’  i r u i p u i r t am u s _  involve g e on uis - t m s m d  irs ’ t h e
h m n i m t a t u s _ m n u s  s m h s n i i , s _ I h  m i is p hac em cnt s  ami d snuall  s t rains . I ’i us- nu i rm ~u I s t ra in  - o r - i i p o m i e nu  
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I s j u u i t m u i - n  3 4 u ’ s s_ le t  m i s ’ s_ I i ’s  t , u s _  i m , i u s g c  itu I s _- tu g s _ h  s f , s  s m u t  i s _ - n gt h u  orig i m i a l b v  s _ i - n i s ’ n n c n i  l i a r s _ l b s _ I
5 - u  t b s _ ’ \ is_ m s  h i - is’ sbus _ - s n  - is _ m a i m s  s _ n i i u i b ’ m s _ s i m e m m n  u i f  I i i i ’  r u t  3 5 u s i l s ’ f u m m e ’ s _ I us ha l t ’ th e  a m - i g le

i s r i g s - i u t - t s s s ’ s - m s  i t s ’ b u m s-s s r m g i m u a l l c ’  p . s_ r a I l s - I i n s  t im e  \ a im s _ I  \ ‘ m s _ s - s  h i-is - scc on s_ h - ons ler —t n s s _ im -m
s _ s _ n  m i s  n i t

’ I n 1 u m m t i - ’ m m s  34 ami d  S s’ s _ t e ns _ i t hl s_’se s _ hs ’ t ’u u i u t u - s n ’ s  to  e u - i c - i  m m i v u i l s ’ i m m g  b a r g e  n i s i t e m m i c r i t s
ss b t u e l u  h iv e  n s s n , u t c n i  i l - is’  n s r i g i m m i i b  , i , s_ e s, h y  gu ns ’s  u m m i i m i - u m m s t s .

\ s i n s _ I c  t s , m s  nu m bs - I n s  ujet e ’nn iumn u s- the  s ’ \ t s _ - ni t  s _ u t  n s i - t , m t i o n  t h u s t h e ’  i l l ’ s _ f s s s n i c  “ i n m i s _ u b a s _ i s s n i
s _ i s m m l s _ b s s m s t , s _ ss u n s _ t s s n s - s _ l i e -  l i m i t - ar  u s - is _ m uu m p s _ m m i - n ‘s’s us no ls_in gs_ ’n t a hit I, I ‘s i s _ i s’ m t s t - u i - f  error bes’us _ncs

m~i p s m Y u u t  s sh i e t i  m i - c  e n i n u i p u i t s _ n i  n I m s I u l . u s _ - e u m i s_ - m s t  e s l u i i s i t  a u m n i i f s m r n u i  n h i b s t i o n ,  lie s t i i ’ i t  c o n s i s t s - n i
n-is-ms _ - Is s i t  sns mti g -ste - n i l  h e s s _ b  i m m i 1 u i et  s i n u s s m b , m s _ i s m n i  u l b o s v u t i g  m s s t , m ti s _ i - mi to m i - ces _ m n . i n i u u i e . i s i u u  rm- ~
t I ,  ,il u ,~lc s f  r unt u t s im m . ( ss ’m u t ’rabb v i t  s s , u s  f su m s mu s _ i t I m ~m t s _ l i b a t i o n s  in this’ s _ h t s p i i s c t i i s ’ n u r s  his _ - g i n sic ’s  r u n -
m u g  us mi ssi o n Ii ) i sp n c c - i n s f  m u u ~i n i  I n s n r i s  rotation ‘I l-is’ lib ation u - i s _ nn i uto m nmu i s is _ h is n s mn us _ - s _ s u n

p i m l i c s l  bi n th ie s _ I ev eI s _ i -~n n u u s _- i u t  n n f  s u i t  stress u s m s tmmin . In f i t S , the  ‘stres s ansI stm , m i u u  nc ’ sinsu ms s”s
s / s c u m  S u m  sc mi i mnn u sah; i e . tbus _’ response us s_ usu a l smmhi - s i s _ l s _ - ’ s ss _ ib iss _ ’s 1s_ ie’tit s _ s _ s app h i s _ , m t i n s ’ s n u t  p e.uk

Is s mni u n g es c u m t lm ss uu g h the n i p i n i  m - s u , u s _ u o n s  c o n t i n u m u c  set s i t i s l  10 n l s ’grecs ~ ti hi fl ue t , u h l n i i t \  n s f  t i me
linu s - m r n i m m m p s _ u i . u t i n m n  m u m s s _  lie ’ r c p I r n i c n i  us suspect fo r  I s u g e  rs _ i - t s mtss iu - is

hs esnnns _ s _ t the si ti ua s _ mm i - n, a nomilisiear , u u s u b s n s  m ’ s re qtu incs _ i , ( )mu c nuethos _ l is to s_ i p s _ I , s _ s _ t~ the-
s _ s s s u n s _ i m t u . i n s  -i ’ s - i s _ s _ mum for t i sn skuull - h sn .m m t st’s t em ui t is _ i rin g the’ bats _ cr tum li s- -it c~ss ‘ssheui large rota-

~‘ n u n ”  are ’ I - s _ l i m p  e s _ p s  m i c u m s _ e s i ,  I b u s  us s_ i s s- or e s_ m eallc’ at - i sa s s  m t i s s s l i f i c a t i o n  in the  h h l \ l  eoshs - an t i
nm us _ - s s i m i t  r e s i u u i r e  s _ l i e  . u n b n i i t t o n u  of s_ he  ses ’ si rms _ I- or s_ I cr t s _ ’ n m s m s  m t i - ic  s t r , m u m m  t ’orm i smha t io n  , , - \ t t c r
e.ic hi t i n m u s ’ ‘5t s’p s_ lie’ s s u n m 1 u u u t s _ - sh n b u s p h~is’en u i e n t s ,s re u nI t i e s _ I  to s _ his  s. n i s s i n l i s u l m n s ’ s  s_ u s_ Is - t ine  a mis -st
sc s t s _ - n n s .  \ , u t s m n , u i b v  i t  us n ’ s - i i i ’ s  e o i u m p u t ~m t u i s m i s m I h n ,  i - . m c i u  t i n - i - ic  t h at s _ l i e  s_-oo rs_I i n iate system - is is
s l a t e s _ i  s_ h e u r n  nd~ f is _ ’~b ‘n l i t f m ’ is ’’,’, n i i a s _ n m s _  on s _ u s’ 1e f t ’l u ~m si s _ i  su si e s i - I  Fu 1t ia t iom - i  3 -34 st ill s_ ’ iu im ms g s ’ . l i s t
c s — i t .un u m m g  , s m s s u t h u s ’ r  m m i v e r s l m m n  n I  thus ’ -i ’s s t c r m i  s _ u t  eq su .ut mui - ru s , ()ns - su ch s i n u i u l a s _ i s _ i m m  h u s  been masie
st i s _ h i  this ’  h h l t I  s_ ’osle ’ . mm ii i  the  s _ s t  ‘s’s m s i t m s r s - , u s s’ ni  i sv  a f a c t o r  s i t  2 5

s _ 5 5 i ’ ! s ’ s _ i  ‘s c m e t i s u m s  m i us’reb y s i mb v s _ - s  s_ l ie  p r s l s l c s u m  of bar ge u s s t . s t  i n s n u , it us 51 st su fficient
‘st he n s _ b i t ’  s t r  . u i u s - i  t h i ’ u t i s e l ves  mrs l~urgs’ . In  t h i s  c s c m m s _  s _ hue  set - si nus _ i  or sle - m t s _ ’ r m s m s  i l i u m - i t  h u e  i i - i e b s m s _ I s _ ’ni
S n ’  s ’ s n m i s _ h  u m s , m s _ c s u u , s s _  i s _ s  f l ue  s b t e s r  s t r m m m u  v a i m m e s  g m s e n i  in 1 ah i - l cs  7 - 1 s_ h i rou g hu 74 ire l u n g e . m ush-
e u t un g the  , u ’ ss n ss . s t s _ , l  lum i s ’ar , m u s , u b ’ s s e -. tn  l i e ’ m u s i c s ’  a c e m i s _ u t e  t s r  s u u m u t u l , u t e u l  l n s , m s h s  - _ s _ , i i e n i  , I s m t t  u r
t r om 1 iou p s _ s u n s _ I s , I i n  s n m b s t ’ s_ l ie  p roblem u s s i t  large s t r u m - i  in - i  s _ h u e  i n n u i m u  a t u s u s u i m m i c r ,  ne s_ n l v
i n s i s r m i 1 n r e s s m h i l e , t m m u t e  e l s _ - m m u e n u t  f i u r m m m u m l , u t  5 5 m m  us  r e s _ p u m r s _- n i  I i u i ’~ cIs _ ’mu en t has l u c c s s  Js _ - n  e bsm ~m s_- sh

