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1 la. Abawrct 

The purpose of this study was to  determine by use of computer sim- 
ula t ions  both quant i ta t ive  a n d  qua1 i t a t i v e  measures of the  effectiveness 
of motorcycle helmets i n  reducing head and neck in ju r ies  in motorcyclist 
impacts. The computer model used was the  MVMA Two-Dimensional Crash 
Victim Simulation. The study investigated a wide var ie ty  of impact con- 
d i t ions  in order t o  es tabl ish  a broad overall  view of the effectiveness 
of helmet use. The potential of t h e  helmet t o  both benef ic ia l ly  a n d  
detr imental ly a f f ec t  head and neck response was examined. I t  was found 
t h a t  helmet use invariably lessens the exposure l eve l s  of dynamic re- 
sponses which have a r o l e  in producing - head injury.  In addi t ion,  the 
study finds helmet use t o  almost always reduce the  sever i ty  of - neck re- 
sponse a s  well and  f o r  no simulation configuration or condition t o  g rea t ly  
increase the  likelihood of neck injury. T h u s ,  i n  the spectrum of rea l -  
world motorcycl i s t  impacts, helmet use i s  predicted t o  s ign i f i can t ly  
reduce the overall 1 ikelihood and sever i ty  of b o t h  head and  neck in ju r ies .  

head impact/helrnet/ human impact t o 1  er-  
ancelinjury c r i t e r i a l i n j u r y  to1 erance/ 
motorcycl i s t l nec  k Unl imi ted 
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4 
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1  .0 INTRODUCTION AND BACKGROUND 

1 .1  I n t r o d u c t i o n  

M o t o r c y c l e  c r a s h  i n v e s t i g a t i o n  d a t a  f r o m  many c o u n t r i e s  show t h a t  

t h e  u s e  o f  h e l m e t s  r e s u l t s  i n  f ewe r  head i n j u r i e s  and f a t a l i t i e s .  Few 

wou ld  d i s a g r e e  t h a t  h e l m e t s  r e d u c e  t h e  1  i k e l  i hood and s e v e r i t y  o f  s h a r p  

and b l u n t  t rauma t o  t h e  head r e s u l t i n g  f r o m  head i m p a c t s .  The e f f e c t  

o f  h e l m e t  u s e  on  neck r esponse ,  however,  i s  n o t  w e l l  u n d e r s t o o d .  Many 

s t u d i e s  have  i n d i c a t e d  t h a t  t h e  w e a r i n g  o f  h e l m e t s  does n o t  i n c r e a s e  

t h e  p r o b a b i l i t y  o f  s u s t a i n i n g  neck i n j u r i e s ,  b u t  c o n t r o v e r s y  o n  t h i s  

p o i n t  e x i s t s .  O f  t h o s e  conce rned  w i t h  t h e  e f f e c t i v e n e s s  o f  he l l ne t  use  

many f r o m  t h e  e n g i n e e r i n g  and m e d i c a l  p r o f e s s i o n s  and f r o m  t h e  l a y  

p u b l i c  b e l i e v e  t h a t  t h e  mass o f  t h e  h e l m e t  m i g h t  cause  s e v e r e  l o a d i n g  

o f  t h e  neck  s t r u c t u r e  d u r i n g  a  c r a s h  e v e n t .  A n o t h e r  v i e w  i s  s i m p l y  

t h a t ,  a p a r t  f r o m  mass e f f e c t s ,  i f  t h e  head i s  p r o t e c t e d ,  t h e n  g r e a t e r  

e n e r g y  mus t  be abso rbed  b y  t h e  neck .  These v i e w s  c a n n o t  be c o u n t e r e d  

b y  e p i d e m i o l o g i c a l  d a t a  a t  t h e  p r e s e n t  t i m e  because o f  b o t h  t h e  d i f f i c u l t y  

i n  d i a g n o s i n g  neck  i n j u r y  i n  t h o s e  cases  where t h e  c y c l i s t  i s  n o t  k i l l e d  

and l a c k  o f  a  w e l l - d e f i n e d  neck  a u t o p s y  p r o t o c o l  i n  t h o s e  cases  where 

t h e  c y c l i s t  i s  k i l l e d .  

I n  t h e  p a s t  f ew  y e a r s ,  opponen t s  o f  manda to r y  he lme t  l a w s  have used  

t h e  u n s u b s t a n t i a t e d  c l a i m  o f  an  a d v e r s e  r o l e  o f  h e l m e t s  i n  neck i n j u r y  

c a u s a t i o n  a s  p a r t i a l  j u s t i f i c a t i o n  f o r  h a v i n g  t h e  l a w s  r e p e a l e d .  As 

t h e r e  i s  much p u b l i c  demand and l e g i s l a t i v e  s u p p o r t  i n  many s t a t e s  f o r  

t h e  r e p e a l  o f  h e l m e t  l a w s ,  t h e  bu rden  o f  p r o o f  may l i e  w i t h  p r o p o n e n t s  

o f  t h e  h e l m e t  l aws ,  i . e . ,  t o  show t h a t  h e l m e t s  do n o t  p l a y  t h i s  a d v e r s e  



r o l e .  I n  a  r e v i e w  a r t i c l e ,  Versace (1977) s t a t e s  t h a t  " w h i l e  t h e  

ev idence does n o t  suppor t  t h e  t h e o r y  t h a t  t h e  he lmet  i s  a  causa l  

f a c t o r  i n  t h e  i n c i d e n c e  o f  neck i n j u r y ,  t h e  s t a t e - o f - t h e - a r t  does n o t  

p r o v i d e  s u f f i c i e n t  da ta  a t  t h i s  t i m e  which would i n d i c a t e  t h a t  t h e  

helmet does n o t  i n c r e a s e  t h e  i n c i d e n c e  o f  neck i n j u r y . "  I t  i s  t h e  

purpose o f  t h e  c u r r e n t  s t u d y  t o  expand t h e  s t a t e - o f - t h e - a r t  so t h a t  

t h i s  q u e s t i o n  and o t h e r s  p e r t a i n i n g  t o  he lmet  use can be answered. 

1  . 2  Background and Method01 ogy 

Because t h e r e  i s  a  l a c k  o f  s u f f i c i e n t  e p i d e m i o l o g i c a l  da ta  t o  

answer many p e r t i n e n t  ques t i ons  and because many q u e s t i o n s  p e r t a i n i n g  

t o  t h e  per formance o f  p r o t e c t i v e  headgear cannot  be approached f rom 

w i t h i n  an e p i d e m i o l o g i c a l  framework, an a1 t e r n a t i v e  approach was taken  

i n  t h i s  s t u d y  -- t h a t  o f  mathemat ica l  mode l i ng .  

An e x h a u s t i v e  search  o f  t h e  1 i t e r a t u r e  has shown t h a t  v e r y  few 

s t u d i e s  have used computer s i m u l a t i o n  o f  dynamic response o f  t h e  head 

and neck t o  i n v e s t i g a t e  he lmet  per formance.  F u r t h e r ,  t hose  few s t u d i e s  

have a l l  used s i m p l e  mathemat ica l  models o f  l i m i t e d  a b i l i t y  t o  i n -  

v e s t i g a t e  t h e  many aspec ts  o f  impact  response o f  t h e  helmeted head and 

neck. B ishop (1976a, 1976b) has eva lua ted  i c e  hockey he lmet  d e s i g n  by 

u s i n g  a  model which c o n s i d e r s  o n l y  one a n g u l a r  and one l i n e a r  degree 

o f  freedom f o r  a  s i n g l e ,  combined headlneck mass. The he lmet  1 i n e r  i s  

rep resen ted  by a  s imp le  sp r i ng -dashpo t  e lement.  Me t r  and Ruhl (1  973) 

i n v e s t i g a t e d  t h e  i n f l u e n c e  o f  c r a s h  helmets on wh ip lash  neck t o r q u e s .  

No d i r e c t  head impacts  were i n v e s t i g a t e d  i n  t h a t  s t u d y .  Metz and Ruhl 

used a  model w i t h  a  s i n g l e  t o r s o  mass, a  t w o - l i n k  neck, and a  s i n g l e  



head lhe lme t  mass. McEl haney, e t  a1 . ( 1  971 ) s t u d i e d  he lme t  pe r fo rmance  

w i t h  a  one-d imens iona l  model w h i c h  r e p r e s e n t e d  t h e  head by a  s p r i n g  and 

dashpo t  and two masses, one r e p r e s e n t i n g  bone and s c a l p  a d j a c e n t  t o  t h e  

i m p a c t  i m p u l s e  and one r e p r e s e n t i n g  t h e  rema inde r  o f  t h e  head mass. A  

he lme t  mass was coup led  w i t h  t h e  head by  a  s p r i n g  and a  dashpo t  wh i ch  

r e p r e s e n t e d  t h e  l i n e r .  McEl haney ' s  s i m u l a t i o n s  d i d  n o t  model t h e  neck 

o r  t o r s o .  K h a l i l ,  e t  a l .  ( 1974 )  and L i u  and Chandran (1975)  have 

p r e d i c t e d  s t r a i n s  and p r e s s u r e s  i n  t h e  b r a i n  r e s u l t i n g  f r o m  i m p a c t  o f  

t h e  he lmeted  head. T h e i r  mode ls  a r e  f o r  impac ts  o f  i d e a l i z e d  f l u i d -  

f i l l e d  c o n t a i n e r s  and n e i t h e r  c o n s i d e r s  who le  body m o t i o n s  o r  i n c l u d e s  

r e p r e s e n t a t i o n  o f  t h e  neck o r  t o r s o .  

The c u r r e n t  s t u d y  uses  a  f o u r t e e n  deg ree  o f  freedom, whole-body 

m o t i o n  model w h i c h  emphasizes a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  human body 

as a  b i omechan i ca l  system -- t h e  MVMA Two-Dimensional Crash  V i c t i m  

S i m u l a t i o n  model (Bowman, e t  a1.  ,1974, 1977, 1 9 7 9 ) .  T h i s  model has been 

used w i t h  g r e a t  success i n  a  number o f  s t u d i e s  o v e r  t h e  p a s t  s i x  y e a r s .  

These i n c l u d e  s t u d i e s  w h i c h  c o n c e n t r a t e d  on  head lneck  response  ( S c h n e i d e r ,  

e t  a1 ., 1976; Alem, e t  a1 ., 1977, 1 9 7 8 ) .  I n  a  r e c e n t  s t u d y  (Snyder ,  

Fous t ,  and Bowman, 1977)  t h e  model was used f o r  s i m u l a t i o n  o f  i m p a c t  

even ts  o f  much t h e  same t y p e  as  t h o s e  i n v e s t i g a t e d  i n  t b e  c u r r e n t  s t u d y .  

I n c l u d e d  i n  t h e  s t u d y  by  Snyder ,  e t  a1 . , were (unhe lme ted )  head impac ts  

o f  human f r e e - f a 1  1  v i c t i m s  a g a i n s t  u n y i e l d i n g  "g round"  s u r f a c e s .  I n  

t h a t  s t u d y ,  t h e  a b i l i t y  o f  t h e  model t o  p r e d i c t  a c c u r a t e l y  t h e  dynamic 

response  f o r  impac ts  o f  t h i s  t y p e  was demons t ra ted  by s i m u l a t i o n  o f  d r o p  

t e s t s  o f  i n s t r u m e n t e d  an th ropomorph i c  dummies. 



The r e s e a r c h  d e s c r i b e d  i n  t h e  f o l l o w i n g  r e p o r t  had s e v e r a l  g o a l s :  

1  ) t o  answer p r e v i o u s l y  unaddressed  q u e s t i o n s  r e g a r d i n g  neck response  

f o r  he lme ted  and unhe lme ted  head i m p a c t s ;  2 )  t o  model a  r a n g e  o f  

c y c l i s t  i m p a c t  s i t u a t i o n s  a c c u r a t e l y  enough t o  p r o v i d e  u s e f u l  

q u a n t i t a t i v e  measures o f  b o t h  head and neck responses ;  3 )  t o  p r o v i d e  

a  b a s i s  f o r  l i m i t e d  s t a t e m e n t s  r e l a t i n g  t o  h e l m e t  d e s i g n ;  and f i n a l l y ,  

4 )  t o  e s t a b l i s h  a  b road  o v e r a l l  v i e w  o f  t h e  e f f e c t i v e n e s s  o f  he lme t  

u s e  by i n v e s t i g a t i n g  t h e  p o t e n t i a l  o f  t h e  h e l m e t  t o  b o t h  b e n e f i c i a l l y  

and d e t r i m e n t a l l y  a f f e c t  head and neck r e s p o n s e .  



2 .0  COMPUTER SIMULATION METHODS 

S e c t i o n  3 o f  t h i s  r e p o r t  d e s c r i b e s  t h e  t y p e s  o f  m o t o r c y c l i s t  i m p a c t  

c o n f i g u r a t i o n s  s i m u l a t e d  i n  t h i s  s t u d y  and a l s o  t h e  s p e c i f i c  c r a s h  con-  

d i t i o n s  and parameter  v a r i a t i o n s  i n v e s t i g a t e d .  R e s u l t s  a r e  p r e s e n t e d  

i n  S e c t i o n  5.  T h i s  s e c t i o n  e x p l a i n s  some o f  t h e  more i m p o r t a n t  a s p e c t s  

o f  t h e  computer  s i m u l a t i o n  t e c h n i q u e s  used.  

