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In recent years , the "Mean S train Criterion" (MS C )  for head impac ts has 
been re - evaluated and an improved vers ion formulated . The old MSC 
mode ls were upgraded and reported at a previous IRCOBI conference . 
Based on these models , now called " Trans lational Head Inj ury Mode l s "  
( THIM) and 3 7  lateral head impacts t o  three species of primates , a new 
head inj ury criteria is presented.  

In this s tudy , it was assumed that the THIM are lumped parameter mode ls 
of the head and that the elements of the models , in a broad sense have a 
phys ical counterpart in the head . I t  was also asswned that energy go ing 
into the head ( mode l )  is one of the maj or parame ters that cause head 
inj ury in an impac t s i tuation . Furthermore , it was postulated that the 
higher the impact energy level , the greater the po tential for head 
inj ury . 

The energy s tored or diss ipated by each mode l element is plotted with 
respect to time . The peak energy or power values were correlated wi th 
the Abbreviated Inj ury Scale (AI S )  or skul l frac ture . The result of 
this effort is the Trans lational Energy Criteria ( TEC ) in the form of 
inj ury predictive funct ions for both skull fracture or brain contus ion . 

The acceleration response o f  the large mas s  of the lateral THIM was used 
to compute the Head Inj ury Criteria (HIC)  for each primate head impac t 
and corre lated wi th the AIS inj ury nwnber . I t  was concluded that the 
Trans lational Energy Criteria from the THIM and the HIC values from the 
THIM , both correlated very we ll with head inj ury . But , the TEC was more 
comprehens ive and revealed more inj ury detail than the HIC . 

INTRODUCTION 

The mathematical lumped- parame ter mode l to s imulate head impac t response 
and to re late mode l output to head inj ury has been proposed for many 
years [ l , 2 , 3 , 4 ] . All of these models , but one , were founded on the 

Numbers in [ ]  designate references at end of paper . 
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Wayne S tate Tolerance Curve ( WSTC ) [ 5 ] . That one mode l is a one dimen
s ional , two - degree - o f - freedom mode l introduced by S talnaker 18  years ago 
[ 6 ] . This mode l was composed of two masses , one spring , and one damper . 
The values for the mode l parameters were de termined by fitting the 
calculated driving - po int mechanical impedance of the head model to the 
experimentally determined impedance of l iving sub - human primates or 
cadavers for various directions o f  loading . These mode ls were then used 
to generate the "Mean S train Criterion" (MS C )  for head inj ury [ 7 ] . The 
MSC related mode l output mean s train to primate or cadaver head inj uries 
ranked in terms of an inj ury code call Estimated S everity o f  Inj ury 
( ES I ) . 

Due to poor fit of the original mode ls to the head impedance data , a re 
analys is o f  the mode ls was undertaken in 1 9 84 and the results for 
cadavers were reported in 1 9 8 5  ( 8 ] . This update cons i s ted of adding a 
second damper in series with the spring in the mode l . The new cadaver 
model s  were s tandardized in four directions , Anterior - Posterios (A- P ) , 
Pos terior - Anterior ( P - A) , Superior - Inferior ( S - I ) , and Left - Right ( L- R) 
and to a common head mas s  o f  4 . 545 Kg ( 10 lb ) .  The new model now called 
the Trans lational Head Inj ury Models ( THIM) were s tudied to determine 
what phys ical means , if any , the mode l elements have with respect to the 
human head . The THIM and the governing equations are shown in Figure 1 . 

The phys ical 
below : 

meaning of the mode l elements for the cadaver is listed 

1 .  

2 . 

3 .  

4 .  

Summation of masses (M
1 

and M
2

) wi ll always add up to 
total head mass . 

Mas s  M
1 

is the mas s  of the skul l which was moving 
directly under a rigid impact . 

The stiffness K and the damper c
1 

form the nonl inear 
skull s tiffness in a given direction . 

The damper C was found to be a cons tant for all 
direct ions ana was be l ieved to be primari ly the damp 
ing of the brain . 

A more detailed discuss ion of the cadaver THIM is given by S talnaker ( 9 ]  
and in thi s  study the observations made from the cadaver THIM are as 
swned to apply to the sub - human primate THIM . 