‘u I b t i j i n  s , n t  ml , ’ t m  
~n s u u i c  r u m m u m u e n i c a l  s _ ’ \ p e r m m u l c s - i t a t i i i m t  tt i t b  s _ h u e  t s t s s  u i i m u t - s u s m s m n m , i l  ‘ s c n - i i n s m u  n I

t h u - i s _- l s - nm e’ n u s _ es 
~~ 

st - n - its’ s _ i in  s _ hue f s i - l i s s _ t t  ru g .
-~ su r i g l c  s l m i m s _ i r m b , i t e n a l  s’l s _ ’n is - mu t ‘ss m s p u runes _ i  m t sm nue  corni er  anu s _ i  ,ss u gne ’ s_ i ass l i m i t  a l  t e l s s c m t v

ut t h e  u s t l i em !iurc e’ s _ u i - n m m e m s  in such a ‘s’s , i ’ s -  as t n  5 mrus _ l mues ’  i .ingc r s _ i - t , s _ t m i m m i , u I  e s _ c u u r s i n u r m  , u l m u s s _ s i  t h e
pm n ru s ’ s _ l s _ s m n n u s ’r Re’ s _ m i s - i s ’  s i t t h i s -  e c n u t r i t  i u g , m i  I n  s i t  s - i st ’s _ i m p .  m n t s - r n u a l  — t r i m s - i s  sbis _~ m ls _ i  ~h s _- ss - l n
s _ lie c b s - i n s  ut h I n s ’ s ’ ss ’ s e r  , ‘st u t h i  thus’ linus _ ar ts’rs sum n s oh t h e ’  q m u a s i r u l m t s ’ n ; m l e Is _ ’n ie’nt , m i s c  e n s r m i p s _ u t i - s _ b
- i r r a m n u  mn s _ l ie - s- Is _- ru e - nu t  i - i  s _ - se - ms  st bu s - re- t i -no , 5m m i s _ h  t i c  . m n s _ s ’ m u s _ h m n u g  e r rs _ ol e’s _ mus s  s l i l a t  i n  m u - us s f s _ ’ s_ c i t i es_i
m i s u s e’, n - s _ s _ s i n - i is l t n i t % t i i r s  I pu re 8-7.  \~ t I m  t i uc  m u s m n u h m t u e m r  e l e n m m e ’ n t  S i e ’  u c s s s l t s  ars _ ’ s~i u u t e  s_ l i f -
te rs-ts r i - s n s_ bus’ saint- h u n umhu le n ui \s sbs i us s ii m i - i l - u g u mr s _ - 8 i’~~. thus ’ c o m l s p s _ u t e s _ i  l ip s , u u m g m , u u m  s t t  a m e n  I ’ is
f l s _ l f l ( s t r i  .s ui s i  the s l r — r -  n r t  i - s u m  s u f time s t l u i u se  e l c ium en ut  us c mi - n s i s l c r mn  ss t Im t I m e  cs _ ’n tm i l s u g i l  f u n 5 e
\ n u  , m n t u t  i t  uI i h u i n t  m s _ m m - i  O s _ s _ n n i s s  mt hi hinge- s_ u s t i t i i u n i s  in t h i s  u s m s t , m n u c t ’ .
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- t t’sm llc - thres - - s _ h i m - i i c n s i o n u s _ !  lucas _h inu j s_ mr \ si s_ sh el  s_’s _ m m i u p t u s _ e m  s’ s _ is _ ic , referred s_ u as t h e  I l l  ti
s’ s ms _ I s , st u s press ’ m u t e ’ s1 - I t  — nl c t ’ elopm s-ns _ fr o m iu p r e b m n - i m n a r y  s _ s m u t ’ - ansI s_ w s —s _ b im im s - n s i o n il models
t h u n s i s _ u g lu to the present eom ’np l ctes _ h nss _ i - s hs ’l  w i - i  p r s’t h i s ’ ut  s _- si on tb - i s- i mi ~1 ssnn s . u n u s - s- s s t  rs - s_ - n n g mu i t a h l c
ges u nit s_ n v in hea l inj s _ m y  mnuoslchitug . lime hiss _ s_ uric ’s of sh isp lacement stress ansi s t ra in  arc com is-
b m s _ u t t ’n i  t h r o t u g h s _ u s m t  the sk u - ill  I s r , u m tu e o n s _ i u i u u m n  for arbi t rar y  s_ i ins - s t  impact  loads ,

Fhi c nuo s_ l cb is app licable n s _ s  closes_I brain unj u r ’s_ ’ s- s_ elusive of neck-relates _ I t r a s_ s m a as st e li
us sI-i s _ ill hone i n j u u r c ’ . I ’h se a s _ h v , u u m t  up s - s _ i - f  s_ li e f i n i t e  c l e n m e n t  app roac h is tha t  is pr os’i sie’ s- a ps_ u i —
t’naht, ’cnb cap su li - i b it u for sn u is _ l 5 t i p  his _ - as_ I i n j  t src ’ , ‘l ’h u : i l l  \i COmi c has been ds’si gncd sv i t h  suffi-
ei s_ -n s_ f]exibi itv to ae conuimo s_ l a te -  mis _ s t i n f o r m a t i o n  as it bs _ ’ s o u u u e s  avai l ab ls - r .-ga r sl i t u g gcom-
s’ s _ m t  , m u u s _ I  s u s u t s - r i a l  properties . : \ W ide range of h u m an anus _ h  p r ima te  s k u l l s  can be s_ i c i l y ut - is _i
a t i to nui us _ i s ’al lv ii iscret u s - s_h t s s  ,us s i st  in , s l u s s  sst any  l u s ’5 s d - in i p a e s_  c s _ u s _ i c .  The as_- s’ u s - m e ~ ach ieves _ h
in st uc h stLm sh ic s us s ign i f icant l y  enh ’ianc c sh isv  es _ u sp l s _ u y u n m g  n e ’e n s gumi t , s _ b l c  geometry .  Rs _ u u n s _ Ia r y
Coil s_I I t i o u s and i m p u s ’t b asIs re t ]u i re  un lc ’  a n u t — m is _ u mu n i l  i s _ I c rmhi z a t ion . ,\n c’  or all part  — of s_ lie
skul l -bra i n  sc ’s s_ s_- nm i eam i l ie i s _ l c t i u ,’c n i  5s_s b seimm g cithen~ vise s u eb u ss _ i c or linear elastic.

t sh i rec t  ins _ e g nas _ momu s_ ec h ni s _ 1u e  i - i  uses _ I s _ s _ s  um - i ts - gr ms _ s - s_ l ie  e s 1s_ m a t i o ns of motion in ti - ic I I I  ti
s n n s l s’ . t h e  p r i m a r y  u s _ s _ hvanu tu g c  of s _ hi s ’ mi us _ ’s _ h ’m os _ i us th sm it can integrate those vibration mui osic s
st i t ch  are most pr o n i inen u s_  in a rcsp s_ u :u se due s_ c an a rh i t r anc ’  inus p act  force , svh s_ ’t h er  it be of