2.1 The MVMA Two-Dimensional Crash V i c t i m  S i m u l a t i o n  Model 

Computer s i m u l a t i o n s  o f  m o t o r c y c l e  d r i v e r  h o r i z o n t a l  and v e r t i c a l  

s u r f a c e  impac ts  were made w i t h  t h e  MVMA Two-Dimensional Crash V i c t i m  

S i m u l a t o r ,  deve loped a t  t h e  U n i v e r s i t y  o f  M i c h i g a n  Highway S a f e t y  

Research I n s t i t u t e .  T h i s  model i n c l u d e s  t h e  f o l l o w i n g  f e a t u r e s  i n  i t s  

r e p r e s e n t a t i o n  o f  t h e  human body: 

1  . A  nine-mass, ten-segment  body 1 i nkage ;  

2.  An e x t e n s i b l e ,  t w o - j o i n t  neck and a  r e a l  i s t i c a l l y  

f l e x i b l e  s h o u l d e r  complex;  

3 .  Energy-a b s o r b i  ng j o i n t s ;  

4 .  Time-de.pendent muscl  e  a c t i v i t y  1  eve1 ; 

5 .  C o n t a c t - s e n s i n g  e l l i p s e s  o f  a r b i t r a r y  s i z e ,  p o s i t i o n ,  

and number wh i ch  d e f i n e  t h e  body p r o f i l e ;  and, 

6 .  General  and a r b i t r a r i l y  d e f i n a b l e  non l  i n e a r  m a t e r i a l  s  

w i t h  ene rgy -abso rb ing  c a p a b i l  i t y  f o r  a1 1  p a r t s  o f  

t h e  body.  

The MVMA 2-3 CVS model has f ound  w ide  a p p l i c a t i o n  by r e s e a r c h e r s  

i n  t h e  f i e l d s  o f  b iomechan ics ,  a u t o m o t i v e  s a f e t y  d e s i g n ,  and h ighway 



s a f e t y  r e s e a r c h  i n  g e n e r a l .  One p a r t i c u l a r  s t u d y  i n  w h i c h  t h e  model 

was used, " S t u d y  o f  Impac t  To1 e rance  Through Free-Fa1 1  I n v e s t i g a t i o n , "  

sponsored b y  t h e  I n s u r a n c e  I n s t i t u t e  f o r  Highway S a f e t y ,  p r o v i d e d  t h e  

b a s i s  f o r  muck o f  t h e  m o d e l i n g  r e q u i r e d  i n  t h e  c u r r e n t  s t u d y  (Snyder ,  

e t  a1 . , 1977; Fous t ,  e t  a1 . , 1977;  Mohan, e t  a1 ., 1 9 7 9 ) .  The f i r s t  

r e f e r e n c e ,  Snyder ,  e t  a1 ., 1977, i n  p a r t i c u l a r ,  d e t a i l s  t h e  deve lop -  

ment  o f  b i omechan i ca l  and a n t h r o p o m e t r i c  d a t a  r e q u i r e d  f o r  m o d e l i n g  

t h e  human body i n  t h e s e  s i m u l a t i o n s .  

The MVMA 2-D model i s  c o m p l e t e l y  documented i n  t h e  t h ree -vo lume  

r e p o r t ,  "MVMA Two-Dimensional  Crash  V i c t i m  S i m u l a t i o n ,  V e r s i o n  4"  

(Bowman, e t  a l . ,  1 9 7 9 ) .  I t  i s  d e s c r i b e d  i n  l e s s  d e t a i l  i n  "The MVMA 

Two-Dimensional  Crash  V i c t i m  S i m u l a t i o n , "  (Robb ins ,  e t  a1 . , 1 9 7 4 ) .  

2.1.1 The Body L i n k a g e .  The MVMA 2-D model body 1  i n k a g e  i s  

i l l u s t r a t e d  i n  F i g u r e  2-1.  Ten p h y s i c a l  l i n k s  a r e  r e p r e s e n t e d .  The 

s p i n a l  co lumn o f  a  human b e i n g  i s  more o r  l e s s  c o n t i n u o u s l y  f l e x i b l e  

s i n c e  i t  i s  composed o f  t h i r t y - t h r e e  v e r t e b r a e  and i n t e r v e n i n g  f i b r o -  

c a r t i l a g i n o u s  d i s c s .  The model s i m u l a t e s  f l e x i b i l i t y  o f  t h e  combined 

t h o r a c i c  and lumbar  s p i n e s  by  two a r t i c u l a t i o n s ,  w h i c h  c o n n e c t  t h r e e  

t o r s o  1  i n k s .  These a r e  j o i n t s  3 and 4 i n  t h e  f i g u r e .  F l e x i b i l i t y  o f  

t h e  c e r v i c a l  s p i n e  i s  accoun ted  f o r  b y  two a r t i c u l a t i o n s ,  one a t  t h e  

o c c i p i t a l  c o n d y l e s  and one a t  t h e  seventh-cervical/first-thoracic 

j u n c t u r e  ( C 7 - T I ) ,  j o i n t s  1  and 2, r e s p e c t i v e l y .  

N i n e  masses a r e  a s s o c i a t e d  w i t h  t h e  t e n  l i n k s .  The neck l i n k  in 

i s  e x t e n s i b l e  and c o m p r e s s i b l e  and has non-zero  mass, w h i l e  t h e  s h o u l d e r  

l i n k  ( 9 - 7 )  has no mass b u t  i s  i n c l u d e d  i n  t h e  model t o  a c c o u n t  f o r  



F i g u r e  2-1.  MVMA 2-0 C V S  Body L i n k a g e  



s a g i t t a l  - p l a n e  c l a v i s c a p u l a r  sh rugg ing  m o t i o n s .  A l l  o t h e r  1  i n k s  a r e  

i n e x t e n s i  b l  e  and a r t i c u l a t e  a t  t h e  j o i n t  p o s i t i o n s  i l l u s t r a t e d .  

F i g u r e  2-2 i l l u s t r a t e s  most  o f  t h e  a n t h r o p o m e t r i c  measures used 

i n  development o f  an MVMA 2-D 1  i nkage  d a t a  s e t  f o r  t h e  5 f o o t  10 i n c h ,  

170 pound a d u l t  ma1 e  of t h e  m o t o r c y c l e  d r i v e r  impac t  s i m u l a t i o n s .  The 

measures i n d i c a t e d  (and o t h e r s  such as 1 i n k  masses and moments o f  

i n e r t i a )  were a v a i l a b l e  f rom v a r i o u s  a n t h r o p o m e t r i c  s t u d i e s .  T h e i r  

use i n  t h e  c o n s t r u c t i o n  o f  d a t a  s e t s  f o r  t h e  MVMA 2-D CVS model i s  

d e s c r i b e d  i n  t h e  p r e v i o u s l y  ment ioned f r e e - f a 1  1  s t u d y  r e p o r t ,  Snyder, 

e t  a1 . , 1977.  

2.1.2 The J o i n t  Model.  Res i s tance  t o  m o t i o n  between a d j a c e n t  

body 1  i n k s  i s  p r e s e n t  i n  j o i n t  s t r u c t u r e s  o f  t h e  human body.  There 

a r e  p a s s i v e  r e s i s t a n c e s  t h a t  r e s u l t  f r om de fo rma t ion  o f  b o t h  s o f t  and 

ha rd  c o n n e c t i v e  t i s s u e s ,  and r e s i s t a n c e  t o  m o t i o n  i n c r e a s e s  when 

m u s c u l a t u r e  a c t i n g  abou t  t h e  j o i n t  i s  c o n t r a c t e d .  V i s c o e l a s t i c  j o i n t  

e lements f o r  b o t h  t ypes  o f  r e s i s t a n c e  a r e  r e p r e s e n t e d  i n  t h e  MVMA 2-D 

model . 
The MVMA 2-D j o i n t  model i s  e x p l a i n e d  f u l l y  by  Bowman, e t  a1 .(1977,1979). 

The p a s s i v e  e lements a r e  r e p r e s e n t e d  i n  a  v e r y  genera l  manner so t h a t  

e x p e r i m e n t a l l y  de termined l o a d i n g  and u n l o a d i n g  c h a r a c t e r i s t i c s  o f  j o i n t  

s t r u c t u r e s  can be p r o p e r l y  modeled. The musc le  e lements a r e  s e r i e s  

comb ina t i ons  o f  s p r i n g  and damper components, where t h e  s p r i n g  and 

damping c o e f f i c i e n t s  a r e  b o t h  f u n c t i o n s  o f  t h e  t ime-dependent  1 eve1 o f  

musc le  a c t i v a t i o n .  I n  t h i s  s tudy ,  i t  was f e l t  t h a t  musc le  a c t i v i t y  

abou t  j o i n t s  o t h e r  t h a n  t h e  neck would n o t  be a  s i g n i f i c a n t  f a c t o r .  



knee 

F i g u r e  2 -2 .  A n t h r o p o m e t r i c  Dimensions 



The neck j o i n t s  were, t h e r e f o r e ,  t h e  o n l y  ones f o r  wh ich  these  e lements 

were r e p r e s e n t e d .  

2 .1 .3  The Body P r o f i l e  and The Crash Env i ronment .  I n  o r d e r  t h a t  

t h e  computer  mode1 be a b l e  t o  p r e d i c t  f o r c e - p r o d u c i n g  i n t e r a c t i o n s  be- 

tween t h e  s i m u l a t e d  human and h i s  env i ronment ,  s e t s  o f  p o t e n t i a l l y -  

i n t e r a c t i n g ,  g e o m e t r i c a l  p r o f i l  es must  be d e f i n e d  a l o n g  w i t h  t h e  o t h e r  

i n p u t  d a t a .  For  t h e  m o t o r c y c l e  d r i v e r  s i m u l a t i o n s ,  t h e  env i ronment  

c o n s i s t s  e i t h e r  o f  s t r a i g h t - 1  i n e  segments r e p r e s e n t i n g  t h e  back o f  a  

t r u c k ,  p r i m a r y  impac t  b e i n g  a g a i n s t  a  v e r t i c a l  s u r f a c e ,  o r  a  s i n g l e ,  

h o r i z o n t a l  l i n e  r e p r e s e n t i n g  a r o a d  s u r f a c e .  (The f o u r  t y p e s  o f  

impacts  s i m u l a t e d  i n  t h i s  s t u d y  a r e  i l l u s t r a t e d  i n  S e c t i o n  3 . )  

The c o n t a c t - s e n s i n g  body p r o f i l e  i n  t h e  MVMA Two-Dimensional C V S  

i s  a  s e t  o f  e l l i p s e s  o f  a r b i t r a r y  number and d imens ions ,  f i x e d  t o  body 

1  i n k s  a t  a r b i t r a r y  p o s i t i o n s .  M a t e r i a l  p r o p e r t i e s  may be ass igned  f o r  

each e l l i p s e ,  o r  any  e l l i p s e  can be s p e c i f i e d  as r i g i d .  For  t h e  mo to r -  

c y c l e  d r i v e r  model ,  t h e  p r o f i l e  o f  e l l i p s e s  was d e f i n e d  so as t o :  1 )  

app rox ima te  t h e  body d imens ions  and 2)  p r o v i d e  r e a s o n a b l y  a c c u r a t e  

compl i ances  f o r  t h e  d i f f e r e n t  body p a r t s .  

2.1.4 M a t e r i a l  P r o p e r t i e s .  M a t e r i a l  p r o p e r t i e s  a r e  p r e s c r i b e d  

f o r  each o f  t h e  body c o n t a c t  e l l  i p s e s  and f o r  each s t r a i g h t - 1  i n e  seg- 

ment d e s c r i b i n g  t h e  c r a s h  env i ronment .  The MVMA 2-0 model does n o t  

use d e f i n e d  c o n s t i t u t i v e  p r o p e r t i e s ,  b u t  i n s t e a d  r e q u i r e s  l o a d -  

d e f l e c t i o n  c h a r a c t e r i s t i c s  and i n f o r m a t i o n  r e l a t i n g  t o  h y s t e r e t i c  

energy  1  oss and permanent d e f o r m a t i o n  upon u n l o a d i n g  . 



2.2 B iomechan ica l  and He lmet  S i m u l a t i o n  Cons tan t s  

Development  o f  d a t a  s u i t a b l e  f o r  d e s c r i b i n g  t h e  human s u b j e c t  i n  

an  MVMA 2-D CVS s i m u l a t i o n  i s  f u l l y  d e s c r i b e d  i n  Snyder ,  e t  a1 ., 1977.  

Seve ra l  a s p e c t s  o f  t h e  b iomechan i ca l  model t h a t  a r e  o f  p a r t i c u l a r  im- 

p o r t a n c e  i n  t h e  c u r r e n t  s t u d y  w i l l  be d e s c r i b e d  h e r e  i n  some d e t a i l  . 
A l l  s i m u l a t i o n s  i n  t h i s  s t u d y  i n v o l v e  head o r  c h e s t  impac ts  so l o a d i n g  

and u n l o a d i n g  c h a r a c t e r i s t i c s  o f  head and c h e s t  w i l l  be d i s c u s s e d .  

A l s o ,  s i n c e  dynamic head and neck response  a r e  of  p r i m a r y  i n t e r e s t ,  

neck p r o p e r t i e s  w i l l  be d i s c u s s e d .  The he lme t  model i s  d e s c r i b e d  i n  

S e c t i o n  2 .2 .4 .  

2.2.1 Head P r o p e r t i e s :  A d u l t s .  McElhaney, e t  a1 ., 1973 (and i n  

K i n g  e t  a1 . , 1973)  have r e p o r t e d  A-P and L-R s t a t i c  l o a d - d e f l e c t i o n  

c u r v e s  measured b y  Messerer  ( 1 8 8 0 ) .  The A-P c u r v e s  f o r  t w e l v e  f r e s h ,  

i n t a c t  cadave r  heads ( a l l  a d u l t s )  a r e  shown i n  F i g u r e  2-3 and were used 

i n  t h i s  s t u d y  as  t h e  b a s i s  f o r  m o d e l i n g  s k u l l  s t i f f n e s s .  A l s o  shown 

i n  t h e  f i g u r e  i s  a  two-segment " b e s t  f i t "  t o  t h e  t w e l v e  c u r v e s .  The 

p o r t i o n  o f  t h e  c u r v e s  f o r  d e f l e c t i o n s  l e s s  t h a n  0.04 i n c h e s  i s  un- 

i m p o r t a n t  s i n c e  i t s  ene rgy  c o n t e n t  i s  n e g l i g i b l e .  