TRANSLATIONAL ENERGY CRITERIA (TEC) 

Data Selection : A large series of primate lateral head impac t tes ts was 
carried out in the early to mid sevent ies at the Highway Safety Research 
Ins t i tute ( HSRI ) of the Univers i ty of Michigan . *  These tests were re 
evaluated for use in this study . Thirty - seven of the tests were j udged 
to be suitable , based on the fo llowing criteria : 

1 . Only lateral tes ts . 
2 . No padding . 

*Now called the Univers i ty of Michigan Transportation Research Institute 
(UMTRI ) .  
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3 .  Mus t  be from a large samp le s ize . 
4 .  Force - time curve mus t be clear and comp lete . 
5 .  Inj ury informat ion mus t be clear and comp le te . 

A complete descrip tion of the test protocol is g iven in Re ferences 10 
and 11 . 

Three different spec ies were selected for s tudy , Saimir sciur ius s qui r 
re l ,  Macaca fac icularis cynomo logus , and Macaca mulatta rhesus . The old 
MSC models for each of these spec ies were up - dated so that the model 
mechanical impedance response would give the best  fit to the experimen
tally measured impedance response . This was accomp l ished in the same 
manner as was reported for the cadaver THIM by S talnaker [ 8 ] . 

The experiemental and mode l driving po int mechanical impedance curves 
along with the mode l parame ter values for each of the species s tudied 
are given in Figures 2 through 4 .  

Normalization : The force time curves from each test were electronically 
hand digitized , smoothed , and s tored in the computer . The inj ury infor
mation was analyzed and ass igned an AIS number . S ince the force - time 
function for each test will be used as an input to the appropr iate 
species THIM , each force - time func tion had to be normal ized to its own 
mode l mas s . Thi s  normalization was achieved by the following scal ing 
relatioships : 

Where : 

A (M  /M . )
l/3 

m 1 

t A t 
n a 

scal ing fac tor 

M - model mas s for the species ( Kg) 
m 

M
i 

head mas s of individual animal in species ( Kg )  

F - Force , (N)  

t - time , (msec ) 

n normal ized 

and a - measured 

A summary of the head impac t test data used in this s tudy is given in 
Table 1 .  
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TRANSLATIONAL HEAD INJURY MODEL 
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Fig 1 . Trans lational Head Inj ury 
Mode l ( THIM) and Governing Equations 
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TABLE 1 :  SUMMARY OF P R I MATE TEST 

TOTAL NORMAL I ZED 

IMPACT BODY HEAD PEAK PEAK 
VELOCI TY WE I GHT WE I GH T  

* 
FORCE FORCE SKULL 

SPECI ES TEST NUMBER (ICm/hr) C KG )  (KG) LAMBDA ( N )  ( N )  A I S  FRACTURE 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

SQUI RREL SM/70· 3 30. 09 0 . 776 0 . 099 . 940 687.72 605 . 20 0 No 

SM/70· 5 40.39 0 . 899 0 . 1 1 2 . 900 707.44 5 73 . 03 0 No 

SM/70· 8 49. 56 0 . 849 0 . 1 08 . 9 1 1  2708. 30 2247.80 5 Yes 

SM/70· 9 50.84 0 . 599 0 . 076 1 . 023 2379 . 00 2490 .80 4 Yes 

SM/70· 1 0  47.47 0 . 599 0 . 076 1 . 020 291 8 . 50 3036.40 6 Yes 

SM/70 · 1 1  43 . 1 2 0 . 599 0 . 076 1 . 023 2169 .40 2271 . 40 4 Yes 

SM/70 · 1 2  43 . 28 0 . 799 0 . 1 02 . 930 1 629 . 1 0  1 4 1 7.30 3 Yes 

SM/70 - 1 3  43 . 28 0 . 599 0 . 076 1 . 023 1710 .60 1 791 . 00 3 Yes 

SH/70 · 1 4  39 . 26 0 . 799 0 . 079 1 . 009 1678.80 1 709 . 1 0  2 Yes 

SH/70 - 1 5  33 . 95 0 . 680 0 . 082 . 998 1 276 .90 1 271 .80 2 Yes 

SH/70- 1 6  30.41 0 . 527 0 . 074 1 . 032 937.34 998. 27 1 Yes 

SH/71 ·81 35 . 08 0 . 622 0 . 079 1 . 009 392. 25 399 .31 1 No 

SH/71 ·82 35 . 88  0 . 676 0 . 087 . 980 588 . 1 7  564 . 64  0 Yes 

SM/71 ·83 35 . 08 0 . 499 0 . 064 1 . 085 391 . 68  461 . 0 1  0 No 

SM/71 ·84 40 . 06 0 . 599 0 . 077 1 . 02 1  1 570 .60 1635 . 70 3 Yes 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · ·  