- I  s u i t  s sr b u g  s _ is _ m i s _ i o n  - ( on it roh is pmovid s’d bc sp e c i f i c a t i o n  of a t ime s t s _ ’ J )  s i/ c  s_’On s i s s _ s _ l f l t
s_ s us _ li s _ h s _- f ’rs ’ s_ l l ms’m s_ -\’ s- s in s _ en - i t  of ’ !ss , m n l u u u p .  R es i s_ Ics t h i s  f l e x i b i l i t y ,  thu s- shincet ints -gu ’ m t i o n
nm u ’t hos _ i  e , mn he ns ’a s b i l u ’  e ns p io c’ s_- si in an e’\ t s ’mss io n  s_ c) non l inear  analvss ’s

Rs ’ ss _ m l t s  t r u i s m  a t t t  ni - s _ I  i muus ’n - i io rm a i  ~u s_ u s c - m u i m i u s _ ’ t i u s _’ f i n i t e  ehet iie ’ns _ nuo dc l s’s s u m l p _ m n e ’n I I as-orab lc’
‘ s t u t h  n e s s _ s i t s  ru i mu  a s i m n i l a m  t u n i s _ c  s_ l i f t e r s - n e c  snod eh. hn t hss s_’ t m m s t a n e ’e-s ‘s’s- lie -n au , u \ i — , c ’ u m m u u r s _ ’t n is _
fl s _ u s _ h — f i l l s - s _ I - i h s _ ’ l l  mus i c’ I me  s_ ’s sr u s i n i s ’rcs _ i .u us et ’uh l’u cas _ l  i nju ry  misodcl , th ie f mru i t s ’  c lem im ent nuet hi os i is
shs sss n to hi - c eomp s ’t i t i ’ s - s s s’s s_ I u n s_ hen n u n u i s _’nis _’al ins_ i _ u n a hc ’ s _ mc ss _l approas_- he’~-u . \ V h m m .- m s s_ 1 c~u h i a g
ss u s _ li  Is _ i - as _ I s _ l t i r , i t i s _ s i i s  c’ s_ s n.’s_ ’ n b m n g  I n-is , it is pe rha p s  n ii ore , u t t r , u s _ t  i t s ’ tha n ti -ic f in i t e  sl i t  f e n s - u i s _ ’s’
nis ’ s _ l u s _ is i ansi m i - i numust s

_
_ u - is ’s alts us ’ s s i - f t  s ’n s im n ’ m rs _ -  l u - s  u i i t l i s _ v  s _ h u u i m i  , smi a lv s _ ic a l  app noac lue s .

\ tt s s s  s i ims - mmsi o m ’m m I  p lans’ ‘us _ m iami m i s s _ m s _ I s _ i  s _ b c n m i m m —,t r i t s - s _ i ti - ic isi -ip ortat ice - cml ‘ s i s i u tm b , in  ing s_none
s_ ’s u mp i s_ ’x gcs im iie - t r n . Sksu hi  b i - cns h in g  s _ mi s _ I i n - i t  r , m s _ n . s i i i a l  pressure s _ h i s s _ r i h u m t m s m u s s  st crc pr c s_ I is’s _ es _ h
n ii ui -rs ’ ne - s i  v -n i s  .u l lc -  s_ I uan  i i i  p r ev i os _ us  n u m o s h s ’ h i n g  s _ f t  s u n t  s l~m m t e t i t i a l  s i t s ’S of l in i can sku l l  I n s e t s _ i re-

~s_ ns _ I cl oses _h b i m a i n  i n j u m n c  ‘s t s  re i n s l i e m n e s _ I  re i s_ t i t s ’ s _ i s  , m i ua tonm i c a h  I s _ m t  t int’s  F urs _ iuernuo s  c , ti - ic
ss_’ m i sun  ms - ms _ v  of s _ his - s t  l o s _ an  i n  r u m s  s _ s _ i -  s_ l uc e-h ara s_’ts’ r m s t u e s  ( i - f  I s _ n i l  tri g anu s_ I bi - smun s _ Is _ r u ’ s_ o nus _ i i t i o n u - i  te ss
s _ he ir lv s_ -vm s_ ic rut

A mi s s _ ms _ f~t meat uo ss sit ths_ ’ msn s p a n a u r u c t  rue elena s i t  t s _ u r m u u u b a t  s u m s - i  for  s i n u m s _ m I m s _ u n i g  h r a i i m  m is -a s_ s_ e r

1ir o s _ i u i s’s’s _ h a rs _’ s p s i - n i s e  ns ’ p rs _ ’ s s_’ ns _ a t  us ’ s- of c l in ica l l y  s u b  uss r ’s-es_ i u u i s _ r ; m e n a n i a l  rs -s p omus s - , I hu s’ s’ls _ - m i u e n t
ts us oii s_ a irm ed hi s ’  a rcsh s_ i cs _ ’d f s _ m m n u u  si-t ’ n u mme n ic r s _ h  i n s _ s _ g r a s _ i o n  ts _ - r rnes_ l s i r - i s - - po int  5 a u s s i m : i  s i mm _ ms _ l -
u - s n  s i n e .  ‘I ’ hu us procs- s _ humm s -  is nus’t’s- ss mrv to st Is _ _ s _ n  a cons’ s _ n i s _ i o n ai f i n n s _ c  s_ - I s ’n ius - ns _ .m i i s b v s s s  s s t n u a r b c
u i u s s m n i u i u n s _ ’ s s i h h e  r u u a s _ c n u a b s  Ins  s _ h u m s  tt  mc t hus ’  h i - r a in  us is _ he ’ i s_ Iii s_ ’d 5m s .m mie - a r b c i n c o m i i p r t -s sibl e n u u t s ’ n —

ml c s s s i s t s t s - n s _  ‘st thu  , ms mu _ m I - I t -  s_ -x p eni ms ’ ius _ aI  data ( i - mi  b s r m i s _ n  n u s , m t s _ ’ r u , u l  p ro p s -nt i s -s
U I s_ m us _ h s_ ’ss nns _ rs ’s  u s _ u p  i n t r a c r a n i a l  res p sunuss ’ ,m rs - s t - r i  s_- s u s _ I s _ n u t  mm s u n u m m m l i t m o t s s  ts tb  s_ l i t ’

m i s — s _ I s - I  I t u s ’ i s _ m s s s u t u  s i - i  s_ I - ic  t s _ m r ~s_ mcni m i m a g n u s _ m m m i  s _ m u ss _- s a h u s m s t s _ ’ n u s _ i - r  s h u t s  un - i s_ lie ’ n u ll [is _s um - i t  of thus _ -
u i - t h i s - i 55 -i st ’ st m i i m m i s - t m  is -al , an s _ erm o r — p s_ is t s ’ r i o r. p re ssumrs ’  n l s s t r m h s _ m t i s _ ni , I hums  l ss _ ’l u .mv u s s n  u - i  s _ s _ s n - i s - i s _ s _ m it
st u t h  p s_ cs sum s s ’ s _ 1 n s _ ’ m u n n m e - m i t ih s m h s s e r s  , m t i o n u s . I u i n s _ l u s _ r, i t  us arm s - s_ p I m n i u t u i m n  of thus’  us ’ s  nu im i i e ’ n rc  in
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st u s _  i - i t  us _ sI  s_ i i s t r i h u m s _ i s  in , nu otesi in  s _ h u e  h i t s _ n a t  t i re , of comitrecoup a n u s _ I  cou p m mi i u ry  oc e s_ mn nirs g m ’s
,m r s- scm lt s i t  f m s _ i - m i a m i  anus _ h  s _ ses ’ i p m s _ u l  n u l p a s _ ’ s_ s .