B o t h  t h e  a n t e r i o r  and p o s t e r i o r  hemispheres o f  t h e  s k u l l  de fo rm 

s i g n i f i c a n t l y  i n  a  s t a t i c  t e s t  s i n c e  t h e  s k u l l  i s  s u b j e c t e d  t o  e x t e r n a l  

f o r c e s  on  b o t h  s i d e s .  Thus, i n  a  s t a t i c  t e s t ,  t h e  s k u l l  behaves l i k e  

two ( n o n l i n e a r )  s p r i n g s  i n  s e r i e s ,  as i l l u s t r a t e d  i n  F i g u r e  2-4.  The 

e f f e c t i v e  s t i f f n e s s  f o r  such a  system i s  l e s s  t h a n  f o r  e i t h e r  component.  

For  example, i f  each component i s  1 i n e a r ,  t h e n  



Oeflection (inches 

Figure 2-3.  A - P  S ta t i c  Force-Defl ection 
Curves f o r  the A d u l t  Head 



F i g u r e  2 -4 .  E f f e c t i v e  S t i f f n e s s  o f  S p r i n g s  i n  S e r i e s  

T h i s  i s  c l e a r l y  l e s s  t h a n  b o t h  K1 and K2. I f  K1 and K2 a r e  equa l ,  

wh i ch  i s  p r o b a b l y  a p p r o x i m a t e l y  t r u e  f o r  t h e  a n t e r i o r  and p o s t e r i o r  

hemispheres o f  t h e  s k u l l ,  t h e n  kef f  = K,/2. 

S i n c e  t h e  c u r v e s  i n  F i g u r e  2-3 were o b t a i n e d  f o r  s t a t i c  l o a d i n g ,  

t h e  two-segment f i t  i s  n o t  c o m p l e t e l y  a p p r o p r i a t e  f o r  use i n  s i m u l a t i o n  

o f  an  i m p a c t  even t .  D u r i n g  impac t  l o a d i n g ,  t h e  absence of  an  e x t e r n a l  

f o r c e  on one s i d e  o f  t h e  s k u l l  l i m i t s  d e f o r m a t i o n s  p r i m a r i l y  t o  one 

hemisphere.  I n  te rms o f  t h e  s i m p l e  model shown i n  F i g u r e  2-4, t h e  i m -  

p a c t  s t i f f n e s s  i s  K, o r  K2, b o t h  o f  wh i ch  a r e  g r e a t e r  t h a n  ke f f  from a  

s t a t i c  t e s t .  

For  t h e  purpose o f  d e v e l o p i n g  a  f o r c e - d e f l  e c t i o n  c u r v e  f o r  head 

impac t ,  i t  was assumed t h a t  t h e  s t i f f n e s s e s  o f  t h e  two s k u l l  hemispheres 

a r e  e q u a l .  I t  i s  necessary ,  t hen ,  t o  d e t e r m i n e  t h e  c h a r a c t e r i s t i c s  o f  

i d e n t i c a l  s i ng le -hem isphe re ,  n o n l i n e a r  components o f  a  s e r i e s  e lement  

wh i ch  has t h e  two-segment Cnonl i n e a r ) ,  b e s t - f i t ,  s t a t i c  c u r v e  o f  

F i g u r e  2-3 as  a  l o a d i n g  c u r v e .  The d e r i v a t i o n  o f  t h e  component c u r v e s  

w i l l  n o t  be p r e s e n t e d  here ,  b u t  r e s u l t s  a r e  shown i n  F i g u r e  2-5. 



FORCE 

- 
Fr = F, 

S i  nsl e-Hemi sphere  Load ing  Curve / ( u p p e r  bound f o r  i m p a c t )  

I i I - 
Lr .75& Lr 

DEFLECTIOM 

- 
K = slope of first segment, total skull 

K = slope of first segment,single hemisphere - 
a = ratio of slope of second segment to slope of first 

segment, total skull 

a = ratio of slope of second segment to slope of first 

segment, single hemisphere - 
6 = deflection at end of first segment, total skull r 
6 = deflection at end of first segment, single hemisphere 
- r 

Fr = force at end of first segment, total skull 

Fr = force at end of first segment, single hemisphere 

Figure  2 - 5 .  A - P  Load-Deflection Curves f o r  Human Head 
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The d e r i v e d  s i n g l e - h e m i s p h e r e  l o a d i n g  c u r v e  il l u s t r a t e d  i n  t h i s  

f i g u r e  would be a p p r o p r i a t e  as  t h e  head l o a d i n g  c u r v e  f o r  A-P impac t  

i f  t h e  o p p o s i t e  hemisphere  d i d  n o t  undergo d e f o r m a t i o n .  However, w h i l  e  

mos t  o f  t h e  t o t a l  d e f o r m a t i o n  can  be expec ted  t o  be i n  t h e  impac ted  

hemisphere,  some mus t  be a s s o c i a t e d  w i t h  f l e x u r e  o f  t h e  o p p o s i t e  hemi- 

sphere .  T h e r e f o r e ,  t h e  t r u e  i m p a c t  l o a d i n g  c u r v e  l i e s  w i t h i n  an  enve- 

l o p e  bounded above by  t h e  s i n g l e - h e m i s p h e r e  c u r v e  and be low by  t h e  

t o t a l - s k u l l  c u r v e .  As no means c o u l d  be de te rm ined  f o r  p l a c i n g  t h e  

c u r v e  w i t h i n  t h i s  enve lope,  t h e  dashed m i d - l i n e  c u r v e  was t a k e n  as  t h e  

head l o a d i n g  c u r v e  f o r  i m p a c t  o f  t h e  a d u l t  sku1 1  . The parameters  o f  
- 

t h e  two-segment c u r v e  a r e  K '  = 1.5K, a '  = i, and d l r  = . 7 5  Z r .  As 

v a l u e s  16000 1  b / i n ,  o = . 5 ,  and 8, = .06 may be t a k e n  f r o m  F i g u r e  

2-3, t h e  s l o p e s  o f  t h e  two segments o f  t h e  i m p a c t  l o a d i n g  c u r v e  a r e  

K '  = 24000 1  b / i n  and a ' K '  = 12000 1  b / i n ,  w i t h  t h e  f i r s t  segment end ing  

a t  6 I r  = .0457 i n . *  

F i g u r e  2-6  shows t h e  comp le te  i m p a c t  l o a d i n g  c u r v e  d e r i v e d  f o r  t h e  

s i m u l a t i o n s  i n  t h i s  s t u d y .  The c u r v e  c o n s i s t s  o f  t h e  two s t r a i g h t - 1  i n e  

segments d i s c u s s e d  above and a  p o r t i o n  f o r  d e f l e c t i o n s  g r e a t e r  t h a n  

0.4126 i n c h e s  and l o a d s  g r e a t e r  t h a n  5500 I b ,  where s k u l l  f r a c t u r e  i s  

r e p r e s e n t e d .  The parameters  o f  t h e  f r a c t u r e  s e c t i o n  o f  t h i s  c u r v e  

r e s u l t e d  from pe rsona l  communica t ion  w i t h  a  r e s e a r c h e r  a t  HSRI who has 

c a r r i e d  o u t  impac t  t e s t i n g  o f  a d u l t  human cadaver  s k u l l s  (Nushol  t z ,  

pers.comm., 1 9 7 8 ) .  T h a t  t e s t i n g  d i d  n o t  r e s u l t  i n  s k u l l  f r a c t u r e  f o r  

i m p a c t  l o a d s  1  ess t h a n  5500 1  b  t o  any  p a r t  o f  t h e  s k u l l  . Sku1 1 f r a c t u r e  

was n o t  a t t a i n e d  i n  any  o f  t h e  computer  s i m u l a t i o n s  i n  t h i s  s t u d y .  

* The s t i f f n e s s  o f  24000 1 b / i n  compares w i t h  S t a l n a k e r ' s  (1970)  v a l u e  
o f  26000 1  b / i n  d e t e r m i n e d  f o r  smal l  d e f l e c t i o n s  by  d r i v i n g  p o i n t  
impedance t e s t i n g  o f  a  s i n g l e  cadaver  s k u l l  . 
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U n l o a d i n g  i s  n o t  i l l u s t r a t e d  i n  F i g u r e  2-6, b u t  t h e  MVMA 2-D C V S  

model a l l o w s  s p e c i f i c a t i o n  o f  c h a r a c t e r i s t i c s  f o r  a  g e n e r a l  h y s t e r e t i c  

u n l o a d i n g  w i t h  energy  a b s o r p t i o n  and permanent d e f o r m a t i o n .  I t  i s  

known t h a t  t h e  human s k u l l  i s  v e r y  e l a s t i c  u n t i l  f r a c t u r e  o c c u r s  so 

t h e  s i m u l a t i o n s  assumed 20% ene rgy  a b s o r p t i o n  a t  t h e  n o n - f r a c t u r e  

1  i m i t  d e f l e c t i o n  (0.41 26 i n c h e s )  and p r o p o r t i o n a t e l y  1  ess f o r  maximum 

d e f l e c t i o n s  t h a t  a r e  s m a l l e r ,  t h e  s k u l l  b e i n g  c o m p l e t e l y  e l a s t i c  i n  

t h e  l i m i t  a s  maximum d e f l e c t i o n  approaches z e r o .  W i t h  r e g a r d  t o  p e r -  

manent d e f o r m a t i o n ,  i t  i s  assumed t h a t  none o c c u r s  f o r  d e f l e c t i o n s  1  ess 

t h a n  t h e  f r a c t u r e  d e f l e c t i o n .  For  g r e a t e r  d e f l e c t i o n s ,  energy  a b s o r p t i o n  

and permanent d e f o r m a t i o n  v a r y  1  i n e a r l y  w i t h  maximum ( o r  " t u r n a r o u n d " )  

d e f l e c t i o n s  t o  85% and 70% r e s p e c t i v e l y  a t  0.4526 i n c h e s .  I t  s h o u l d  

be men t i oned  t h a t  t h e  p r i m a r y  i m p a c t  responses  p r e d i c t e d  i n  t h e  MVMA 

2-D model s i m u l a t i o n s  a r e  n o t  a f f e c t e d  by  t h e  a c c u r a c y  o f  t h e  u n l o a d i n g  

parameters  s i n c e  peak a c c e l e r a t i o n s  and peak f o r c e s  o c c u r  d u r i n g  l o a d -  

i n g ,  n o t  d u r i n g  rebound.  

2 .2 .2  Ches t  P r o p e r t i e s .  L o b d e l l ,  e t  a1 . ( 1  973)  r e p o r t  b l u n t  

i m p a c t  f o r c e - d e f l e c t i o n  response  o f  t h e  c h e s t  f o r  m a l e  and f ema le ,  

embalmed and unembalmed cadave rs .  F i g u r e  2-7 shows t h e  ave rage  f o r c e -  

d e f l e c t i o n  c u r v e  f o r  e i g h t  unembalmed, a d u l t  cadave rs  f o r  16-mph impac ts  

w i t h  a  51 l b .  s t r i k e r . *  S tanda rd  t e s t  p rocedu res  were used w i t h  a  

s t r i k e r  o f  s i x - i n c h  d i a m e t e r .  S i x  o f  t h e  cadave rs  were ma le  and two 

were f ema le ,  b u t  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  i n  peak dynamic 

l o a d s  ( 1  3%, max- to -min) .  

* L o b d e l l ,  e t  a1 . , a d j u s t e d  t h e i r  o r i g i n a l  d a t a  by a  c o n s t a n t  150  I b .  
t o  accoun t  f o r  maximal musc le  t e n s i n g .  
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Figure 2 - 7 .  Average dynamic force-defl ect ion cha rac t e r i s t i c s  of the 
chest for  unembalmed cadavers using 51 I b (23.1 k g )  
s t r i k e r  a t  1 6  mph ( 2 5 . 7  k p h )  . 



The curve in Figure 2-7 was judged t o  be appropriate as a baseline 

for  an average adul t ma1 e .* This curve was parameterized and repre- 

sented by a piecewise l inear  form for  loading. Figure 2-8 i l l u s t r a t e s  

the parameterized curve. The loading curve becomes very steep when the 

chest  deflect ion reaches about f i f t y  percent of chest  depth (Melvin, 

pers. comm., 1978). 

Unloading curves determined by the M V M A  2-D model a r e  quadratic 

in form and a r e  similar  t o  the experimental chest unloading curve shown 

in Figure 2 - 7 ,  For the chest  a s  well as for  the head, the unloading 

curve parameters -- energy absorption and permanent deformation -- 
were specif ied as functions of the deflect ion a t  which unloading begins, 

i  . e . ,  the  "maximum" or "turnaround" def lec t ion.  For the ches t ,  e l a s t i c  

unloading i s  assumed through 0.5 inches of deflect ion ( t he  f i r s t  seg- 

ment of the curve in Figure 2-8). The energy r e s t i t u t i on  coeff ic ient  

decreases 1 inearly for  maximum deflections greater  than 0.5 inches t o  
' .  

a value of 0.5 a t  2 inches a n d  then 0.25 a t  4 .5  inches and 0.125 a t  

9 . 5  inches. The r a t i o  of permanent deformation t o  maximum deformation 

increases from 0. a t  0.5 inches t o  0.2 a t  2 inches, 0 . 6  a t  4.5 inches, 

and 0.9 a t  9.5 inches. These values approximate experimental r e s u l t s .  