CYNOMOLGUS CY/70-55 41 .83 2.451 0 . 297 .986 213 1 . 10 2071 . 90 0 No 
" CY/70·56 33. 47 2 . 406 0 . 291 . 992 2235 .40 2 199.80 0 No 
• CY/70-57 37.01 2 .601 0 . 3 1 5  . 966 2908 . 50 2714 . 20 1 No 
II CY/70·58 37.01 2 . 746 0 . 332 .950 3549. 00 3203 . 00 2 No 
• CY/71 ·85 46. 5  3 . 200 0 . 384 . 905 3578 .20 2930 .60 1 No 
• CY/71 - 86  47. 79 3 . 246 0 . 390 .900 5669.30 4592 . 1 0 3 Yes 
" CY/75·82 25 . 98 3 . 994 0 . 404 . 890 2958 . 70 2343. 60 0 No 
II CY/75-89 26.37 4 . 893 0 . 631 . 767 9392 . 20 5525 . 5 0  4 Yes 
• CY/75 · 90 28. 96 4 . 094 0 . 522 .81 7 4668.60 3 1 1 6.30 1 No 
" CY/75·93 27.64 3 . 795 0 . 463 . 850 7209. 80 5209 . 1 0  4 Yes 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

RHESUS RH/70� 1 7  44 .57 4. 194 0 . 449 1 . 003 481 2 . 20 4841 . 1 0 2 No 
II RH/70 - 1 8  46. 1 8  5 . 1 84 0 . 481 . 981 3592. 80 3449 . 1 0  0 No 
II RH/70-23 54 . 87 9 . 1 69 0 . 892 . 798 1 1 830 . 00 7571 . 1 0 3 No 

RH/70-24 50.04 9.373 0 . 828 .818 1 0665 . 00 7134 . 60 5 Yes 
RH/70·25 38.94 1 0 . 576 0 . 994 . 770 74 1 1 . 00 4394 . 70 2 No 

RH/70-26 45 . 05 1 0 . 803 1 . 003 . 768 835 1 . 70 5002.60 3 Yes 

RH/70·27 57 . 1 2  1 0 . 667 0 . 990 • 771 9499.40 5642 . 70 2 Yes 

RH/70-28 48.43 1 1 . 575 1 . 076 . 750 9946.40 5599 . 80 2 No 
RH/70·29 41 . 67 5 . 402 0 . 481 . 981 3447.60 3309 .60 0 No 

RH/71 ·87 l oss 5 . 8 1 0  0 . 536 . 946 6282 .80 5623 . 1 0  3 Yes 
RH/71 ·88 loss 6.673 0 . 622 .900 3697.20 2994 .80 0 No 

RH/71 ·90 loss 6 . 945 0 . 645 . 890 6294 . 00 4984 . 80 3 No 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

* Squ i rrel Sca l i ng Head Hass = 0 . 082 Kg 
Cynomo l gus Sca l i ng Head Hass = 0 . 282 Kg 
Rhesus Sca l i ng Head Hass = 0 . 455 Kg 

Each of the norrnalized force - t irne func tions was used to exc i te the 
appropriate species head models . The impac t  energy wil l  go into dis 
s ipated energy frorn the two darnpers , and stored energy from the spring 
and the two masses . The measured force - time and normalized force - time 
functions , as we ll as the energy - time func tions for each o f  the mode l 
elements for two representative types of model responses are given in 
Figures 5 and 6 .  

Brain Contus ion : I t  is assumed that in the model , the damp ing element 

c2 ,  essentially represents the neural properties of the head , and the 
spring element K with the damp ing element c1 es sent ially represent the 
non- l inear s t i ffness of the skull . 
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There are two poss ible modes by which energy can be transmitted to the 
individual cornponents of the THIM for any given impac t .  They are clas 
s ified for this s tudy as : "Over Driven Impac t "  ( Figure S c )  and "Under 
Driven Impac t "  ( Figure 6 ) . 