h u e  t i - n m i m u  is s i m i u s u l a s _ t - s_ I us b s_ - i n u g m s s s b , r t e s _ I  f r o m  s _ l ie  s_ ’ n , m m u m , m l  ‘st i l l  isv u m u c l s _ m s h m m ’mg a co t uu 1i - res s i ls l c
rs_ ’ 1 ine s s n t u s _ ion u  of s _ hi t ’ ss m t i - a n a c h i u u s _ u t s l  s 1 u , u s _ e  li - i  t h i s  t s mc i n t r a e r a m m i a h  v o l s _ u m e  s l u i f ’ts anti s_ he
bra ins  slosh i nms - t-h an isms t h a t  h i ss’ I ms _ en  s_ ’ l u n u  ic :mll v s shs s_ ’r s s’ s _ I ciii mis s _ i -  be s sbsem vs- si in s_ lie
n uu s i - s _ he l  ~ n c p n  s u m - i c  -

- t u ms _ o nu ia  r en i  ni - i s - s i - i gs_ ’ m u s _ ’u ’ m s _ s i r - i  arc s _ I - is- o m u b u ’  p r as_’t i s ’: m b su i e t umu s  for  sies_ ’ebop inu g  d i s cr s_ ’ s _ m , a s _ m o n s
t s _ s r  I t s _ i - I  u m u j i u n s iTm odebs sv h u c h  s_ h c p u e t  re - en sg u s u i , i b i c  gs ’otu setry .  I hs_ ’y caminos _ at ’s_ i - id all t i - ic
l a h i - o n i s i s _ m - i  s_’t ’fli -n t s _ m t  c x t r r s_ s- t im i g  ru ue ’ m s t m ncs _ h  s_ i at , m l s e s _ ’, m m uss _ ’ a m u’ i i n i n u s s i u i u  ui  s_ Ii i ’s i n l s s n m u i a s _ i s i n u  u s ne c—

\ cvs_ -r t hs _ ’bc ss, t b m e v  arc t n u  he pr cterncs _ l  oven comp letely m m m , i n s _ u , u 1  cf I s i s _ I s  -a t p u n e n a t im - i g
s_ bus - s _ i m s e r n ’ t i , a s _ m n s m m s  \ u s_ o n as _ ic  miues h g s - u u e r u t o r s  result  in sk u i l l - l i - na in  sh i scnet i z as _  in s u m s  ‘ss b u i c h i
arc s_ i n st ’s_ i - m en u us st’s-Il ~u s eos i c i s t cns _  sv i th  s _ h e  sp s: ei fues l ge om s_- r r~

le ’ s_’hn i s_ 1sme s  f ’s_ mn c f f i s _ ’ u e m i s _  s - q s _ u a s _ m o n  s t i l t  n i p .  i n c i s_ i d i n g  op t i m a l  m e n i m m b c r m u m g  01 s_ he sc s t s - m u i

s i t  mii otu osi t’s~ti n t s) ~l5 , are ns’ e- e’s ’s au’c . n asi s’cons mm us - a l l y  flex ibis’ head - i n j  cur5 ’ rum s_ Is- b  - Is ’ so
h i - i s i e s l m s c r s _ - t i t a s _ i c s m m s  i rs - pr o s’ m s _ Ics h  s_ I - ic u se- n in t l ~e- I l l  \ i cosie i _ i f ine  a m m s _ h  a s’ s s , u r s s _ ’ misesh , I - us _ - lu
a h l s _ u s s s f ’ u  t a k i n g  f t i l l  s i t  a i m s _ a p e  of s v s u u n m i e s _ n i c u l  com is ! m s _ i o n s  ‘st- lien s_he - v e x i s t  - ‘ l ’hs’ present
l i m i t - s r  I I I  ti s _ i s s _ l~ s _ s  st - i  a p p r o x u u u m a t c l  ~r2 0 0  per s i n i u u l a t ion , i s i s _ b u s h i n g  u p p r x i n i a tc lv ~30 s _ s t

tiata pcm ss_~ s niss s_’-ismng , Thess ’ e s s s t s  are bases_ i upon p r es cm - i t  comn iuer s’i , s l c om - i s p s_ i ter  rats _- s und
m s _ i t s  u s e  m m u u ’ s v h c r e  f rom 10 s _ i s  15 s_ it _ ic steps with s_ I- is’ f ’m m u c  n i i s e r e s _ i z a t i u m u  -

h ’hc I I IM s _ o s _ h e  t a - i  unu s_hs _ ’r g onc e- s t e - n u s u ’ s  e n tms i u s _,- ri s- ah test i t l p ,  and all kno tvn I su i g s  h s _ v s _’ l,s’s_- n
es u r n s _- e s _ s _-s_ I \V i t h u  t u e  e \ e s _ - p t u o n u , p e n i s _ p s , of s i m u i s _ u b a s _ i n g  t i-ic b r a in  n u s a t e r i a l , s_ lie I I I  ti cos_I c has
h uee n s_ ’i. u ns tn s_ u s_ ’s _ s _ ’s _ h s v i s _ h  stan siarsl s _ h c ’ n a m u u i s _’ , f i m i i t e  ehem n enus _  t echniques , .\ s~u ’, u h i s _ a s _ u v e  v a h i s i a t m u m n
bu ms lice- n s_ ’st a h s h i s h e s _ i  s_ h ros _ i gh conu par i s s_ i - n s  with fl ue - s_ i -mv fo r  s i t u m p le- m nios _ hebs , th roug h comus pa n i -
5 5 - t i  t t i t  h s s n h s s t i s s m s s  I n i i - n i m  ni’ i s_ - tho s _ I s  i u t l u s _-r t han  f i n i t e  s -b s_- n us ’n s_ , ansi s _ l i m o s _ u gh ’. ‘s i sss _ nt unmg s_ I - i c r ca-
sii n uaLml e n u e ss  of I s s _ i t h  s_ li e sb-i uhI  h i - s _ i - nc  res p om sc anti the  cs_ i -up as - is _ h cons_ recou p response j im s_} ’us-
l u r a s n u  - A t s _ s - u u i p s _ s  m t  s _ j s m i n i t i t a t u v e  s-’ah ida t ion  h a t e  nos _ pro ’s -s’s_ I s u uc e s _ ’s’s t u l , I lie pm ’s’ss’ mut sL ull

li -o ne- f r ims _ s s _ - I cm um s ’ns _ s’ h i a n a e t c r i , m t  on is to s _ m ns _ i  s _ m u  be too - i t  ti . b u s  s’s s s r e c t  s_lie ’ pns _ i - b i e m uu ~snu
s i g h t  n i -the - i m u c i m n u m } i -~s _ s _ i l i - I e  s_ len ien t  buas been s_ Ieve lop s’d which  wi l l  u h l n s s s  n u n m r s _ ’  h i em i s h ing  Is u s t ,
us c s t  - h i -as n - is _ i t  i se - s_- n m nc i -mp or atcs _ l  a nus _ i  t r i es _ I , Comp ar ison u I  mu me ~s_ sur esI am-id s’s _ i - m m s ps _ u ts ’ s _ I intra-
c r a n i a l  p n cs - iu mre s  are’ s _ l i f t is ’s _ u t  h .m s _ m s _ ‘ st—s _- ms a t t en iu p tcs _ I  amu y ’ss - mv imu t h i s  st s _ u s _ Ic  - \ i s_ ’ ,ms i i red  ep i s _ l u r ul
p t  essi s r e s  iru s _ ns _-s t bus ’tu t s _ ’ s_ I rhesu s u u u s m i i k s _’ys ‘s ’s - s ’ms - ( i -mi ti - is’ orshcr  s i t  10 j us t  st -hi Is ’ s _ s  s m u u p u i s _ s _- s _ b i n t r a —
s_’ram .m l p n s’ ssusrs -s of p r u n t i u t e  s i m u s s m l a t u o n s  ss s _- ms s i - t m  ths _ - ors ie r  of ’ 37 psi . Wh ile s _ h i t s  us  o n u l ’ s  ts is _ lu-
in -i s_ ni or i ler  m u f  n u u a g n u s t s _ u s _ b e  ug rs _ ’ t - t n ens _ , hi n s-s’ m s s t u s nmod s ’ l ~s t S s_ ’m isp t ’~ ‘se t -ms l-_ umo ss n to has’s’ con - i—
[ u s _ us _ s’ s _ i  l n ns _ ’ss s _ m r s _’ in  c s _ s _ s t ’s s _ s f  1( 51 ) s m i t h  s t e m s  I 0( 51. ) p si.  h - s _ i t s _ i r s -  m nu p r o t ’ cm im s’nts in s l i - s _ m s _ I - i  s_ ’\ pe ’ n i—
ru i s ’su s a l  i s i s _ I  n u u s m s _ I c l i n g  t s _ - e h u n u t s _ 1 u m s _’s m nuac’  st -eli e,’ss _ a b m b u s b i  a -i , u m u s f m c t s i n c  s _ ] s m a s u s _ i t i m t i ’ s ’s’ ‘s . m l i sh i t i s _ i n i ,