2.2.3 Neck Jo in t  Propert ies.  Mertz a n d  Patrick (1971 ) reported on  

a study of the strength and dynamic response of the human neck. Their 

study included 90 s t a t i c  neck strength t e s t s  o n  ten volunteers, a se r ies  

* Lobdell , e t  a1 . , suggest tha t  the i r  skeletal  deflect ion curves d i f f e r  
from tota l  thoracic deflect ion by 1 1 2  t o  314 inch. The to ta l  thoracic 
deflect ion shown includes 1 1 2  inch of soft- t issue deformation. 





o f  dynamic h y p e r f l e x i o n  t e s t s  w i t h  a n  i m p a c t  s l e d  w h i c h  i n c l u d e d  132  

t e s t s  o f  f o u r  cadave rs ,  and a  l e s s  e x t e n s i v e  s e r i e s  o f  dynamic h y p e r -  

e x t e n s i o n  t e s t s  o f  c a d a v e r s  and a  v o l u n t e e r  s u b j e c t .  From a n a l y s i s  o f  

t h e  a n g u l a r  and t r a n s l a t i o n a l  a c c e l e r a t i o n  r esponses  o f  t h e  head, M e r t z  

and P a t r i c k  d e t e r m i n e d  t h e  e q u i v a l e n t  moment and  neck shea r  and a x i a l  

f o r c e s  a t  t h e  o c c i p i t a l  c o n d y l e s . *  They e s t a b l i s h e d  l o a d i n g  and un-  

l o a d i n g  c u r v e s  w h i c h  r e l a t e  t h e  e q u i v a l e n t  moment a t  t h e  c o n d y l e s  t o  

t h e  r e l a t i v e  a n g l e  o f  r o t a t i o n  o f  t h e  head w i t h  r e s p e c t  t o  t h e  t o r s o .  

T h e i r  recommended " base1 i n e "  c u r v e  f o r  t h i s  moment f o r  5 0 t h  p e r c e n t i l e  

m a l e s  i s  shown i n  F i g u r e  2 -9 .  The i l l u s t r a t e d  l o a d i n g  c u r v e s  were 

used f o r  t h e  neck i n  t h e  MVMA 2-D CVS s i m u l a t i o n s  o f  t h e  c u r r e n t  s t u d y .  

M e r t z  and P a t r i c k  a l s o  p r e s e n t  d a t a  p e r t a i n i n g  t o  t h e  r e l a t i o n s h i p  

between h y s t e r e t i c  e n e r g y  a b s o r p t i o n  and h e a d - t o r s o  a n g l e  f r o m  w h i c h  

t h e  p i e c e w i s e - 1  i n e a r  a p p r o x i m a t i o n  i n  F i g u r e  2 -10  has been d e r i v e d .  

T h i s  c u r v e  exp resses  t h e  e n e r g y  r e s t i t u t i o n  c o e f f i c i e n t  a t  t h e  o c c i p i t a l  
- .  

c o n d y l e s  a s  a  f u n c t i o n  o f  maximum c o n d y l e  a n g l e .  The M e r t z - P a t r i c k  d a t a  

s u p p o r t  use  o f  t h e  same c u r v e  f o r  b o t h  f l e x i o n  and  e x t e n s i o n .  I n  t h e  

s i m u l a t i o n s ,  a  c o n s t a n t  v a l u e  o f  0.46 was used  f o r  t h e  f l e x i o n  r e -  

s t i t u t i o n  c o e f f i c i e n t  and 0.36 was used  f o r  e x t e n s i o n .  These a r e  

r e a s o n a b l y  nea r  t o  v a l u e s  f r o m  t h e  c u r v e  f o r  t h e  amounts o f  head-neck 

a n g u l a t i o n  o c c u r r i n g  i n  compu te r  s i m u l a t i o n s .  F i g u r e  2-1 1  r e l a t e s  

maximum c o n d y l e  a n g l e  and t h e  r a t i o  maximum c o n d y l  e  a n g l e  o v e r  " p e r -  

manent  d e f o r m a t i o n "  (.i .e . ,  j o i n t  a n g l e  o f f s e t  upon  c o m p l e t e  u n l o a d i n g ) .  

* The " e q u i v a l e n t "  moment a b o u t  t h e  c o n d y l e s  comb ines  t h e  j o i n t  moment 
component and a  component f r o m  c h i n - c h e s t  c o n t a c t ,  s h o u l d  such  c o n t a c t  
o c c u r .  
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F i g u r e  2-10. R e s t i t u t i o n  C o e f f i c i e n t  a t  Condyles a s  a 
F u n c t i o n  o f  Condyl e Angl e 
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Figure 2-1 1 . Permanent Deflection Ratio as a Function o f  Condyl e Angl e 



The dashed 1 ines extend the sol id l i n e  r e s u l t s  derived d i r e c t l y  from 

Mertz-Patrick d a t a .  The permanent deflect ion r a t i o  i s  found to  be 

nearly constant a t  0.58 with a  root-mean-square deviation of 0.005. 

The constant value zero was used in the simulations, which does n o t  

agree c lose ly  with 0.58. However, i t  i s  worth noting again t h a t  the 

response parameters of primary i n t e r e s t ,  peak loads a n d  peak accelera t ions ,  

occur during loading, not during rebound, so r e s t i t u t i o n  coe f f i c i en t s  

a n d  permanent deflect ion r a t i o s  a r e  n o t  important input data for  

simulations in  t h i s  study. 

The MVMA 2-D CVS models a  two-joint,  one-1 ink neck. In preparing 

d a t a  fo r  simulation i t  i s  usually assumed tha t  the two j o i n t s ,  a t  the 

occip i ta l  condyles and a t  C7-TI, a r e  of equal s t i f f n e s s  a n d  will con- 

t r i b u t e  equally t o  the to ta l  head-torso angle in hyperflexion and in 

hyperextension. This approach has been used in successful s tudies in 

the pazt.  With regard to the unloading parameter curves in Figures 2-10 

a n d  2-11, t h i s  means t h a t  the abscissa -- head-neck angle,  or  condyles 

angle -- i s  appropriately taken a s  one half the experimental head- 

torso angle. A n  identical  curve i s  appropriate for  the C7-Ti j o i n t .  

With regard t o  Figure 2-9 ,  neck s t i f f n e s s  propert ies  are  d is t r ibuted  to  

the two jo in t s  in a manner cons is tent  w i t h  the same assumptions. Since 

the two jo in t s  a re  e s sen t i a l ly  torsional s e r i e s  elements, the moments a t  

the jo in t s  may be assumed equal t o  each other and equal t o  a  composite, 

to ta l  neck moment. Then, with the assumptions of equal s t i f fnesses  and 

equal contr ibutions to to ta l  head-torso angulat ion,  i t  can be shown 

tha t  l inear  components of the loading curves for  the separate jo in t s  



shou ld  be taken  as t w i c e  t h e  1  i n e a r  component o f  t h e  t o t a l  neck (head- 

t o r s o )  c u r v e  shown i n  F i g u r e  2-9. S i m i l a r l y ,  q u a d r a t i c  and c u b i c  co-  

e f f i c i e n t s  a r e  4 and 8 t imes  as l a r g e  as t h o s e  o f  t h e  t o t a l  neck c u r v e .  

2.2.4 The Helmet Model .  The he lmet  model used i n  t h i s  s t u d y  was 

s i m p l e  b u t  adequate  f o r  i n v e s t i g a t i n g  t h e  p r i m a r y  q u e s t i o n s  o f  t h e  s tudy ,  

v i z . ,  t h e  e f f e c t s  o f  add ing  mass and moment o f  i n e r t i a  t o  t h e  head,and 

t h e  e f f e c t s  o f  b a s i c  he lmet  parameters  such as l i n i n g  s t i f f n e s s ,  s h e l l  

smoothness, and o v e r a l l  he lmet  d imens ions .  

A s tanda rd  s i z e  f u l l f a c e  B e l l  he lmet  was modeled by e f f e c t i v e l y  i n -  

c r e a s i n g  t h e  d imens ions  o f  t h e  m o t o r c y c l  i s t ' s  head. The he lmet  was 

g i v e n  an e l l i p t i c a l  shape. No d i s t i n c t i o n  was made i n  t h e  model between 

t h e  f a c e  area and t h e  p a r t  o f  t h e  e l l i p t i c a l  p r o f i l e  wh ich  p r o p e r l y  

r e p r e s e n t s  s h e l l  s u r f a c e .  I t  was unnecessary  t o  make any such d i s -  

t i n c t i o n  s i n c e  a1 1  i n i t i a l  body o r i e n t a t i o n s  i n  t h e  s i m u l a t i o n  m a t r i x  

( S e c t i o n  3 )  were t o  be f o r  s h e l l  s u r f a c e  impac t .  P o s s i b l e  s l i p p i n g  

between t h e  m o t o r c y c l  i s t ' s  head and t h e  1 i n e r  was n o t  c o n s i d e r e d  be- 

cause he lmets  n o r m a l l y  f i t  v e r y  s n u g l y  and because t h e  i n t e g r a t e d  

f r i c t i o n  f o r c e  ( t o r q u e )  f o r  t h e  head/ l  i n e r  i n t e r f a c e  i s  much g r e a t e r  

t h a n  t h a t  f o r  t h e  she1 1  / impacted s u r f a c e  i n t e r f a c e .  

The mass o f  t h e  head 1  i n k  o f  t h e  m o t o r c y c l i s t  model was i n c r e a s e d  

by t h e  mass o f  t h e  helmet,  t h e  l o c a t i o n  o f  t h e  c e n t e r  o f  g r a v i t y  was 

a d j u s t e d  t o  accoun t  f o r  t h e  helmet,  and t h e  head/helmet moment o f  

i n e r t i a  abou t  t h e  a d j u s t e d  c e n t e r  o f  g r a v i t y  l o c a t i o n  was de te rm ined  by 

a n a l y t i c a l l y  combin ing  t h e  i n e r t i a  parameters  o f  t h e  s e p a r a t e  e lements .  

Tab1 e  2-1 g i v e s  t h e  combined head/helmet i n e r t i a  parameter  v a l u e s  and 

t h e  sepa ra te  head and he lmet  v a l u e s  f rom which  t h e y  were d e r i v e d .  Head 
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TABLE 2-1 

HEAD AND HELMET INERTIA PARAMETERS 

1 ?lass, 1  b ( k g )  1 8 .65 (3 .92 )  / 4 .05  ( 1 . 8 4 )  

HEAD HELMET / HEAOIHELMET 

I 

I 

Moment  o f  I n e r t i a  
2  2 

I 

/ S u p e r i o r  L o c a t i o n  
; o f  C G  w . r . t .  
/ Condyles, i n  (cm) 
I 

j 1  b-sec - i n  (kg-m ) 
0.136 (0 .0154)  

j ~ n t e r i o r  L o c a t i o n  
o f  C G  w.r.t. 
Condy les ,  i n  (cm) 

- - 

0 . 2 3 8 ( 0 . 0 2 6 9 )  1 O . 3 9 5 ( 0 . 0 4 4 6 )  

1 .660  ( 4 . 2 2 )  

0.988 ( 2 . 5 1 )  1 -0.252 ( -0 .640 )  

I 

2.840 ( 7 . 2 1 )  2.037 (5 .17 )  



v a l u e s  used were de te rm ined  i n  p r e v i o u s  s t u d i e s .  Ewing and Thomas 

(1  972) de te rm ined  ave rage  l o c a t i o n  o f  head c e n t e r  o f  g r a v i t y  r e l a t i v e  

t o  t r a g i o n .  I n  a n o t h e r  s t u d y  ave rage  l o c a t i o n  o f  head C G  r e l a t i v e  t o  

c o n d y l e s  was de te rm ined  (Schne ide r ,  e t  a1 . , 1976; Schne ide r  and Bowman, 

1978 ) .  I n  t h e  c u r r e n t  s t u d y  measurements f o r  he lme t  i n e r t i a  parameters  

were made i n  HSRI 's  b i o m a t e r i a l  s  l a b o r a t o r y  u s i n g  a  s t a n d a r d  B e l l  h e l m e t .  

The he lmet  C G  l o c a t i o n  was de te rm ined  and i t s  p o s i t i o n  r e l a t i v e  t o  

t r a g i o n  w i t h  t h e  he lme t  as  n o r m a l l y  worn was measured. Determined c e n t e r  

o f  g r a v i t y  l o c a t i o n s  f o r  t h e  head and he lmet  s e p a r a t e l y  and combined a r e  

i l l u s t r a t e d  i n  F i g u r e  2-1 2 .  

The he lme t  model assumed a  r i g i d  s h e l l  b u t  r e p r e s e n t e d  a  one - i nch  

t h i c k  l i n e r  by  a  m a t e r i a l  w i t h  l o a d i n g  and u n l o a d i n g  p r o p e r t i e s  measured 

by  K i n g s b u r y  ( 1  979) u s i n g  a n  aluminum head f ~ r m  i n s i d e  a  he lme t .  K ings -  

b u r y  (1978, 1979)  f i n d s  t h a t  t h e  l o a d i n g  s t i f f n e s s  o f  p o l y s t y r e n e  he lmet  

l i n e r s  i s  o n l y  s l i g h t l y  s e n s i t i v e  t o  r a t e  o f  l o a d i n g .  The q u a s i - s t a t i c  

l o a d i n g  c u r v e  used i n  t h e  s i m u l a t i o n s  i s  shown i n  F i g u r e  2-13.  The 

c u r v e  i n  t h e  f i g u r e  app rox ima tes  l o a d i n g  f o r  a  B e l l  S t a r  he lme t  l i n e r  

and i s  r e p r e s e n t a t i v e  o f  l i n e r s  used by o t h e r  m a n u f a c t u r e r s .  Un load ing  

c h a r a c t e r i s t i c s  were e s t i m a t e d  f r o m  K i n g s b u r y  d a t a .  As p r e v i o u s l y  

d e s c r i b e d  f o r  o t h e r  u n l o a d i n g  c u r v e s ,  t h e  r e s t i t u t i o n  c o e f f i c i e n t  and 

permanent d e f o r m a t i o n  r a t i o  were d e f i n e d  as  p iecewise-1  i n e a r  f u n c t i o n s  

o f  maximum d e f l e c t i o n .  The r e s t i t u t i o n  c o e f f i c i e n t  i s  1 . 0  i n  t h e  1 i m i t  

f o r  maximum d e f l e c t i o n  equal  t o  ze ro  and decreases  t o  0.1 a t  0.2 i n c h e s  

o f  d e f l e c t i o n .  The permanent d e f o r m a t i o n  r a t i o  i s  z e r o  f o r  ze ro  de- 

f l e c t i o n  and becomes l e v e l  a t  0 .5  f o r  d e f l e c t i o n s  g r e a t e r  t h a n  0 . 2  

i n c h e s .  