For cases where the head is subj ected to an "Under Driven Impact "  ( such 
as padded impac t ) , the damper connected in series to the spring i s  
capable o f  diss ipating mos t  of the energy released b y  the spring . For 
an "Over Driven Impac t , "  the amount of energy s tored and then released 
from the spring element can be significantly higher ( such as r igid 
impac t )  thi s  was found for the "Under Driven Impac t . "  In this case , the 
damper connec ted in series to the spring is incapab le of diss ipating 
most of the energy released by the spring . The rernaining energy will be 
trans ferred to the second damper via the masses in the form of kine t ic 
energy . The severity of head inj ury was found to be direc tly propor 
tional to the arnount of " ENERGY" released by the second damper c

2
. 

The mode l maximum response is of interes t  for inj ury evaluation . Thi s  
is achieved when the mode l reaches i t s  terminal ve loc i ty , that is when 
both masses have the same cons tant ve loc ity . At thi s  time , the model 
has self adj us ted to inc lude all additional energy transmi tted to the 
second damper from an " Over Driven Impac t " . Hence , the amount of energy 
diss ipated by the second damper can be correlated directly to the 
severity of the head inj ury for e i ther case . 

Skull Fracture : The localized stress on the skull at the impact s i te 
must reach a cri t ical value for the skull to fracture . Such a cri t ical 
stress is a func tion of both maxirnum load and the rate at which the load 
is app l ied . Such stresses will result in strains and the skull will be 
deformed . Therefore , the load- deformation ( energy) and the rate at 
which this load - deformation occurs wil l  be re lated to the " POWER" s tored 
in the mode l spring K .  

Cornputat ion of the HIC :  No accurate head acceleration data were avai l 
ab le for these primate tes ts . The acce lerat ion of the second mass (M2 ) 
was uti l ized for computing the HIC number for each irnpact tes t .  S ince 
M

2 
carries at least 7 5 %  of the total head mass , the acceleration of the 

second mas s  (M
2

) for a rigid irnpac t can be a good indicator , for corn
parison purposes , of the ac tual head acceleration . This is illustrated 
for a cadaver in Figure 7 .  lt can be assumed that a s irnilar observation 
can be seen for the pr irnate data , s ince both the cadaver and sub - human 
primates rnode ls share the same analogy . 

The de finit ion of the HIC expressed as fo llows : 

HI C = ( t , - t , )  [-1_- I t�. ( t )dt J t '  t ' t 
' 

2 5 1 m a x  

'Where : the acceleration of the second mas s . 

t
2 - t

1 
- the cornputation interval 
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As all of the primate tes ts were impac ted in the L - R  direction , the 
computed HIC number wi ll only reflect the poss ib i l i ty o f  head inj ury in 
that direc tion . 

For the primate tes t , the impac t is generally short in duration but high 
in amp l i tude therefore , large HIC numbers are expected . .  The programs 
used for computing the HIC number were adj us ted accordingly in order to 
make such computation poss ible . l t  should be no ted that such high HIC 
number should no t be compared to those values in cadaver or dummy crash 
test wi th an inj ury thresho ld of 1 , 000 . The primate HIC number is in a 
clas s by i tself , and are cons is tent only within the same species . 

RESULTS 

Trans lational Ener�y Criteria : The maximum value of the energy dis 
s ipated in damper number 1 ( EC

1
) and damper number 2 ( EC

2
) the maximum 

energy s tored in the spring ( ES ) , mas s number l ( EM
1

) and mas s  number 2 

( EM
2

) ,  along with maximum power stored in the spring ( ESDOT ) are given 
in Table 2 . All the above parame ters are shown with respect to AI S and 
skull fracture . A l inear regress ion was run for each spec ies between 
the maximum energy diss ipated by damper number 2 ( EC ) and the AIS 
number . The results of this regress ion are given in Tabfe 3 .  A graph 
of the regress ion equation and the measured data for each spec ies is 
shown in Figures 8 through 10 . 
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TABLE 2:  ENERGY I NJURY PARAMETERS 