~ u s s u s _ m l m r i i - n m s  s t m s _ h  this’ I l l \ 1  s o s _ I s  h u t s ’  , i ss i s r s _ ’u l  i n uIs _ ’ f i n i m u g  ibi s ’ l i m i t s  n i l  u s _ s  a 1-ip l i c a h m h i t ’s
m n m p u i - ss ’s _ h s c s _ i t s  s s - i u i n m s p t i o n s  of b i n - i c- a s _ i s _ c ,  R i g i s i  hos_ ic- ’ :sm n m ti s mmss iii s _ s e t ’s— o t 1( 1  n h s ’grs ’s’s I i u , mc’
r e - s _ J s _ mm r s ’  n o n u h i n s ’ , mn s s r m u m s  t e r m i m s  i f  s_ hue’ rs _ - s I uc ) iu s s _ ’  s i - f  m s _ i t s _ - n t - s t  I s is m i t  m i n t - i s i s  s s _ m h s s i s i c s _ l .  I’u hu s’ m r
s t r , m u o s  sts  rs pr s.- s _ h u s _ m t - i st i s u e h u  ire in s_ lie’ rc~m h n u i  n i l  b u g s - s t r u m s  an s l c s u s  a r ms _ i i m u s h i e s t e  a rs ’ s _ l msi rc—
ri - is -ni t  s i r  n s _ i - n h i m u s - mn f s i - m n i u s _ i h a t i o u u s  i i u s l s _ ’pe mi d cnt  s i t  hangs - r o s _ a t u s _ i s u s . I I f ’s _ s t - i  ur c p rs r ss _ ’s u t l c
si r u s _ Is _- r -,s ,iv i i i  ef I s _ s t  , m n u s _ m m u h i m u e u r  , m s u , m l c ’ s u s  \ i s_- s_ m i s t ’ i u i l e  s_ i - is’ h u i e s m  I I h \ 1  e~u~Is _ ’ j u mt ’ shs _ ’ t i s _ i - n u s  e m
u’ m els _ i  i s t s _ t r u !  m u — s p l i t  i n t o  t he  m u u s r c b u m n u u e m I  causs _ -s of s k u l l  a nu s _ I  l i - m a in - i  i n u j u m r v .

( _‘ i u , s l i t . u t i ’ s n - u n u f o r m m u i t m o n u  o h i s _ a i nues i  t r o n i i  s _ hue - l inear  I h I M  s’s_ is i s’ s an prot is_ is’ m i s t - f  u I  i n s s s g l m t
i n - i s _ s i -  s _ h e- n i m s _ ’ s h u m n i m e m l  s _ l n n m s m l n s _ ’ l m t i o m u s l u i~m s s _ s f  l i e n s _ I  i n j u m n c -  l ’ l u u i - s _ u glu t h i s  ms _’p ss m n , i n this ’ iu u a inu ,
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s_ ic scr ibes the s_ Ict’eh o p m’ne n s_ of a hucad in~sur c’ anal ysis tool , some rcsn,u l t s  derived dur in g  the
cs_ )urss _- s - i t  s_I - is’ proj ect s_ b f a l l  em s_ icr th is category an s i arc discussed in the following para-
gnn s_ p b us ,

t h e  sk s mb l boric stress response induced by an occi p ital im pact suggests tha t  imp ending
s k s _ u I l  f racture ss ’ os _ ul s _ h ocenur  along a path between the pois it  of loadin g and the forammi en rn -ag-
i - i s _ m m,  ~s bil e s_ his’ skul l  is th ick in th i s  region , the for nmnu cn magnum presents an area of stress
co mm et’ n i t r a t i on ,

‘b lue re la ti s-e s l i sp hac c nius’mut  between the skull  and br ain obsere-cd in t i-ic predicted re-
sp omt se  has nu l so been ob serves_I in tests invob v i uu g  pr imates  wi t h  imp la n t c s_ h luci te  ca l ’s -ar iunus ,
l i t  is mot ion n u p p e m r ’ s  b encf i c in s _ l  in a l le s’ iat ing osmue wh a t  the stress in the brain . Rut  the bene-

f i c i a l  et fe-c t is t ru e s i n l ~- s_ u p to a point .  ~ t nn tm n  s_be s’e l op s mt the bra in ’s s s _ urf ’n ut -e when fur ther
rs’l nu s _ ive  nuo t ion  is p mcvem ’m tcd l ic -  c n t h c r  g e s _ s n i u t ’ s _ r i c a l  s i - r  m e c h a n i c a l  e o n s t n a u n t s  at the sku ill-
bra m s i  m n t e - r t , ues _ - , ‘Fl-ic tens_ icnev for b ra in  ch e ;uss ’n i t s  n i earcst  t i u i s  i n t e r f a c e  to s_heform more t h an
s _ h i  ise in the  n i m s _ I h u r n s _ i n  area us “crc’ a p p u r s _ ’ m u t  in - i  t he  grap hics n m t  the s_ i eforn ue s_ I  mesh ,

I ’h e’ l i - s un slary con s_ h i t ion  s~se- s_ ’m t  i c , m ti c i - ni  hu m — been shots ’s_ u to in l lu ue : i s_ ’s_- si gn i f i can t l c ’  the
c si - m pu r e s_ i  m m ’m t r a e r a s _ u m n m h  rs - s p si - suse  h u c ’  a e s s u u m p ~m n i - i u u m i  s i t  ,u ness _ rained skuh l , a p art ia h Ic ’  restrained
skul l , an isi an umuress _ ra ineth  s k u m l l , s _ il  sub j s- s - tesh  to  th e s m n u i c  imp ac t  Ion s_ si , Pnes h ic t e s_ i ins _ na-
cranial  s t r e ss  n l u s s _ n i h i - s _ m t i o n s  s_ le t ’ s- lop n u s l b  j u ress u mne reg io ns st iu ich tens _ h to hoe -ate m i s s _ s t - c th s_ ’
f s _ u mn unu m c uu  nus sgniun - i in- l e p e ns _ I e mm t s f this ’ shm ne c t  mo n s i t  in m p a s - s_ - l ’hus , for umun e st ra in e d ins pac t s .
su gnu t icunt contrceos_ip tensi le  stne sss’ s w i l l  e \ m s s _  for i mii p a e s_ -~ s _ s _ u s_ li e c)ccnpu t and si gn i i f i can t
coup c o n u p n e - i s m s _ u i u  stresses s v ul l  ex i s t  f s _ i - r  impac t ’s  to the frontal  l i -one. I h e  com it ours at the
nun t e m u s u r  nu ns _ I p i i - s t c rm or brain -i  ‘, s _ mn t ’,mc cs locate ehs _ i - s s ’b y the sites of p otcn t iab  Co UP am- id cons_ re -
e’m u u p  n i m n i a g s -  in s_he nu i idsa g itt al p lane.