Figure 2 - 1 2 .  Head and Helmet Center o f  Mass L o c a t i o n s  

2 9 



FORCE 

0 0.5 1.0 inches 

Ll N EAR DEFLECTlON 

F i g u r e  2-1 3 .  Load v s .  D isp lacemen t  f o r  Bell Helmet L i n e r  



Even though, as p r e v i o u s l y  exp la ined ,  t h e  he lmet  shape and i n e r t i a  

p r o p e r t i e s  were modeled by s i m p l y  e n l a r g i n g  t h e  head, i t  i s  p o s s i b l e  t o  

accoun t  f o r  t h e  sepa ra te  i n f l u e n c e s  o f  s k u l l  and 1  i n e r  l o a d i n g  cu rves  

i n  t h e  MVMA 2-D model .  D i s t i n c t  s k u l l  and l i n e r  d e f l e c t i o n s  were 

determined i n  t h e  s i m u l a t i o n s .  





3 . 0  MATRIX OF SIMULATIONS 

3 .1  B a s i c  S i m u l a t i o n  C o n f i g u r a t i o n s  

I t  i s  r e c o g n i z e d  t h a t  t h e r e  a r e  an i n f i n i t e  number o f  ways i n  wh i ch  

a  m o t o r c y c l i s t  may i m p a c t  w i t h  t h e  env i ronmen t  as a  r e s u l t  o f  a  c r a s h  

o r  a c c i d e n t .  I n  t h i s  s t u d y  we have s e l e c t e d  f o u r  b a s i c ,  i d e a l i z e d  s i t -  

u a t i o n s  f o r  s i m u l a t i o n  t o  p r o v i d e  an u n d e r s t a n d i n g  o f  how t h e  head and 

neck would respond f o r  t h e  he lmeted  and unhe lmeted  cases .  

F i g u r e s  3-1 t o  3-4 i l l u s t r a t e  t h e s e  f o u r  d i f f e r e n t  model c o n f i g -  

u r a t i o n s  -- A, B ,  C, and 0. I n  A, t h e  c y c l i s t  i s  mov ing  h o r i z o n t a l l y  

i n  a  sea ted  p o s i t i o n ,  and t h e  head impac ts  a  v e r t i c a l  r i g i d  s u r f a c e  

s i m u l a t i n g  t h e  back o f  a  t r u c k .  I n  B, t h e  c y c l i s t  i s  a l s o  i n  t h e  sea ted  

p o s i t i o n  mov ing  w i t h  a  h o r i z o n t a l  v e l o c i t y  and impac ts  t h e  r i g i d  v e r t i c a l  

s u r f a c e  w i t h  t h e  c h e s t  so t h a t  t h e  head and neck a r e  i n e r t i a l l y  l oaded .  

I n  b o t h  o f  t h e s e  cases  a  secondary  i m p a c t i n g  s u r f a c e  wh i ch  a n g l e s  o f f  f r o m  

t h e  l o w e r  edge o f  t h e  p r i m a r y  s u r f a c e  has been modeled t o  p r e v e n t  o t h e r  

p a r t s  o f  t h e  body f r om wrapp ing  a round t h e  p r i m a r y  i m p a c t  s u r f a c e .  For  

t h e  b a s i c  r u n  c o n f i g u r a t i o n  f o r  t h e s e  two cases t h e  head and neck a r e  

i n i t i a l l y  o r i e n t e d  so t h a t  t h e  neck i s  f l e x e d  f o r w a r d  30  degrees  f r o m  

t h e  v e r t i c a l  t o r s o  l i n e  a t  t h e  C7-TI j o i n t  and t h e  head i s  ex tended 

back 1 0  degrees  from t h e  neck 1  i n e  a t  t h e  c o n d y l e s  j o i n t . *  T h i s  r e s u l t s  

i n  t h e  head b e i n g  o r i e n t e d  a t  a  70 deg ree  a n g l e  t o  t h e  h o r i z o n t a l  j u s t  

p r i o r  t o  impac t .  

I n  C and 0, t h e  c y c l i s t  s t r i k e s  a  h o r i z o n t a l  r i g i d  " r o a d "  s u r f a c e  

w h i l e  mov ing  w i t h  b o t h  h o r i z o n t a l  and v e r t i c a l  v e l o c i t i e s .  I n  C ,  t h e  

t o r s o  of  t h e  c y c l i s t  i s  a t  an  a n g l e  of  30 degrees  t o  t h e  r o a d ;  t h e  a n g l e  

* The head 1  i n e  i s  a  1  i n e  p e r p e n d i c u l a r  t o  t h e  F r a n k f o r t  p l a n e .  
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i s  70 degrees  f o r  c o n f i g u r a t i o n  D .  For  b o t h  c o n f i g u r a t i o n s  t h e  l o w e r  

neck j o i n t  (C,-TI ) i s  f l e x e d  f o r w a r d  20 degrees  and t h e  uppe r  neck j o i n t  

i s  ex tended backward 20 deg rees .  T h i s  r e s u l t s  i n  t h e  i n i t i a l  head a n g l e  

r e l a t i v e  t o  t h e  r o a d  b e i n g  t h e  same a s  t h e  t o r s o  a n g l e  r e l a t i v e  t o  t h e  

r o a d  -- 30 degrees  f o r  c o n f i g u r a t i o n  C and 70  degrees  f o r  D .  

3 .2  M a t r i x  o f  Computer S i m u l a t i o n s  

3.2.1 B a s i c  Run M a t r i x .  T a b l e  3-1 i l l u s t r a t e s  t h e  b a s i c  r u n  m a t r i x  

u t i l  i z i  ng t h e s e  f o u r  i m p a c t  c o n f i g u r a t i o n s  f o r  he1 meted and unhe lmeted  

impac ts .  A l l  impac ts  f o r  t h i s  b a s i c  s e t  were f o r  h o r i z o n t a l  v e l o c i t i e s  

o f  20 mph (29 .3  f t / s e c ) .  The two r o a d  impac t  r u n s  a l s o  had v e r t i c a l  

i m p a c t  v e l o c i t i e s  o f  19.6 f t / s e c ,  c o r r e s p o n d i n g  t o  a  f a l l  h e i g h t  o f  s i x  

f e e t .  A l s o  i n  t h i s  b a s i c  r u n  m a t r i x  f o r  t h e  r o a d  impac ts ,  t h e  c y c l i s t  

was g i v e n  a  r o t a t i o n a l  v e l o c i t y  o f  100 deg/sec f o r  a l l  body segments, a  

v a l u e  e s t i m a t e d  as  t y p i c a l  f o r  c y c l  i s t - r o a d  impac ts  o f  t h e  t y p e  s i m u l a t e d .  

For  c h e s t  impac ts  t h e  c o e f f i c i e n t  o f  f r i c t i o n  between t h e  c h e s t  and 

t r u c k  s u r f a c e  was c o n s t a n t  a t  .35 f o r  a1 1  r u n s .  For  t h e  head impac ts  

a g a i n s t  t h e  t r u c k  s u r f a c e  t h e  c o e f f i c i e n t s  o f  f r i c t i o n  were s e t  t o  .3 

and .l, r e s p e c t i v e l y , f o r  unhe lmeted  and he lmeted  s i m u l a t i o n s .  For  r o a d  

impac ts  i n  t h i s  b a s i c  m a t r i x  t h e  c o e f f i c i e n t s  o f  f r i c t i o n  between t h e  

head and r o a d  were s e t  t o  .6 and . 2  f o r  unhelmeted and he lmeted  impac ts ,  

r e s p e c t i v e l y .  Neck musc le  t e n s i o n  f o r  t h e s e  b a s i c  r u n s  was c o n s t a n t  a t  

50 p e r c e n t  o f  maximum e f f o r t  i n  i s o m e t r i c  e x e r t i o n .  

3 .2 .2  Expanded Run M a t r i x .  I t  must  be r e c o g n i z e d  t h a t  some o f  t h e  

parameter  v a l u e s  f o r  t h e  b a s i c  r u n  m a t r i x  s i m u l a t i o n s  were somewhat 

a r b i t r a r i l y  s e l e c t e d ,  e.g . , t h e  i m p a c t  v e l o c i t i e s  and head/neck i n i t i a l  

p o s i t i o n s .  For  o t h e r s ,  such as c o e f f i c i e n t s  o f  f r i c t i o n ,  t h e  v a l u e s  

a r e  s i m p l y  e s t i m a t e s  f o r  r e a l  w o r l d  cases .  T h e r e f o r e ,  a d d i t i o n a l  



F i g u r e  3-1 . Bas ic  C o n f i g u r a t i o n  f o r  Head-Truck Impacts  



Figure 3 - 2 .  Basic Configuration for Chest-Truck Impacts 



Figure  3-3 .  Basic C o n f i g u r a t i o n  f o r  30" Road Impacts 



F i g u r e  3-4. B a s i c  C o n f i g u r a t i o n  f o r  70° Road Impacts  
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simulations were made in which these basic run conditions were individ- 

ually varied. These additional runs not only provide a measure of para- 

meter sens i t iv i ty  necessary for meaningful in terpre ta t ion of the find- 

ings b u t  a1 so provide resu l t s  for  a greater  range of possible real 

world conditions. 

Table 3-2 i s  a summary of the parameter variat ions for  these addi- 

tional runs. For the seated head impact with a truck, helmet and no- 

helmet runs were made for independent variat ions of velocity and muscl e 

tension to  1 0  mph and 10% respectively.  For the no-helmet case a run 

was made for a modified i n i t i a l  position, i l l u s t r a t ed  in Figure 3-5, 

where the neck i s  flexed forward 50 degrees from the torso l i ne  ( a t  

C7-Ti j o i n t )  and the head i s  in l i ne  with the neck (condyles angle 

= 0 ) .  For the seated chest impact w i t h  a truck eight additional runs 

were made and include helmet and no-helmet impacts with independent 

variat ions t o  10  mph  and 10% muscle tension, and two d i f fe ren t  i n i t i a l  

positions i l lus t ra ted  in Figures 3-6 and 3-7 .  I n  one i n i t i a l  position 

the neck i s  flexed forward ( a t  C7-TI ) 50 degrees and the head i s  i n  

l i n e  with the neck. In the second i n i t i a l  position var ia t ion,  the neck 

and torso a re  in l ine  (C7-TI angle = 0 )  and the head i s  extended back 1 0  

degrees from the neck 1 ine. 

For the road impacts similar se t s  of additional runs were made for 

both 30 and 70 degree impacts. As previously mentioned, the coeff ic ients  

of f r i c t i on  used for the basic helmet and no-helmet runs ( . 2  a n d  . 6 )  

were estimates and represent a simplif icat ion of the real world 

s i tuat ion where t h i s  parameter varies between road surfaces and i s  a1 so 

dependent on the contact force,which may produce scraping and gouging of 

the head or helmet. Thus in order to obtain some measure of the impor- 
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T A B L E  3-2 

EX P A N D E D  RUN M A T R I X  

Coeff . '  ' 
Cycl ! s t  impact    el met/(') Uor iz .Ye1.  Yert.Ye1. h s > e  Ang. Vel . o f  l o n d y l e s i ' )  C I - T ~ '  

C r i e n t a  t i o n  C o n d i t i o n  10 Helmet (mah) ( f t / s e c )  Tens ion  (deg /sec)  F r i c t i o n  Xngle(deg)  And&) 
i3.6 50  3 .! - 3  b o t h  1 0  : S - ? ?  

Head b o t h  2 C 19.6 1 0  .l , 3  
I *  . i -:q -. 

Seated helmet  2 3 19.6 53 . 3  0 -50 
Truck no helmet  I 0  l a , 6  10 3 . . : ? 

- 3 2  

b o t h  1 0  19.6 50 0 .35 1 ? -3 3 

Chest b o t h  20 19.6 10 I . 3  5 10 - 3 3  

Seated w i t h  b o t h  2: 1 3 . 6  5 3  3 . 3 5  0 -50 
Truck b o t h  2 3  19.6 5 0  5 . ? 5 t 1 0  , "  0 

helmet  10 19.6 10 o .1 . J  
- 3 c 

no helmet  20 14.6 j c  130 0.2 t ? -25 
he7met 2 3 13.6 50 10C 0.5 2 ci - 2 0  
b o t h  '9 13.6 5 0  L 1 0  0.0 2 9 - 2 2  
helmet  2 0 19.6 9 5 130 0.1 : s - 2 1  

3 3  Degrees Head helmet  20 !9.i 5 0  ! o c 0.3 i 3 -?  3 
t o  w i t h  b o t h  ? o 19.6 5 0 1 '3 0 1 . 0  ? 83 - 2 :  

Road Road b o t h  1 0  19.6 50 : '2 o .?  .i 2'5 - 2 3  

b o t h  2 3 19.6 10 100 . 2  .i 2 3 - 2 ' .  

b o t h  23 19.6 5 5 ::O . 2  . 5  - 5 - 2 5  
5 0 t h  2 1 1 3 . 9 ( ' )  5 9  ; 3l: .: .6 C2 3 ,nn -, 

b o t h  2 0 16.6 ; IJ 0  
-.I .i . j  +: C - 2 ;  

no helmet  ? 0 :9.5 5 3 1 3 c  0 . 2  2 3 - 2 0  
helmet  2 3 1 9 . 6  5 3 :30 0.6 2 ': -25 
he lmet  2 3 :3.6 5 0 100 0.4 2 ,: - n - L ,  

helmet  2 3 19.6 5 0 130 0.8 2 : -*  P L J 

i 3  Degrees Head b o t h  23 13.6 5 0 : 3 5 0.0 2 ': - 2 9  

t o  w i t h  b o t h  20 19.6 5 c : : 0 1 . 0  2 C -2: 

Road Road b o t h  10  13.6 5 G i 2 0 .? .6 2 C - 2 0  
b o t h  2 3 19.6 10  103 . 2  .6 2 1 . ? n  

L I 

b o t h  
-, 
L w 19.6 50 191 . 2  .6 

(9  50 
0 - 20 

b o t h  29 13.9 i50 .2 - 5  2 1  -23 
20 1 9 . 6  5 5  0 be lmet  . L : 3 - 2 c  

f : \  ' For some combina t ions  o f  parameter  va lues  Seth helmet  and no helmet  s i m u l a t i o n s  were made. i o r  
o t h e r s ,  o n l y  a  nelmet  s i m u l a t i o n  o r  o n l y  a no belrnet s i m u l a t i o n  was qade. 