TEST ES EC1 EC2 EM1 EM2 ESDOT COMPUTED SKULL 
SPECIES # ( J )  ( J )  ( J )  ( J )  ( J )  (Watt ) A I S  A I S  FRACTURE 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

SQUI RREL SM/70· 3 0 . 4279 0 . 2088 0 . 302 0 . 3295 o . n1 1  1 524 0 0 . 56 No 
SM/70· 5 0 . 5527 0 . 321 0 .3034 0 . 4702 1 . 381 1 662 0 0 . 56 No 
SM/70· 8 8 .3974 4 . 7056 4 . 6246 6 . 3427 1 9 . 71 3  26456 5 4 . 65 Yes 
SM/70· 9 9 . 2 1 46 5 .331 4 . 9634 6 . 2 1 26 23. 1 1  291 76 4 4 . 85 Yes 
SM/70 · 1 0  1 4 . 978 9 . 8316 6 . 3746 1 3 . 891 5 1 . 095 41992 6 5 .60 Yes 
SM/70· 1 1  6 . 8671 3 .3459 3 . 0565 5 . 0084 1 3 . 008 2271 7 4 3 . 62 Yes 
SM/70 · 1 2  3 . 1 785 1 . 5414 1 . 2 1 48 2 . 1484 5 .8198 1 0039 3 1 . 97 Yes 
SM/70 · 1 3  5 . 1 22 3 . 2204 2 . 6171 3 . 1 9 15 . 1 87 1 3795 3 3 . 29 Yes 
SM/70 · 1 4  4 . 23 1 7  2 . 4848 2 . 1 4 1 3  2 . 8076 1 1 . 244 1 2623 2 2 . 89 Yes 
SM/70· 15 2 . 454 1 . 5591 1 .3 1 3 1  2 . 45 1 1  7. 2687 6829 2 2 . 08 Yes 
SM/70· 16 1 . 5253 0 . 9765 0 . 7858 1 . 5032 4 . 6226 4242 1 1 . 42 Yes 
SM/71 ·81 0 . 2266 0 . 1 5 1 1  0 . 1 038 0 . 1468 o . n1 6  567 1 o . oo No 
SM/71 ·82 0 . 4871 0 . 3482 0 . 1 803 0 . 6287 2 . 2888 1407 0 0 . 24 Yes 
SM/71 ·83 0 . 3 1 58 0 . 1823 0 . 1 595 0 . 338 0 . 8725 930 0 0 . 1 8 No 
SM/71 ·84 3 . 9303 2 .  7427 1 . 345 2 . 4947 14.382 94n 3 2 . 1 2  Yes 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

CYNCMOLGIJS CY/70·55 1 .371 7 1 .3497 0 . 74 1 9  0 . 7644 6 .3055 5001 0 0 . 29 No 
CY/70·56 1 . 3592 1 . 9706 0 . 6432 1 . 5471 1 3 . 583 4034 0 0 . 08 No 
CY /70·57 2 . 1 5 1  2 .3374 1 . 1 868 2 . 5749 20 . 336 7253 1 1 . 08 No 
CY/70·58 3 . 1754 2 . 8199 1 . 8138 1 . 3842 1 1 . 083 1 1 1 27 2 1 . 98 No 
CY /71 ·85 2 . 4609 2 . no8 1 . 1 1 27 2 . 1 1 08 1 6 . 535 7589 1 0 . 96 No 
CY /71 · 86  5 .6522 9 . 5935 2 . 6021 1 0 . 971 86 . 2 1 7  1 5880 3 2 . 91 Yes 
CY /75·82 1 . 2437 2 . 6324 0 . 4573 4 . 4069 34 .66 1995 0 0 . 00 No 
CY/75·89 8 .3443 1 1 .951 3 . 6786 1 3 . 3 1 1  1 05 . 73  22703 4 3 . 97 Yes 
CY/75·90 2 . 6243 3 . 2785 1 . 1 643 2 . 865 1  23 . 382 7024 1 1 . 05 No 
CY/75·93 7. 4533 7.847 3 . 7489 4 . 255 36. 4 1 6  20691 4 4 . 03 Yes 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