Sh e-ar st r n s_ in  pres l ict ions f i - r  sh inect un i p n s_ ct  loads have shs _ wn the b ra in s s_ cnu  reg i s s n i  t m i -  I s s ’
t i u s _ ns t  v u I m u s  mal i - Is’ , Resi s_ hes the bra ins tem reg ion , t h e  outer  surfaces  of s_ h - i c l i - ra in - i  s_Is_ ’s’chop ed
shear s s _ r a u m l s .  ‘l ’he mis _ ib ra in  reg ion es ’i sl em i ees _ i l i t t l e  or no shear s t r a i n ,  ‘F h is  response is t rue
, ml su s s_ i - f  ti m e indi rec t  impa ct load case s’xecpt that  the n u a x i n i u n u u  shear s t ra ins  occ s_ urres _ i at t i - ic
b r n u m m  su r face  as smp poscs _ h to s_ he bra i m ustc mi u region.

‘l’he re -suits ire gcncr ahic indep endent  u i - f the rest ra int  c on sh i t i ons  nit s_ his’ h s m s e  of s_ he’ sku l l
muss _ h  t h us the neck us not expectesi to nuos _ i i f y th iem iu great l y .

I Ii .i-

--



10 , R I  C O , V M I - N I ) , -\ F R ) N S

Recom -ium iicnith as_ ions can be siuvus _ led into two categories. 1’hc first category pertains to s_lie
limuea r h hl \ i cos_is’ ,snsl the second category pertain s to ) the de ’s ’eb opm ii ent of a nonlinear head
i n j u r y  model.

I” uu’ st - w i t h  negarsl to imuu p r ovi n g the linear I Ib M code -ansi its va hi s_ ia t ion wi th  exp er imenta l
s_ h , s s _ m , t hree specific neeomrnc rudations arc made ,

I ,  The linear isoparan es_ n ic element , eight-node brick used to rsuode l time skull bone
ss _ rs _ uc t urc  sh ould be rep laced with  an incomp atible f in i te  elem um cm i s _  formulat ion to allow more ’
effectivs - modelin g of the bendin g stress gradient across the simulated three-layered cranial
t hickness , ‘Fhc skull clement should remain three-dimensional , as is now s_he case , as op-
poses_I tsi- a two-s_hiniensional shell clement ,

2.  Emp loy nes luce s_ i integration (one-p oint quadrature)  wirh  s_ he d i la ta t ional  tern -is of
s_ lie brnsin d emer it  stiffness mat r ix  onl y ,  while using the normal quadra ture  rule for s_ he dis-
to rtu or ’m al energy terms. ‘Fhis sh oul s_h preserve the present , nearl y incompressible , formula-
s_ ions for s_ he brns _ in clement while reducing the strain magnitudes , which are typ ically very
large in the present H I M  code comput at ions .

3 . Improvement of the HIM cos_ ic runn in g  eff ic ienc y cam-i be made bc the fo hlui ’sv i rig :
( a )  Incorporating the bandwidth - i  n im ni rn i in g routines s_ b irect l y into the h I M  code

so t hat their use is transparent to the user ,
(b ) A m ore efficient  procedure can be ms _ la ps _ ed  for so lvmn g the equi l ibr ium equati o )n

if special hardware features’ nm~ ui lab le  on the Clx; 6600 are emp loyed .
(c) l) irec t access I/O shoulsi be umses l in prs i -ces sing the ri ght-hand side vectors. h ’hi s

w s _) s _ uhs _ h  be espccia ll~ s_ usefu l for dynamic  ns _ n a l yss s of niult i load vectors .
(d) I he inner prosl ui ct calculations involved in backward rcs bucs _ i o ) n could he done

more eff ic ient l y .  ‘I ’ he same techni ques noted in (b )  above should be adapted .
(e) I /O methods currentl y emp loyed in ths ’ program cotu ld be reworked us _ ivan-

s_ ageous l y .
( f )  I h e  program should be ovcrlaycsi .

Wi t h  thess ’ improvements it is est inuns _ tc s _ b that  the r u n n i n g  costs could l)e res_ i s_ icesi li - ’ s’
50%, Further  recommendations wou ls_ i unc lu is _ he the following.

- I r ijurc  or ‘ I s  i lurc ’’ cri teria for the simulated s t ructures  of the l i -ra in  and sk s _ m ll  s lu o s _ m l s _ h
be s _ Is _- v s lo p es _ i and i m ucs _ i - rporates _ i  im i t o  the II  IM code; then the coru - iputes i r e ’sults suiiinuari ,c s_ i
ins _ s _ i -  a pr i ns _ es _ I  siescri ptio n of ’ injur y Iua’,ard for s-ad s h I M  cos_ ie s imula t ion ,

2 . As i d i t i onal  paramuietcr  studies should be conducted for the purpose of gencratimig a
head u u u j  s _ inc s_ las _ a h i s _ s c  which - i  would faci l i ta te  directl y the preparation of saf ’t t y stauu s la rs _ I s

3. Preprocessor u s _ ns _ I postprocessor imute grat ion in - ito s_ he I I  IM cs _ i - s_ Is’ tvou lsl gren u thv en-
h a r mc s _ ’ ust’ u m t  s_he ’ s _ s _ i s i s ’  an s i ana l y s m s  msf  the  d ata ,  I hue’s e ’ rout ines  bi as - s been conup l et cs_ i , b s _ i s_
r c r i i dm r u  55’ ~~~~~ f m i - r n  th e  I I  IM s- os_ I c.

R e ’uo r uu muuc n s l a s _ u om u s  p e r t aum u mn g  to s_ I - i c  non l inear  lu s’as_ I im ij u r y  muuod e l  ns _ms’ less s1icdt ic s_~s .s _ n
the m l mo s s’ r s ’ c s m n u u n u m s _ - m s s h a s _ m m i - r u s, A non l irw ar  comput er cos_ ic s imilar  to s _ u s ’  t ins _ sic I I  IM cos_ Ic
s’s us t s , li -ci t s _ I - ic I I  IM su s i e i n p s _ m s_ n ioduhe (gcs _ i -nuetr y,  etc. ) nuu st hi - c ir - i cor po rn s_ t es _ i ns _ mid s_’lueckes _ i
umu s_ f i r s t  h u t - f m  m rs n -is _ i -re ’ s_ b s ’ s _ am lcs _ I ar id specific rs_ ’ s_ ’ s _ , muu uue ns _ ia s _ m smn us  can be ru s s _ bc re ga rs _ h i n g .m nu e i nu—
Ii r us’ ~mr s i m s _ h e ’  - A’, ss _ mmi m m u g  u i  is 55 as’c s_ i -r uu p hi shes_ I , ths’ fo l lowi ru g  rs’con rn ens _ hn s _ s _ i onus  s_ ’anu he n iadc
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- R e p c u !  ss’ l ccts _ ’s _ I l inear  I I l M  e s _ i - s_ Ic ru ins  ‘ss u t h  the mion h incar  m ’nos _ Ieh to s_ h i s cenn the s_ h f-
t ’crer ices mi - is _ I  f s _ m rs _ l uer  s _ is _- f i n - i c  s _ h - ic  I i m mt ; ss _ i omis  of ’ t h e  less exp ensiv e  l inear  model ,

2 \~ is _ li s_ h - is’ lnun g e -rotn s_ t io n/ iargc -s t r a in  cap abi l i ty ,  s i me u l as _ e  t ime large head ro ta t ion  s l , m s _ n u
t~~p ic ul of N \M R I ,  t e s t  slesi rut - is

3. I n i sc s tmg , s_ te’  a h u p r opn in s _ s _ e  te mim p orn s_ I in te gra t ion  s _ e s _- h n mqtues  s_ u c l i n u i n a t e  ntm n i ie n ica l
m u ( i - sss _ ’  ,u sssue ma te d ss ’is_h the  use of the N s_- wrna rk  rn es _ iu s _ m s _ l  a lomi g wi t h  prescribes _ I tl isl ) la cen ies_ i t
~h , s t , u input.