I S  two va lues  a r e  g i v e n  f o r  c o e f f i c i e n t  o f  f r i c t i o n ,  t h e  f i r s t  i s  f o r  t h e  " l l e lmet "  s i m u l a t i o n  
and t h e  second i s  f o r  t h e  "no helmet"  s i m u l a t i o n .  

( 3 )  
+ f o r  e x t e n s i o n  
- f o r  f l e x i o n  ' - '  C o r r e ~ p o n d S  ?o a f a l l  b e i g h t  of t h r e e  f e e t .  



Figure  3 - 5 .  Conf igura t ion  f o r  Head-Truck Impact w i t h  Inc reased  Neck F7 exion 



Figure 3-6. Configuration for  Chest-Truck Impact with Increased Neck Flexion 
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F i g u r e  3 -7 .  C o n f i g u r a t i o n  f o r  Chest-Truck Impact  w i t h  I n i t i a l  Neck E x t e n s i o n  



t a n c e  o f  t h e  v a l u e s  s e l e c t e d  on  t h e  response  d i f f e r e n c e s  f o r  he lmet  and 

no-he lmet  r u n s ,  and t o  o b t a i n  a  more comp le te  p i c t u r e  o f  how l a r g e  

v a r i a t i o n s  i n  t h i s  parameter  a f f e c t  r e s u l t s ,  r u n s  were made f o r  co -  

e f f i c i e n t s  o f  f r i c t i o n  o f  0 .0 and 1 . 0  f o r  b o t h  he lme t  and no-he lmet  

c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  v a l u e s  o f  ,2  and .6 were used f o r  no- 

he lme t  and he lme t  r u n s  r e s p e c t i v e l y  so t h a t  f o r  each head c o n d i t i o n ,  

r u n s  f o r  t h e  f o u r  c o e f f i c i e n t s  o f  f r i c t i o n  o f  0.0, .2, .6 ,  and 1 .0  were 

made. A l s o ,  i n  an a t t e m p t  t o  sea rch  f o r  an opt imum c o e f f i c i e n t  o f  

f r i c t i o n ,  30 deg ree  r o a d  i m p a c t  s i m u l a t i o n s  were made f o r  c o e f f i c i e n t s  

o f  f r i c t i o n  o f  .1 and .3 and 70 deg ree  r o a d  s i m u l a t i o n s  were made f o r  

c o e f f i c i e n t s  o f  . 4  and .8 .  O the r  r o a d  impac t  s i m u l a t i o n s  i n c l u d e  he lmet  

and no-he lmet  impac ts  f o r  1 0  mph and 10% musc le  t e n s i o n ,  m o d i f i e d  i n i t i a l  

head/neck p o s i t i o n s ,  and a  v e r t i c a l  v e l o c i t y  o f  1 3 . 9  f t / s e c ,  wh i ch  

co r responds  t o  a  f a l l  h e i g h t  o f  t h r e e  f e e t  i n s t e a d  o f  t h e  s i x - f o o t  

h e i g h t  used f o r  t h e  b a s i c  r u n s .  

F i g u r e s  3-8 and 3-9 i l l u s t r a t e  t h e  m o d i f i e d  head and neck p o s i t i o n s  

f o r  t h e  30 and 70  degree  impac ts  r e s p e c t i v e l y .  A t  30 degrees ,  t h e  neck 
- .  

i s  f l e x e d  f o r w a r d  25 degrees  f r o m  t h e  t o r s o  1 i n e  and t h e  head i s  f l e x e d  

f o r w a r d  5  degrees  f r om t h e  neck 1  i n e  so t h a t  t h e  head 1  i n e  makes an 

a n g l e  o f  60 degrees  w i t h  t h e  r o a d .  A t  70 degrees ,  t h e  neck i s  f l e x e d  

f o r w a r d  20 degrees  as i n  t h e  b a s i c  r u n  b u t  t h e  head i s  i n  l i n e  w i t h  

t h e  neck so t h a t  t h e  head 1  i n e  makes an a n g l e  o f  90 degrees  w i t h  t h e  

r o a d  s u r f a c e .  I n  a d d i t i o n  t o  t h e s e  r u n s ,  he lme t  impac ts  were made f o r  

t h e  case  o f  a n g u l a r  v e l o c i t y  equal t o  z e r o .  

3 .2 .3  M i s c e l l a n e o u s  Runs. I n  a d d i t i o n  t o  t h e  computer  s i m u l a t i o n s  

d e s c r i b e d  above and summarized i n  Tab les  3-1 and 3-2, two a d d i t i o n a l  

t y p e s  o f  r u n s  were made. These a r e  summarized i n  Tab1 e  3-3.  One o f  





F i g u r e  3-9. C o n f i g u r a t i o n  f o r  70' Road Impact  w i t h  Neck i n  F l e x i o n  
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TABLE 3-3  

MATRIX OF MISCELLANEOUS RUNS 

Cyc l  i s t  I m p a c t  He1 me t /  V a r i a t i o n  From 
O r i e n t a t i o n  C o n d i t i o n  No He lme t  B a s i c  Run C o n d i t i o n s  

sea ted  head w .  h e l m e t  comb ined  head and  h e l m e t  
t r u c k  mass r e d u c e d  t o  head mass 

o n l y  

30" t o  r o a d  head w. no h e l m e t  body mass = 0  
r o a d  h e l m e t  body mass 2 0 

70" t o  r o a d  head w. no h e l m e t  body mass = 0 
r o a d  h e l m e t  body mass 2 0  

30" t o  r o a d  head w. h e l m e t  combined head and h e l m e t  
r o a d  mass r e d u c e d  t o  head mass 

on1 y 

70" t o  r o a d  head w .  h e l m e t  combined head and  h e l m e t  
r o a d  mass r e d u c e d  t o  head mass 

on1 y 



t h e s e  had t o  do w i t h  d e t e r m i n i n g  t h e  impor tance  o f  body mass on t h e  

neck l o a d i n g  f o r  30 and 70  degree r o a d  impac ts .  I n  o r d e r  t o  examine 

t h i s  f a c t o r ,  a d d i t i o n a l  r u n s  were made f o r  he lmet  and no he lmet ,  30  

and 70 degree r o a d  impac ts  f o r  t h e  parameter  c o n d i t i o n s  of t h e  b a s i c  

r u n  m a t r i x  excep t  t h a t  t h e  masses o f  t h e  t o r s o  and l e g  segments were 

reduced t o  a p p r o x i m a t e l y  z e r o .  

The second t y p e  o f  r u n  was f o r  a head impac t  w i t h  t h e  t r u c k .  I n  

a l l  helmeted s i m u l a t i o n s  o f  t h i s  s tudy ,  t h e  head and he lmet  i n e r t i a s  

a c t  t o g e t h e r  ( see  S e c t i o n  2 ) .  For  head impac ts  i n  t h e  r e a l  w o r l d ,  how- 

eve r ,  i t  i s  o n l y  t h e  head mass wh ich  genera tes  f o r c e s  on t h e  he lme t  

l i n e r .  Thus i t  c o u l d  be i m p o r t a n t  f o r  t h e  head and he lmet  masses t o  be 

s e p a r a t e  d u r i n g  impac t  b u t  combined d u r i n g  rebound.  S i n c e  t h i s  was n o t  

p o s s i  b l  e  w i t h  t h e  MVMA 2 - D  model,  t h e  t h r e e  helmeted head impac t  r u n s  

f rom t h e  b a s i c  r u n  m a t r i x  were made w i t h  t h e  head p l u s  he lmet  mass was 

reduced t o  t h a t  o f  t h e  head mass o n l y .  Comparison o f  t h e s e  r e s u l t s  

w i t h  t hose  f o r  t h e  b a s i c  helmeted head impac t  r u n s  p r o v i d e  an i n d i c a t i o n  

o f  t h e  e r r o r  i n t r o d u c e d  by t h i s  model i n g  i n a c c u r a c y ,  

I n  a1 1  a  t o t a l  o f  65 impac t  s i m u l a t i o n s  compr i se  t h e  r e s u l t s  o f  

t h i s  r e p o r t ,  A l l  s i m u l a t i o n s  a r e  f o r  100 msec d u r a t i o n .  For  t h e  t y p e  

o f  impacts  i n v e s t i g a t e d ,  a l l  i m p o r t a n t  dynamic response even ts  o c c u r  

w i t h i n  t h i s  t i m e  f rame.  





4.0  HUMAN INJURY TOLERANCE 

W h i l e  compar isons o f  s i m u l a t i o n  r e s u l t s  f o r  impac ts  w i t h  and w i t h -  

o u t  he lmets  can,  by themselves,  p r o v i d e  a  good u n d e r s t a n d i n g  o f  t h e  

r e l a t i v e  b e n e f i t s  and d e t r i m e n t s  o f  wear ing  he lmets ,  s ta temen ts  on t h e  

a b s o l u t e  b e n e f i t s  o r  d e t r i m e n t s  o f  he lmets  o r  on  t h e  a b s o l u t e  s i g n i f i c a n c e  

o f  he lmet  d e s i g n  parameters  and impac t  c o n d i t i o n s  canno t  be made u n l  ess 

human i n j u r y  t o 1  erance measures a r e  c o n s i d e r e d .  Comparison o f  p re -  

d i c t e d  dynamic responses f rom t h e  s i m u l a t i o n s  w i t h  v a l u e s  f o r  human 

i n j u r y  t o l e r a n c e  l i m i t s  a l l o w s ,  t o  some e x t e n t ,  an assessment o f  t h e  

l i k e l i h o o d  and /o r  degree of i n j u r y  t h a t  would r e s u l t  f o r  t h e  s i t u a t i o n  

s i m u l a t e d .  

I n j u r y  t o 1  erance measures p e r t i n e n t  t o  t h i s  s t u d y  a r e  ones wh ich  

r e l a t e  t o  dynamic response o f  t h e  head and neck. Dynamic responses 

d e s c r i b e d  i n  S e c t i o n  5, wh ich  d i s c u s s e s  t h e  r e s u l t s  o f  t h e  s i m u l a t i o n s ,  

i n c l u d e  H I C  and peak magn i tudes f o r  head c e n t e r  o f  g r a v i t y  r e s u l t a n t  

a c c e l  e r a t i o n ,  head a n g u l a r  a c c e l  e r a t i o n ,  impac t  f o r c e  on t h e  head, neck 

compress ion  f o r c e ,  and p o s i t i v e  and n e g a t i v e  shear f o r c e s  and f l e x i o n  

and e x t e n s i o n  t o r q u e s  on t h e  neck a t  t h e  head and a t  t h e  t o p  o f  t h e  

t h o r a c i c  s p i n e .  These a r e  a l l  i n c l u d e d  e i t h e r  i n  t h e  d i s c u s s i o n  o r  i n  

t a b l e s  because a l l  have - a p r i o r i  p o t e n t i a l  o f  c o r r e l a t i n g  w i t h  degree 

o r  1  i k e l  i hood o f  i n j u r y .  U n f o r t u n a t e l y ,  t h e r e  i s  n o t  y e t  u n i v e r s a l  

agreement among r e s e a r c h e r s  as t o  wh ich  measures a r e  good i n j u r y  p re -  

d i c t o r s .  For t h o s e  measures f o r  wh ich  t h e r e  i s  some agreement, t h e  

d a t a  s u b s t a n t i a t i n g  t o 1  erance 1 i m i t s  a r e  min imal  and c o n f l i c t i n g .  The 



f o l l o w i n g  d i s c u s s i o n  draws upon t h e  1  i m i t e d  a v a i l a b l e  d a t a  i n  o r d e r  t o  

e s t a b l i s h  i n j u r y  t o l e r a n c e  l e v e l s  f o r  use i n  t h i s  s t u d y  f o r  t h o s e  

dynamic response q u a n t i t i e s  g e n e r a l l y  agreed t o  be u s e f u l  i n j u r y  

i n d i c a t o r s .  

4.1 Head I n j u r y  To le rance  

B r a i n  damage r a t h e r  t h a n  s k u l l  f r a c t u r e  i s  t h e  head i n j u r y  t o  wh ich  

t o l e r a n c e  d e f i n i t i o n  i s  g e n e r a l l y  keyed. N e i t h e r  head l o a d  n o r  s k u l l  

f r a c t u r e  i t s e l f  has been found t o  be a  good i n d i c a t o r  o f  c e r e b r a l  

damage. There  i s  a  genera l  r e l a t i o n s h i p  between d i s r u p t i o n  o f  t h e  

s k u l l  and c e r e b r a l  damage, b u t  a  g r e a t  number o f  s e v e r e l y  brain-damaged 

v i c t i m s  have no s k u l l  f r a c t u r e  (Smi th ,  1979 ) .  F u r t h e r ,  most  p a t i e n t s  

w i t h  f r a c t u r e d  s k u l l s  have r e l a t i v e l y  m i l d  and r e c o v e r a b l e  c e r e b r a l  

i n j u r i e s  (Harwood-Nash, e t  a1 . , 1971 ; Rober ts  and Shopfner ,  1972) . I n  

a  s t u d y  o f  two thousand cases o f  head i n j u r y ,  Kalyanaraman, e t  a l .  (1970)  

found t h a t  concuss ion  was a s s o c i a t e d  w i t h  f r a c t u r e  o n l y  21 p e r c e n t  o f  

t h e  t i m e .  