RHESUS RH/70 · 1 7  1 . 8188 1 . 8175 0 . 9 1 08 1 0 . 091 29 .618 6790 2 2 . 20 No 
RH/70· 18 0 . 8496 0 . 6851 0 . 4201 2 . 7234 8. 6005 2775 0 0 . 82 No 
RH/70·23 3 . 1 554 3 . 2072 1 . 6093 . 1 4 . 029 41 . 554 5836 3 3 .61 No 
RH/70·24 4 . 0546 3 . 2403 2 . 6 1 43 1 7. 64 1  52.976 1 73 1 7  5 5 . 1 8 Yes 
RH/70·25 1 . 3622 1 . 2928 0 . 5916 6. 6194 20 . 244 4481 2 1 .36 No 
RH/70·26 1 . 8604 1 . 6685 1 . 2646 9.8302 29. 494 8602 3 2 . 96 Yes 
RH/70 · 27 1 . 9626 2 . 581 0 . 81 02 1 6 . 846 51 . 232 4835 2 1 . 95 Yes 
RH/70 · 28 1 .  791 7  1 . 8504 0 . 7953 7.8996 24 . 393 3534 2 1 . 92 No 
RH/70 · 29 0 . 7134 0 . 668 0 . 3227 2 . 6227 7 . 686  1854 0 0 . 46 No 
RH/71 ·87 2 .361 9 •  2 . 1 075 1 . 0829 1 0 . 892 33 . 302 8180 3 2 . 59 Yes 
RH/71 · 88  0 . 6287 0 . 5735 0 . 2782 2 . 3841 7.3199 1972 0 0 . 28 No 
RH/71 ·90 1 . 3 1 6  1 .  991 1 0 . 7029 9 . 843 29 .683 2601 3 1 . 68 No 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - · · · · · · - - - - - - - - - - - - - - - - - - - - - - - - - - -

TABLE 3 .  L I NEAR REGRESSION ANALYS I S  RESULTS FOR EC2 

, • • . . • . . . • . • • . . . . • • • . .  , . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 1 1 CORRELAT I ON 1 L I NEAR 1 SPEC I ES COE F F I C I ENT REGRESS I ON 1 . . . . . . . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 SQU I RREL 1 0 . 944 1 A I S  = · 0 . 845 + 2 . 55 * EC2A . 5  1 1 . . . . . . . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . .  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 CYNOMOLGUS 1 0 . 995 1 A I S  = · 2 . 706 + 3 . 48 * EC2A . 5  1 1 - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1  1 RHESUS 1 0 . 922 1 A I S  = · 2 . 096 + 4 . 5 0  * EC2A . 5  1 1 . . . . . . . . . . . . . . . . . . . . . 1 . . . . . . . . . . . . . . . . . 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
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The maximum power s tored in the THIM spring is plotted for each species 
in Figures 1 1  through 1 3 . The skull fracture data together with these 
power ratings were analyzed to determine the Weibull cumulative risk 
func tion us ing maximum l ike l ihood approach [ 12 ] .  The power leve ls 
necessary to have a fifty - fifty chance of a skull frac ture is given by 
species in Table 4 .  

TABLE 4 - - FIFTY PERCENT PROBABILITY OF SKULL FRACTURE 

Soecies Power (Watt) 
Sauirrel 1 9 1 8  

Cvnomolens 13 1 7 3  
Rhesus 6 502 

Head Injury Criteria : The calculated HIC based on the mode l M
2 mass 

acce leration is given in Table 5 .  The HIC Average Acce leration and the 
HIC Pulse Duration are shown in this table with respect to AIS and skull 
fracture . 

A l inear regress ion was run for each spec ies between the HIC value and 
the AIS number . The results of these regress ions are given in Tab le 6 .  
A plot o f  the regress ion equation and the measured data for each spec ies 
is shown in Figures 14 through 1 6 . 

The probab i l i ty of skull fracture for each species as a funct ion of HIC 
is shown in Figures 1 7  through 1 9 . No meaningful probab i l i ty of skull 
fracture could be generated for the Rhesus monkey ( Figura 1 9 ) . 