4 I )e ’s’s_- b op nu cap abi l i t y  to in pu ms _  prescr i ’ csi acceleration data to e i in i innu t c  anc ’ error
u s s s _ u e m n m s _ e d  t t m s _ h  nume n icn s l smu o u s_ himi g  (sloubie in tegra t ion)  of meas s_ured acceleration da ta ,

5 l)evclop a e m p a b i h i t c ’  s_ u ) sy u ss _ h es i z e  s_ lie nonl inear  hca s_b inj u ry mos _ hel  cosie amid s_ he
c o m u s _ a c s _ / i r n p a c s _  p m s _’s _ I i e s_ ion eosle, Ir’ u s_ h i s  svav , the sh c’nan ’ni c impact  of both ti m e s imulated
sku l l  nund tar get can hue im ichusled in s _ i - u - ic  comui pus _ er  nun ,

I (s4
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f e undssu g  for s _ h i s  work under Intera gency Agreement I)Oi’4S-289-550 I A ,  Subsequentl y ,
Is _ ins _ hu ng support  was provided li -v Dr . Channing L, Ewing , Naval Aerospace Medical Re-
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ge onue t rv ,
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Appendix A

CLINICAL DESCRIPTION OF HEAD IN JURY

This appendix is a reproduction of a report submitted in March 1974 by Richard B.
Small , M.I) . of thc University of Southern California Medical Center in fu lfillment of CEL
Contract No. N62399-73 -C-0006.
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I N I ’RODUC TION

I l i storic ally man has long recognized the serious nature of head injuries. F trl y hun~an
socictics developed mechanisms for dealing with head illj urv as cvidcnccd b~’ t he devetop-
ment of helmets for protection of the head in warfare. Some of these societies also prac-
ticed trepan at ion , however its use cannot he related to head inj u r y .  l ,at er cultures hav e
recorded rather sophisticated observations regarding head injur y .  In the Edwin Smith sur-
gica l papy rus (circa 1600 BC) several cases of head injur y arc pre sented along w i th  the oh-
scrvati on of contralateral weakness and the poor prognosis associated wi th  feeble pulse and
fever. In  the h i ppocrat ic writings there arc a number of observations referrin g to head in-
jur y and the first treatise devoted solely to the subje ct. Included are recommendat ions for
elevation of depre ssed fractures and trepanation. Attention was not directed to the neuro-
log ical condition of the patient unt i l  much later. I)clincation oh the presently recognited
s~’ndromes comprising the post-traumatic encep ha lopathi c s was not accomp lished unt i l  the
late 18th Century .

( :omnlotl () Cercbri. The symptomato logy of concussion of the brain was pre sented by
Lanfranci of Milan in his Chirg ia Magna (12 96 Al) ). I’his was pre sented as a Jassic rather
t han an orig inal descri pt ion.  Essentiall y the same descri ption can be found in the writ ings
of Ambrose Pare ( 1561) ,  a number of 18th Century write rs inclu ding Littre ( 1705),  Jean-
l ouis Pettit ( 1774) and Benjamin Bell ( 1783), and recent reviews includin g Courvillc ( 1951 )
and Ward (1966).

(~ontusio ( erebr i . Concerning cerebral contusions Pare (1 56~ ) recognized that in sonic
Inj uries  “by the violence of the blow the veins and arteries may be broken. ” Shortl y there-
after l allop ius ( 1569 ) described similar findings contra lateral to the impact.  The signifi -
cance of the observations was well recognized prior to 1766 when the Academic Rovale de
Paris offered a prize for “ctab lir La rheorie dea contracoups dans les lesions de ha tctc et les
coflse(lucnces qu ’on pcut en titer. ” I ’his subject has continued to be of considerable
i n t crest.

Compressio Cerebri. It is possible (Courv~lle , 1951) that Celsus recognized that intra-
cranial heniorrha gc~~i~~anguanous effusion resulted from head injury. Pare described sub-
dura l h ernatoma and suggested tearing of veins as its etiology (Fl amm , 1972). ‘I’hc first
def in it e  distinction of the symptomatology of compression from concussion , however , is
found in I .e I)ran ( 1731) .

Nevertheless considerabl e confusion has persisted to the present time concerning the
interrelationshi p of cerebral concussion , contusion and compression. This is manifested in
t he concept , which devclopcd in the middle of the 1 9th Century and persists today , of these
entiti es as a cont inuu m particularl y in clinical evaluation. Anatomicall y the lesions are dis-
t inct l y different.  Biomechanica ll y their linear relationshi p is not substantiated by present
evidence .

Experim ental studies of head inj uries were carried out dur ing the 19th Century by Gama
( 1835 ) and others , but well controlled studies were not per formed unti l  earlier in the pres-
ent century. Basic to modern studics was the neuropatholog ical work of Ramon v Cajal.
This work was extended to human material by Spatz and co-workers in Germany and Rand
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and Courv ’lk in this country . Clinical and experimental studies by l)enny-Brown and Rus-
sc!1 ( 1932 , 1940 , and 1945) stimulated the investi gation of the clinico-pat hologico-
mechanical correlation of head injury , which is the ul t imate  objective of this  present
pr~ ‘e ct.

Theoretical Considerations.  Ih e  mechanism by which the impact of a closed head ifl-

j u rv produces damage and dy sfunct ion in the central nervous system has been a subject of
Interest to cl inicians and patho log ists for some time. That there is no concensus of op inion
is reflected in a rather extensive literature. Earl y vascular and humoral  theories have been
discarded , and there is general acceptance that mechanical forces produce intracranial in-
jurie s. lhe  oldest mechanical theory is that of vibration which was the consensus of the
Parisian Roy al Academy of Surgery. Another supporter was Gama who developed the first
c \per imc nta l  model of head inj ury in 1835. lI e imbedded black threads in a gcllatin filled
flask. I’o-and-fro movement of the threads was noted when the flask was struck . lh c  theor-
ics derived from this model included vibration of the skull , pressure gradients in the brain
and propagation of waves of force or compression throug h the brain. Exp erin iental mea-
surements have tended to discredit these theories as the pressure changes measured were
propagated too slowl y to exp lain effects observed with intermediate hi gh speed cameras
(1000 - 4000 frames per second). Such studies have been performed b Puden,. and
Sheldon (1944), Ommava ( 1969) and Gosch et al ( 1970). Th ey have confirmed the move-
ment of the brain relative to the skull po stulated b y Russell ( 1932) and hl olbourn ( 1943-
44). t lolbourn is the first of a number of ph ysicists who have contributed a great deal to
the stud y of the bion iechanics of head injury. His theory is based on shear forces developed
within the cranium by rotational acceleration of the head . Such forces are also invoked in
the exp lanation of the axonal injuries described by Strich and others. Many authors have
suggested less severe and reversible damage by shear forces to fiber systems in mild and mod-
erate degrees of post traumatic encep halopath y. Rotational acceleration has also been used
with some success in describin g the distribution of contusions. Further evidence of the
existence of shear forces in head injury is derived from hi gh speed camera studies of photo-
elastic models.

Another ph ysical scientist suggested a theory based on a simp le model not unlike
Ga ma ’s. Gross’ model was a fluid filled flask in which intermediate hi gh speed photograph y
revealed cavitation following impact. Collapse of these cavities is postulated to produce
hi gh local accelerations leading to shear forces. Further development of this theory has
been carried out by Unterharnscheidt and Sellier (1966) and by Kopeck y and Ri pperger
( 1969) . In their model the negative pressures produced by acceleration and elastic defor-
mation af the skull do not necessaril y drop so low as to produce cavitation , however , they
produce pressure d~ffercnt ials across cell membranes sufficient to cause disrupti on of their
integrity.

A divergent mechanism of injury is invoked very successfull y by Lindenberg (1960) to
exp lain a selected group of fatal human head injuries. Thus elastic deformation of the skull
and translational acceleration or “mass movement ” of the brain in the “line of impact ” is
shown to be reasonable mechanism.