The most  a c c u r a t e  i n d i c a t o r  o f  c e r e b r a l  damage may be i n t r a c r a n i a l  

p ressu re ,  b u t  t h e r e  i s  no consensus. S t u d i e s  have found good c o r r e l a t i o n  

between i n t r a c r a n i a l  p ressu res  and c e r e b r a l  a r t e r i o l a r  o r  c a p i l l  a r y  

r u p t u r e s  (Nahum, e t  a1 . , 1977; Smith,  1979 ) .  On t h e  o therhand,  shear 

s t r a i n  o f  t h e  b r a i n  stem i s  suggested by o t h e r  r e s e a r c h e r s  as t h e  b e s t  

s i n g l e  i n d i c a t o r  o f  b r a i n  i n j u r y  (Got ,  e l  a1 . , 1978; Hodgson and Thomas, 

1979 ) .  N e i t h e r  i n t r a c r a n i a l  p ressu res  no r  b r a i n  stem shear s t r a i n ,  

however, can be p r e d i c t e d  by a  whole body m o t i o n  model such as t h e  



MVMA 2-D CVS so i t  i s  necessa ry  t o  examine a l t e r n a t i v e  b r a i n  i n j u r y  

i n d i c a t o r s .  Indeed,  t h e  d i f f i c u l t i e s  i n  d e t e r m i n i n g  i n t r a c r a n i a l  

p r e s s u r e s  and b r a i n  stem shear  s t r a i n  b o t h  b y  e x p e r i m e n t  and by  m o d e l i n g  

have 1  ed r e s e a r c h e r s  t o  seek g r o s s  m o t i o n  measures w h i c h  c o r r e l a t e  we1 1  

w i t h  b r a i n  i n j u r y .  Gross m o t i o n  measures, such as  head a c c e l e r a t i o n s ,  

a r e  e a s i e r  t o  d e t e r m i n e  b o t h  e x p e r i m e n t a l l y  and w i t h  model s i m u l a t i o n s .  

4.1.1 Head I n j u r y  C r i t e r i o n  ( H I C ) .  The Head I n j u r y  C r i t e r i o n ,  

o r  HIC, i s  a n  i n t e g r a t e d  measure o f  exposure  t o  1  i n e a r  a c c e l e r a t i o n ;  

i .e.,  i t s  v a l u e  i s  d e t e r m i n e d  by  c o n s i d e r i n g  m a g n i t u d e  o f  t h e  a c c e l -  

e r a t i o n ,  shape o f  t h e  a c c e l e r a t i o n - t i m e  p r o f i l e ,  and d u r a t i o n  o f  ex-  

posu re .  HIC has f ound  w i d e  accep tance  as  t h e  q u a n t i t y  r e l a t e d  t o  who le  

body dynamics w h i c h  b e s t  p r e d i c t s  deg ree  and 1  i k e l  i hood o f  b r a i n  damage.* 

Many s t u d i e s  have i n d i c a t e d ,  however, t h a t  t h e r e  i s  c o n s i d e r a b l  e  

s c a t t e r  o f  t h e  HIC v a l u e  w h i c h  w i l l  p roduce e x p e r i m e n t a l  v a s c u l a r  

r u p t u r e s  ( ~ o t ,  e t  a1 . , 1978; Hodgson and Thomas, 1973;  Nahum, e t  a1 . , 

1977;  Smi th ,  1 9 7 9 ) .  Got,  e t  a1 . ( 1  978) ,  u s i n g  f r e s h ,  unembalmed, p e r -  

fused cadave rs ,  have a l s o  i n v e s t i g a t e d  c o r r e l a t i o n  between HIC and 

head AIS, an  i n d e x  o f  t h e  s e v e r i t y  o f  i n j u r y  (AAAM, 1 9 7 6 ) .  The AIS, 

o r  A b b r e v i a t e d  I n j u r y  S c a l i n g ,  system a s s o c i a t e s  an  i n t e g e r  f r o m  1 t o  6  

w i t h  each i n j u r y  i n  acco rdance  w i t h  T a b l e  4-1 . 

* The Head I n j u r y  C r i t e r i o n  i s  g e n e r a l l y  r e g a r d e d  a s  h a v i n g  s i g n i -  
f i c a n c e  p r i m a r i l y  f o r  h i g h  a c c e l e r a t i o n  exposures  w h i c h  r e s u l t  
f r o m  an  impac t .  HIC i s  d e f i n e d  i n  Appendix A. A l so ,  see: Code 
o f  Fede ra l  R e g u l a t i o n s ,  T i t l e  49, P a r t  572, S e c t i o n  208, U.S. 
Government P r i n t i n g  O f f i c e ,  Washington,  D . C . ,  1977.  



TABLE 4-1 

ABBREVIATED INJURY SCALING SYSTEM 

AIS Code I n j u r y  S e v e r i t y  

1  Mi no r  
2  Moderate 
3  Severe ( n o t  1  i f e - t h r e a t e n i n g )  
4 Se r ious  ( l i f e - t h r e a t e n i n g ,  s u r v i v a l  p r o b a b l e )  
5 C r i t i c a l  ( s u r v i v a l  u n c e r t a i n )  
6 Maximum ( c u r r e n t l y  u n t r e a  tab1 e )  

I n  t h a t  s tudy ,  much s c a t t e r  was observed a l s o  i n  t h e  r e l a t i o n s h i p  o f  

A I S  t o  HIC. Among seven f r e e - f a 1  1,  f r o n t a l  ( f o r e h e a d )  impacts ,  t h e r e  

were two s u b j e c t s  t h a t  d i s p l a y e d  seve re  i n j u r i e s  (AIS=3) and had H I C  

v a l u e s  o f  o n l y  700 and 1000. A t  t h e  o t h e r  extreme, t h e r e  was no de- 

t e c t e d  b r a i n  i n j u r y  f o r  a  s u b j e c t  t h a t  had a  HIC g r e a t e r  t h a n  2500. 

For s i m i l a r  impacts ,  Nahum, e t  a1 . (1  977) r e p o r t  a  cadaver  HIC o f  3765 

w i t h  o n l y  modera te  i n j u r y  (AIS=2) and Got,, e t  a1 . (1978) d e t e r m i n e  f rom 
* "  

t h e  d a t a  o f  S t a l n a k e r ,  e t  a l .  (1977) a  case w i t h  a  HIC o f  3200 and an  

AIS o f  2. Got, e t  a1 ., n o t e  t h a t  one o f  t h e  two s u b j e c t s  f o r  wh ich  

AIS 3  i n j u r i e s  o c c u r r e d  a t  l o w  HIC v a l u e s  had a  much t h i n n e r  t h a n  

average s k u l l  and t h a t  med ica l  p r o g n o s i s  was d i f f i c u l t  i n  t h e  second. 

Got, e t  a1 ., f e e l  t h a t  t h e  observed s c a t t e r  o f  t h e  r e l a t i o n s h i p  o f  

HIC t o  measures o f  i n j u r y  s e v e r i t y  i s  n o t  o f  a  n a t u r e  t o  c a s t  doubt  on 

v a l u e  o f  t h e  use o f  H I C .  T h e i r  f i n d i n g s  s t r e n g t h e n  t h e  p r e v a i l i n g  v iews 

t h a t  HIC i s  p r o b a b l y  t h e  most  u s e f u l  o f  t h e  g ross  m o t i o n  measures t h a t  

have been cons ide red  t o  d a t e  f o r  p r e d i c t i o n  o f  b r a i n  damage. They n o t e  

t h a t  i n  t h e  f r o n t a l  impacts  i n  t h e i r  s t u d y  t h e r e  were no medium-sku l led  

cadaver  s u b j e c t s  f o r  wh ich  t h e r e  was b o t h  an i n j u r y  o f  degree AIS g r e a t e r  



t h a n  2  and a  H I C  o f  l e s s  t h a n  1500.  They n o t e  a l s o  t h a t  t h e  b r a i n  o f  

a  1  i v i n g  person can be expected t o  be more t o l e r a n t  t o  H I C  exposure 

than  t h a t  o f  a  cadave r .  Thus, Got, e t  a1 . , conc lude  t h a t  w i t h  r e g a r d  

t o  f r o n t a l  impac t  o f  t h e  a d u l t  s k u l l  w i t h o u t  f r a c t u r e s ,  t h e  HIC t o l e r -  

ance 1  i m i t  f o r  b r a i n  i n j u r y  o f  s e v e r i t y  no g r e a t e r  t han  "moderate"  

(AIS=2) i s  i n  excess o f  1500.* 

For t h e  c u r r e n t  s tudy ,  a  HIC i n j u r y  t o l e r a n c e  l i m i t  o f  1500 w i l l  

be used f o r  a n a l y z i n g  r e s u l t s  o f  t h e  m o t o r c y c l i s t  impac t  s i m u l a t i o n s .  

4.1.2 Peak Head R e s u l t a n t  A c c e l e r a t i o n .  The i n t e g r a t e d  a c c e l  e r -  

a t i o n  exposure i ndex  HIC has l a r g e l y  r e p l a c e d  o t h e r  g ross  m o t i o n  measures 

f o r  use i n  p r e d i c t i o n  o f  b r a i n  i n j u r y .  Peak head a n g u l a r  a c c e l e r a t i o n  

has been suggested by Ommaya, e t  a1 , (1  967 and 1971 ) b u t  has found 

1  i t t l e  s u p p o r t  (e.g. ,  Hodgson and Thomas, 1979; M u c c i a r d i ,  e t  a1 . , 1977) .  

M u c c i a r d i ,  e t  a1 . (1  977) used non l  i n e a r  A d a p t i v e  L e a r n i n g  Network 

model i ng method01 ogy t o  i d e n t i f y  v a r i o u s  o t h e r  dynamic response measures 

as be ing  u s e f u l  i n  p r e d i c t i n g  O v e r a l l  AIS i n  head impacts.**  The 

response da ta  o f  t h a t  s t u d y  were f rom 26 t e s t s  i n v o l v i n g  monkeys, and 

s e n s i t i v i t y  o f  i n j u r y  t o  34 dynamic response measures was i n v e s t i g a t e d .  

(HIC was n o t  among t h e  3 4 , )  The response parameters wh ich  b e s t  mcdeled 

* A  HIC i n j u r y  t o l e r a n c e  l e v e l  o f  1000 was s e t  by NHTSA i n  June 1972 by 
Department o f  T r a n s p o r t a t i o n  NHTSA Docket Number 69-7, N o t i c e  19,  
Occupant Crash P r o t e c t i o n  Head I n j u r y  C r i t e r i o n  S6.2 o f  MVSS 208. I n  
a d d i t i o n  t o  t h e  s t u d y  by Got, e t  a1 ., o t h e r  s t u d i e s  s i n c e  1972 i n d i c a t e  
t h a t  t h i s  t o l e r a n c e  l e v e l  i s  p r o b a b l y  somewhat l o w .  There i s  f u r t h e r  
d i s c u s s i o n  i n  Appendix A. The genera l  f i n d i n g s  o f  t h e  c u r r e n t  s t u d y  
would n o t  be a f f e c t e d  by assuming a  t o l e r a n c e  l e v e l  o f  1000 i n s t e a d  o f  
1500. 1 

** O v e r a l l  AIS was c a l c u l a t e d  as [ L (AIS~)~] '  w i t h  t h e  summation ove r  
a l l  observed impac t  i n j u r i e s .  



O v e r a l l  AIS were roo t -mean-square  (RFIS) r e s u l t a n t  1  i n e a r  v e l o c i t y  o f  head 

c e n t e r  o f  g r a v i t y ,  maximum r e s u l t a n t  v e l o c i t y ,  and t h e  r e c i p r o c a l  o f  

t h e  RMS r e s u l t a n t  a c c e l e r a t i o n . *  Data a r e  n o t  a v a i l a b l e  wh ich  would 

a l l o w  t h e  r e s u l t s  of M u c c i a r d i ,  e t  a l . ,  t o  be used f o r  d e f i n i n g  an  

i n j u r y - p r e d i c t i n g  f u n c t i o n  f o r  human head impac ts  and t h e  t o l e r a n c e  

v a l u e  wh ich  s h o u l d  be a s s o c i a t e d  w i t h  AIS 2 l e v e l  i n j u r y .  The r e s u l t s  

o f  t h e  s t u d y  l e n d  s t r o n g  s u p p o r t ,  however, t o  t h e  use  o f  f i r s t  and 

second t i m e  d e r i v a t i v e s  o f  t h e  t r a n s l a t i o n a l  p o s i t i o n  i n  p r e d i c t i n g  

b r a i n  i n j u r y  r e s u l t i n g  from b l u n t  impac ts  o f  t h e  head. 

I n  t h e  c u r r e n t  s t u d y  maximum head r e s u l t a n t  a c c e l e r a t i o n  i s  con- 

s i d e r e d  a l o n g  w i t h  HIC i n  t h e  assessment o f  l i k e 1  i h o o d  o f  i n j u r y  i n  

t h e  s i t u a t i o n s  s i m u l a t e d  even though,  as  has been p r e v i o u s l y  no ted,  

t h e  i n t e g r a t e d  measure o f  a c c e l e r a t i o n  exposure  i s  c u r r e n t l y  con- 

s i d e r e d  more p e r t i n e n t  by most  r e s e a r c h e r s  i n  t h e  a r e a  o f  human impac t  

i n j u r y  t o l e r a n c e .  A l so ,  as  would be expected,  t o l e r a n c e  t o  head r e -  

s u l  t a n t  a c c e l e r a t i o n  has been 1  ess a c c u r a t e l y  d e f i n e d  i n  t h e  1  i t e r a t u r e .  