DISCUSS ION 

The THIM deve loped from the mechanical impedance s tudies are lumped
parameter models and as such are l imited in the i r  de tail of the head . 
But , it is also true that the mode l mas ses are by des ign equal to the 
head mass and the model responses are at leas t in some ins tances head
l ike . Likewise , there can be little doub t that the spring and i ts 
series damper are for the mos t  part the skull stiffness and damp ing . 
Both s tatic and dynamic test in var ious direction in human skulls show 
thi s  to be true . Finally the s ingle damper connecting the two mode l 
masses i s  for the mos t  part the damp ing of the brain . Again , mechanical 
impedance s tudies on primate heads with the brain removed indicate that 
the primary damp ing in this damper c

2 
is from the brain , also the THIM 

mode l for human heads for various direc tions show no change in this 
damper ' s  value indicating again that this damper mos tly represents the 
brain damp ing . 

Because these mode ls are of the lumped parameter type no one phys ical 
character is tic of the head can be as signed to any one element of the 
model . All of the head ' s properties have to be shared by the mode l 
elements . But , this does no t say tha� each of the mode l elements canno t 
pr imari ly be specified by one head property , such as , head mas s , skull 
stiffness , brain damp ing , etc . 
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TABLE 5 :  H I C  I NJURY PARAMETERS 

AVERAGE 

H I C  ACCELERA Tl ON 
COMPUTAT I ON FOR H I C  

I NTERVAL COMPUTAT I ON SKULL 

SPEC I ES TEST NUMBER (msec) ( G )  H I C  A I S  FRACTURE 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

SQU I RREL SM/70- 3 0 . 555 46. 1 82 8044 0 No 

SM/70- 5 0 . 666 5 2 . 222 1 3 1 25 0 No 

SM/70- 8 0 . 65 7  202 . 4 1 8  382989 5 Yes 

SM/70- 9 0 . 675 2 1 2 . 800 445897 4 Yes 

SM/70 - 1 0  0 . 765 268. 8n 906832 6 Yes 

SM/70- 1 1  0 . 584 1 84 . 028 268302 4 Yes 

SM/70 - 1 2  0 . 6 1 3  1 25 . 433 1 08016 3 Yes 

SM/70· 13 o . n6 1 58 . 655 230182 3 Yes 

SM/70- 14 0 . 686 143 . 481 169165 2 Yes 

SM/70 - 1 5  o . n9 1 09 . 1 56 90749 2 Yes 
SM/70- 16 0 . 743 85 . 824 50700 1 Yes 

SM/71 -81 0 . 787 32 . 986 491 8  1 No 
SM/71 - 82 0 . 833 47. 530 1 2974 0 Yes 

SM/71 - 83 0 . 673 39. 047 64 1 2  0 No 
SM/71 -84 0 . 837 138 . 1 28 1 87685 3 Yes - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

CYNOMOLGUS CY/70 - 55 0 . 700 47.684 1 0991 0 No 

CY/70 - 56 1 . 339 42 . 1 2 1  1 54 1 8  0 No 
CY/70- 5 7  0 . 607 59.2n 1 64 1 8  1 No 

CY/70- 58 0 . 645 n . 679 29046 2 No 
CY/71 -85 0 . 842 60 . 355 23828 1 No 

CY/7 1 - 86  1 . 647 82 . 909 1 03087 3 Yes 
CY/75-82 1 . 326 45 . 275 1 8289 0 No 

CY/75-89 1 . 1 5 1  1 08 . 676 1 4 1 71 2  4 Yes 
CY/75-90 0 . 890 64. 1 65 29352 1 No 

CY /75-93 0 . 782 1 09 . 5 1 9  98159 4 Yes 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

RHESUS RH/70 - 1 7  1 . 324 54 . 323 28797 2 No 
RH/70- 1 8  0 . 648 47. 283 9962 0 No 

RH/70 - 23 0 . 878 90 .649 68691 3 No 
RH/70-24 0 . 5 1 5  1 04 . 933 58088 5 Yes 

RH/70-25 1 . 1 48 48 . 2 1 4  18530 2 No 
RH/70-26 1 . 305 5 1 . 781 25 1 79 3 Yes 

RH/70 - 27 1 . 040 70 . 338 43 1 52 2 Yes 
RH/70 - 28 0 . 952 65 . 859 335 1 0  2 No 

RH/70 - 29 0 . 804 42 . 627 9538 0 No 

RH/71 -87 0 . 71 0  76 . 891 36809 3 Yes 

RH/71 - 88 0 . 8 1 0  38. 040 7229 0 No 
RH/71 -90 1 . 2 1 9  61 .388 35993 3 No 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • a • • • • • • • • • • • • • • • • • • • • • • • •  