Fhe brain is not ri gidl y supported within its own confines , but is tethered somewhat at
its base by the exit of cranial nerves and the spinal cord from the cranium. Brid ging veins
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from the dural venous sinuses to the cortex add another minor stabilizing force. The falx
and the t entorium lend more major support. Yet the brain is a semisolid medium with
surrounding cerebrosp inal fluid. Blows to the head cause significant shifts of brain tissue
within the cranium. Let us consider the intracranial compartment.

The skull is a ri gid cavity with a capacity of 1400 - 1500 cc ’s, an irregular base , and a
smooth vault which is composed of an inner and an outer table of bone with innerposed
cancellous bone. This arrangement provide s greater strengt h with an economy of weight ,
as well as a certain degree of insulation. Ihe  cranial vault is not uniform in its thickness ,
hut varies from 2 mm. in the temporal region to greater than 1 cm. in the mid-frontal and
par ictal occipital regions. Irregularities of the base , particularl y the sphenoid rid ges and the
orbital p late areas , greatl y modify the formation of fractures , and the overall p lanes of
energy transfe r throu g h the skull and thus through the brain.

The base of the skull is a membranous structure with a cancellous or di p loic layer onl y
in certain areas. The three main divisions of the base are the anterior , middle , and the pos-
terior fossac. The anterior fossa is formed by the horizontal or orbital portion of the frontal
bone laterall y , the lesser wing of the sp henoid and the bod y of the sphenoi d posteriorl y, and
the crib iform plate of the ethmoid in the midline. Projecting upward from the midline of
the cribiform p late in its forward portion is the crista galli , to which is attached the falx
cerebri. Ihe  middle fossa is formed by the greater wing of the sphenoid (containing the
p ituitary fossa) in the middle , and squama and the anterior aspect of the petrous portion of
the temporal bone laterall y and posteriorl y. The anterior and middle fossae are separated
by the sphenoid rid ge , with its sharp, knife-like edge fittin g against the junction of the
frontal and temporal poles of the cerebral hemisp heres. The posterior fossa is formed by
the posterior aspect of the petrous portion of the temporal bone anteriorl y and the occi pital
bone posteriorl y. The foramen magnum is in the center of the posterior fossa , with the
basilar process of the occi p ital bone and the posterior part of the bod y of the sphenoid
forming the base of the skull in front of the foramen magnum. To further comp licate the
area , numerous perforations which provide avenues of egress for cranial nerves are distri-
buted acrosss the base . The main vascular supp ly to the intracranial contents also pene-
trates the skull via this area. Fractures occurring throug h the base may produce injury to
any of the cranial nerves or vascular structures which arc intimatel y associated with the
area. These injuries are produced either by direct shearing effects , or by the accumulation
of hemorrhage within a foramina with subsequent compromise of space and compression.
In addition , fractures throug h this area may produce dura l tear with cerebrosp inal fluid leak
via a route of cranial nerve egress.

Linear fracture lines tend to occur radiall y from a center of inbending or deformation
secondary to an energy transfe r to the skull. These fractures are modified by areas of bony
strength . Fracture lines arc predetermined by the site of impact as well as the strength of
the skull. Most often :

• Blows frontall y cause linear fractures into the orbital roofs ;
2. Vertical blows cause radiatin g fractures;
3. Occi p ital blows cause fractures runnin g toward the base and foramen magnum ;
4. Par ietal blows cause fractures directed toward the temporal region.
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l)epresscd fractures are usuall y caused by a relativel y sharp point of contact with lacer-
d t iO f l  of scal p being common. With massive quantities of energy transfe r , large flat objects
ma cause extensive depression of bone.

In considerin g the intracranial volume , dura l and meningeal supportin g structures may
tic considered as inconsequential . Appropriate values for the remaining intracranial contents
include

I . Brain 88 8% (65% H 20);
2 Blood 2 , 3%;
3. ( :~~~b~osp~naI fluid 8.9%.
I he skull is ri gid and allows onl y minimal expansion throug h the foramen magnum and

the si t i a l ler  foramina that transmit blood vessels and nerves. In addition , dural reflections
divide the intracranial  cavity into fossac that normall y protect the brain against excessive
movement but l imit  the amount of compensary shift and disp lacement that can develop in
response to abnormal conditions.

In this  regard , the tentorium cerebel li divides the crania! vault into anterior and poster-
ior fossae. The ri gid dural extension leads posteriorl y from the petrous rid ges and anterior
clinoid processes , slop ing downward and laterall y from its medial edge to attach to the occi-
pita l hone along the line oi the lateral sinus. Extending posteriorl y into the center of the
tentorium from the posterior clinoid processes is a large semioval opening, the incisura or
tentorial notch , whose diameters are usuall y between 50 and 70 mm. in the fronto-occi p ital
axis  and 25 and 40 mm. in the interparietal axis.

ihe  temporal lobes rest on the tentorial incisura and their medial surfaces protrude over
its edge , so that 3 to 4 mm. of the medial anterior portion of the temporal unous bul ges
into the notch. A small segment of the hi ppocampal gyrus also overhangs the edge and be-
comes more narrow posteriorl y.

It  is impor tant to retain the fact that changes in the relationshi ps between the tentorial
incisura and its surrounding s exp lain most of the comp lications in supratentoria l volume
shifts . I he  midbrain occup ies the anterior portion of the notch. The cerebellum lies in
juxtap osition to the dorsum of the midbrain and fills the posterior portion of the notch.
Ventral to the brainstem lies the basilar artery, which divides into two diverg ing posterior
cerebral arteries just caudal to the incisura. Each posterior cerebral artery crosses the ocu-
lomotor nerv e that emerges caudal to it. The artery then circles the homolateral cerebral
peduncl e and the adjacent lateral midbrain and reaches the venta l surface of the hi ppo-
campal gyrus of the temporal lobe , where it crosses the tentorial edge and proceeds toward
the occipital lobe

The oculomotor nerves penetrate the medial-basal surface of each cerebral pedunc le
catidal to the t cntoriu m . They traverse the basal cistern (tentorial gap), initiall y passing be-
tween the superior cerebellar and posterior cerebral arteries , and then passing in close prox-
imity to each temporal lobe uncus at the point where the uncus overhangs the lateral in-
cisural edge , and finall y passing over the petroclinoid ligaments to enter the cavernous sinus.

Considerin g that the brain may move within the skull , it is evident that  two types of
inj u ry may be produced by a blow to the skull:

• If energy is sufficient at the point of impact the brain will be damage d to a degree
compatib le with the force. This is called a COUP type injury.
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2. The delivered energy will cause the brain to shift in a direction dictated by the force
vector of injury , causing it to rebound off the inner cranial wall , and infl ict in g injury pro-
portional to the force and related to the confi guration of the particular section of the cra-
nial wall , a CON I ’RECOUP type injury .

Fhe importance of intracran ial volume shifts in the pr oduction of brain injury cannot be
overestin iated. Vascular and neural inj ury secondary to these disp lacements arc often re-
sponsible for injuries which produce irreconcilable results. Mesial shift of the lateral hemi-
sp here may force the cingulate gyrus under the falx ccrebri. I)ownward disp lacement of the
hemisp heres and basal nuclei may compress and disp lace the diencep halon and the adjoining
midbrain rostrocauda lly throug h the tentorial incisura. In such transgressions the p ituitary
stalk may be partiall y avulsed and marked change s may occur in the diencep halon and bra in-
stem. More posterior mesial shift may result in compression of the midbrain against either
the free edge of the tentorium of some other resistant structure such as the petroclinoid
li gament. Ilerniation at the incisura also has direct effects upon the brain stem and upon the
delicate vascular penetrations of the structures as well. Stretching of the perforating
branches of the basilar artery occurs because the artery is tethered to the circle of Willis and
cannot shift caudal ly. Thus , infarction and hemorrhage are produced within  the brain stem
to fur ther  comp licate existing injury.
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