TABLE 6. L I NEAR REGRESSI ON ANALYS I S  RESULTS FOR H I C  

1 - - - - - - - - - - - - - - - - - - - - - 1 - - -��;;���;;��- - - 1 - - - - - - - - - - - - �;���;- - - - - - - - - - - - - 1 1 SPEC I ES 1 COE F F I C I ENT 1 REGRESS I ON 1 
1 - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 
1 SQU I RREL 1 0 . 960 1 A I S  = - 0 . 863 + 0 . 029 * H I CA . 4  1 
1 - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 
1 CYNOMOLGUS 1 0 . 949 1 A I S  = - 2 . 25 1  + 0 . 056 * H I CA . 4  1 
1 - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 
1 RHESUS 1 0 . 859 1 A I S  = - 2 . 684  + 0 . 080 * H I CA . 4  1 
1 - - - - - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 
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With the above discuss ion in mind the energy dis s ipated in damper c2 
could be the energy avai lable to do brain damage . Likewise , when energy 
is poured into a viscoelastic skull/brain too fas t to be diss ipated , the 
skull wi l l  fai l . The parame ter relating to this fai lure wil l  be the 
rate of energy or " POWER" stored in the mode l spring K .  

The above discuss ion i s  not presented as a proo f ,  but as a descrip tion 
of how the authors arrived at the relationships between energy/power and 
brain contus ion/skul l fracture . The good corre lations obtained from the 
regress ion analys is on the TEC tends to support at least in part the 
assumption made earl ier in this s tudy . 

The HIC concep t was used to evaluate the same set of data used in 
deve lop ing the TEC . The regress ion analys is of the HIC versus AIS was 
found to be very good . This should be no surprise because the HIC was 
developed , in part , from rigid head impacts , and is s trongly related to 
impact energy . The main difference noted between the HIC and the TEC 
was that the AIS values were distributed more uniformly over the ful l  
range o f  TEC values , whereas , the H I C  values tended to accumulate a t  one 
end or the other of the HIC value range . S imilar observations were 
found for the HIC values and probab ility of skull fracture . 

SUMMARY 

In summary the TEC predicts both skull frac ture and contus ion type 
brain inJ uries which are primar ily due to direct head impac t .  Skull 
frac ture is used to predict the type of brain inj ury , no t the degree of 
brain inj ury . Because the THIM are good dynamic models of the head , and 
because of the way the TEC is tied to the THIM , the TEC values canno t 
keep increas ing as the impact force increases . This makes the TEC self 
l imiting in terms of AIS inj ury numbers . That is , TEC cannot predict 
AIS numbers much above s ix for realistic head impac ts . 

The HIC is a go , no - go criteria , and as such may be use ful for com
pliance work but for research and deve lopoment the HIC is extreme ly 
l imited . An example of this limitation is found in the des ign of an 
automob i le windshield . The windshield mus t break before the skull does 
and then the p lastic inner layer mus t  s tre tch to s low the head before 
brain inj ury occurs . The HIC only gives a s ingle number predict ing 
inj ury or no inj ury . A HIC value of 10 , 000 has no more meaning than a 
HIC value o f  5 , 000 or of 1 , 001 , but all of these numbers are seen in 
accident recons truc tions . The des igner would l ike to know what impact 
force leve l skull frac ture will occur and what impac t force leve l brain 
damage wi l l  occur , as we ll as any safety factor . For the se reasons the 
TEC is bel ieved to be more useful than the HIC for designing pro tection 
from direct head impac t .  

A final report on the THIM and TEC for the U . S .  Department of 
Transportation will be available from the authors by the end of 19 8 7 . 

CONCLUS IONS 

1 . The TEC in the lateral direction for three primate species has been 
developed . 
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2 . The TEC was found to re late the maximum " ENERGY" diss ipated in 
damper c

2 
of the THIM to the AIS number very we ll . 

3 .  The TEC was found to re late the maximum " POWER" s tored in the spring 
of the THIM to skull fracture very wel l . 

4 .  The HIC corre lated very we ll to the AIS numbers . 

5 .  The AIS values were not dis tributed over the ful l  range o f  HIC 
values in the same way they were distributed over the range of TEC 
values . 
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