Ranges r a t h e r  t h a n  d i s t i n c t  v a l u e s  a r e  n o r m a l l y  g i v e n .  I n  a d d i t i o n  a  

w ide  range  o f  t e s t  c o n d i t i o n s  have been used i n  t h e  r e p o r t e d  s t u d i e s  

(e .g  . , impact ,  i n e r t i a l  l o a d i n g ,  f r a c t u r e ,  no f r a c t u r e ,  s h o r t  d u r a t i o n  

a c c e l  e r a t i o n ,  l o n g  d u r a t i o n  a c c e l  e r a t i o n ) .  

I t  i s  f e l t  t h a t  t h e  head r e s u l t a n t  a c c e l e r a t i o n  t o l e r a n c e  v a l u e  

most  u s e f u l  f o r  t h i s  s t u d y  i s  one d e r i v e d  by comb in ing  s i m u l a t i o n  

* Unconsciousness A I S  was most  s e n s i t i v e  t o  RMS r e s u l t a n t  v e l o c i t y ,  
maximum r e s u l t a n t  v e l o c i t y ,  and an i n t e g r a t e d  measure o f  a n g u l a r  
a c c e l e r a t i o n  exposure .  Time o f  unconsc iousness  was most  s e n s i t i v e  
t o  RMS r e s u l t a n t  v e l o c i t y ,  maximum r e s u l t a n t  j e r k  ('i'), and a  r a t i o  
parameter  i n c l u d i n g  b o t h  maximum a n g u l a r  a c c e l e r a t i o n  and maximum 
r e s u l t a n t  a c c e l e r a t i o n .  



r e s u l t s  and t h e  p r e v i o u s l y  d e f i n e d  HIC t o l e r a n c e  1  i m i t  ( 1  500 ) .  Simu- 

l a t i o n s  (-17 t o t a l )  wh i ch  produced HIC v a l u e s  i n  t h e  range  900 t o  2100 

( i  .e . ,  b r a c k e t i n g  HIC=1500) were used t o  o b t a i n  a  1 i n e a r  r e g r e s s i o n  o f  

maximum r e s u l t a n t  a c c e l e r a t i o n  on HIC. The r e s u l t  i s  t h e  r e g r e s s i o n  

l i n e  i ( g l s )  = HIC/21.9 t 81.1, w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.58." 

The seventeen a c c e l e r a t i o n - H I C  c o o r d i n a t e  p a i r s  f r om wh ich  t h i s  

r e s u l t  was o b t a i n e d  and a l s o  d a t a  f o r  a l l  o t h e r  d i r e c t  head impact  

s i m u l a t i o n s  a r e  p l o t t e d  i n  F i g u r e  4-1.  C h e s t - t r u c k  s i m u l a t i o n s  a r e  

o m i t t e d  because HIC i s  g e n e r a l l y  rega rded  as  h a v i n g  s i g n i f i c a n c e  o n l y  

f o r  a c c e l e r a t i o n  exposures wh ich  r e s u l  t f rom d i r e c t  head impac t .  Simu- 

l a t i o n s  f o r  wh ich  maximum HIC was e v a l u a t e d  o v e r  a  d u r a t i o n  o f  g r e a t e r  

t h a n  20 msec ( u p  t o  abou t  90 msec) a r e  marked by  t r i a n g l e s . * *  These 

cases were a l l  r o a d  impac ts  where t h e  m o t o r c y c l  i s t ' s  body f o l l o w e d  t h e  

head i n  such a  way t h a t  t h e r e  were up  t o  f o u r  p r i m a r y  peaks o f  t h e  

f o r c e - t i m e  response f o r  head c o n t a c t ,  i .e.,  t h e r e  was a  c l o s e l y - s p a c e d  

" p u l s i n g . "  Res;l t a n t  a c c e l e r a t i o n  as a  f u n c t i o n  o f  t i m e  e x h i b i t e d  l e s s  

d e f i n i t e  c y c l i n g  o v e r  t h e  t i m e  range  o f  HIC c a l c u l a t i o n  f o r  t h e s e  sim- 

u l a t i o n s .  I t  can be seen t h a t  w i t h o u t  t h e  l o n g e r  d u r a t i o n  impacts ,  

t h e r e  would be much 1  ess s c a t t e r  i n  t h e  HIC-accel  e r a t i o n  r e 1  a t i o n s h i  p  .*** 

* The amount o f  s c a t t e r  i n  s i m u l a t i o n  r e s u l t s  o f  F i g u r e  12 i s  t y p i c a l  
o f  HIC s c a t t e r  f r o m  expe r imen ta l  t e s t s .  

** Appendix B i n c l u d e s  a  t a b l e  g i v i n g  HIC v a l u e  and i n t e r v a l  o f  HIC 
e v a l u a t i o n  f o r  a1 1  s i m u l a t i o n s .  

*** A c o r r e l a t i o n  c o e f f i c i e n t  o f  0.83 r e s u l t s  i f  t h e  f o u r  l o n g e r  d u r a t i o n  
H I C ' s  i n  t h e  range  (900,  2100) a r e  d i s r e g a r d e d .  The r e g r e s s i o n  l i n e  
i s  x = HIC/12.9 + 46 .6 .  





The r e g r e s s i o n  a n a l y s i s  o f  t h e  MVMA 2-D CVS s i m u l a t i o n  d a t a  es- 

t a b l i s h e s  a  maximum head r e s u l t a n t  a c c e l e r a t i o n  t o l e r a n c e  t h a t  can a t  

t h e  same t i m e  be used i n  assess ing  t h e  1  i k e l i  hood o f  i n j u r y  i n  impac t  

s i t u a t i o n s  s i m u l a t e d  i n  t h i s  c u r r e n t  s t u d y  and can  a l s o  be a p p l i e d  

more b r o a d l y  t o  s i t u a t i o n s  and c o n s i d e r a t i o n s  o u t s i d e  o f  t h e  c u r r e n t  

s t u d y .  The r e g r e s s i o n  l i n e  shown i n  F i g u r e  4-1, d e r i v e d  f rom a l l  

impac t  s i m u l a t i o n s  w i t h  H I C  i n  t h e  range  900 t o  2100, g i v e s  a  head 

r e s u l t a n t  a c c e l e r a t i o n  o f  150 g ' s  f o r  HIC equal  t o  1500. 

Thus, w i t h  r e g a r d  t o  f r o n t a l  and crown (.apex) impac t  o f  t h e  a d u l t  

sku1 1  w i t h o u t  f r a c t u r e s ,  t h e  maximum head r e s u l  t a n t  a c c e l  e r a t i o n  t o 1  e r -  

ance l i m i t  f o r  b r a i n  i n j u r y  o f  s e v e r i t y  no g r e a t e r  t h a n  "moderate"  

(AIS=2) i s  e s t a b l i s h e d  as 150 g ' s .  

4.2 Neck I n j u r y  T o l e r a n c e  

The neck i n j u r y  t o l e r a n c e  d a t a  wh ich  w i l l  be used f o r  i n t e r p r e t i n g  

s i m u l a t i o n  r e s u l t s  come f rom a  s t u d y  by M e r t z  and P a t r i c k  ( 1 9 7 1 ) .  T h e i r  

work i n c l u d e d  90 s t a t i c  neck s t r e n g t h  t e s t s  on t e n  v o l u n t e e r s ,  a  s e r i e s  

o f  dynamic h y p e r f l e x i o n  t e s t s  w i t h  an impac t  s l e d  wh ich  i n c l u d e d  132 

t e s t s  o f  f o u r  cadavers ,  and a  l e s s  e x t e n s i v e  s e r i e s  o f  dynamic hyper -  

e x t e n s i o n  t e s t s  o f  cadavers  and a  v o l u n t e e r  s u b j e c t .  

M e r t z  and P a t r i c k  i n s t r u m e n t e d  t h e  head o f  each s u b j e c t  i n  t h e  

impac t  s l e d  t e s t s  i n  o r d e r  t o  e s t a b l i s h  t i m e  h i s t o r i e s  f o r  t h e  t r a n s -  

l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n  responses o f  t h e  head. A d d i t i o n -  

a l l y ,  d a t a  were o b t a i n e d  f o r  each s u b j e c t  f o r  t h e  head mass, head mass 

moment o f  i n e r t i a ,  and l o c a t i o n  o f  t h e  head c e n t e r  o f  mass w i t h  r e s p e c t  



t o  t h e  o c c i p i t a l  c o n d y l e s .  W i t h  c o r r e c t i o n s  t o  t h e  i n e r t i a  parameters  

i n  o r d e r  t o  account  f o r  i n s t r u m e n t a t i o n  and added w e i g h t  on  t h e  head, 

i t  was t h e n  p o s s i b l e  t o  c a l c u l a t e ,  as f u n c t i o n s  o f  t ime,  neck t o r q u e  

and shear and a x i a l  f o r c e s  a c t i n g  a t  t h e  o c c i p i t a l  c o n d y l e s .  A f t e r  

t e s t i n g ,  x - r a y  examina t i on  o f  t h e  cadavers  de termined t h e  presence o r  

absence o f  i n j u r y  o f  t h e  neck s t r u c t u r e .  

4.2.1 Condyles F l e x i o n  Torque To lerance.*  None o f  t h e  cadavers  

exposed t o  s l e d  t e s t s  r e s u l t i n g  i n  h y p e r f l e x i o n  o f  t h e  neck had any 

obse rvab le  l igamentous,  d i s c ,  o r  bone damage as  no ted  f rom t h e  a n a l y s i s  

o f  x - r a y s .  The maximum e q u i v a l e n t  condy les  f l e x i o n  moment r e s u l t i n g  

f rom any t e s t  was 1680 i n - 1  b.  Mer t z  and P a t r i c k  suggest  t h i s  v a l u e  as 

i n  i n j u r y  t o l e r a n c e  1  i m i t  f o r  a  5 0 t h  p e r c e n t i l e  a d u l t  ma1 e. 

For t h i s  s tudy ,  then,  a  condy les  f l e x i o n  t o r q u e  i n j u r y  t o l e r a n c e  

l i m i t  o f  1680 i n - 1  b  w i l l  be used i n  t h e  a n a l y s i s  o f  m o t o r c y c l i s t  impac t  

s i m u l a t i o n s .  T h i s  shou ld  be cons ide red  a  c o n s e r v a t i v e  l o w e r  bound 

s i n c e  i n  t h e  l i v i n g  human t e n s i n g  o f  t h e  neck m u s c u l a t u r e  w i l l  a s s i s t  

t h e  p a s s i v e  t i s s u e s  ( s o f t  and h a r d )  i n  r e s i s t i n g  t o r s i o n a l  l o a d  w h i l e  

i t  d i d  n o t  i n  t h e  M e r t z / P a t r i c k  cadaver t e s t s .  

4 . 2 . 2  Condyles E x t e n s i o n  Torque To1 erance.  I n  hype rex tens ion  

t e s t s ,  M e r t z  and P a t r i c k  were a b l e  t o  o b t a i n  l i gamen tous  damage. On 

t h e  b a s i s  o f  a  t e s t  i n  wh ich  a  cadaver s u f f e r e d  m ino r  1  igamentous damage, 

t h e y  suggest  504 i n - l b  as t h e  a s s o c i a t e d  i n j u r y  t o l e r a n c e  l e v e l  f o r  a  

50 th  p e r c e n t i l e  a d u l t  ma1 e. 

* The condy les  f l e x i o n  t o r q u e  determined by M e r t z  and P a t r i c k  was an 
" e q u i v a l e n t  moment" wh ich  i n c l u d e d  any c o n t r i b u t i o n  f rom c h i n  c o n t a c t  
a g a i n s t  t h e  c h e s t  ( n o r m a l l y  a b s e n t ) .  T h i s  was accounted f o r  i n  t h e  
s i m u l a t i o n s  s i n c e  t h e  M e r t z / P a t r i c k  t o r q u e - d e f l e c t i o n  c u r v e  was 
used ( S e c t i o n  2 . 2 . 3 ) .  
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For a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  o f  t h e  c u r r e n t  s t u d y ,  t h e  

c o n d y l e s  e x t e n s i o n  t o r q u e  i n j u r y  t o l e r a n c e  1  i m i t  w i l l  be t a k e n  as 

504 i n - 1  b.  

4 .2.3 Lower Neck Torque T o l e r a n c e .  No d a t a  have been found  i n  

t h e  l i t e r a t u r e  wh i ch  can  be used t o  e s t a b l i s h  t o r q u e  t o l e r a n c e  o f  t h e  

l o w e r  p a r t  o f  t h e  neck s t r u c t u r e ,  e i t h e r  f o r  f l e x i o n  o r  e x t e n s i o n .  Thus, 

w h i l e  t o r q u e s  a t  t h e  s e v e n t h - c e r v i c a l  / f i r s t - t h o r a c i c  v e r t e b r a l  1  eve l  o f  

t h e  s p i n a l  co lumn a r e  r e p o r t e d  i n  S e c t i o n  5, t h e y  c a n n o t  be d i s c u s s e d  

i n  r e l a t i o n  t o  C7-T1 i n j u r y  t o l e r a n c e  l i m i t s .  

4 .2 .4  Neck Shear and A x i a l  Forces .  M e r t z  and P a t r i c k  de te rm ined  

i n  t h e i r  s t u d y  t h a t  shear  and a x i a l  f o r c e s  a t  t h e  o c c i p i t a l  c o n d y l e s  

do n o t  c o r r e l a t e  w i t h  deg ree  o f  t rauma.  They t h e r e f o r e  do n o t  d e f i n e  

i n j u r y  t o 1  e rance  1  e v e l  s  f o r  t h e s e  f o r c e s .  

4 .3  Summary o f  I n j u r y  T o l e r a n c e  L e v e l s  

The v a l u e s  t h a t  have been e s t a b l i s h e d  i n  t h i s  s e c t i o n  f o r  i n j u r y  

t o l e r a n c e s  a r e  summarized i n  Tab1 e  4 -2 .  

+ 

TABLE 4-2 

INJURY TOLERANCE LEVELS 

I n j u r y  P r e d i c t o r  I n j u r y  To1 erance Leve l  

Head I n j u r y  C r i t e r i o n  (H IC )  1500 (A IS  - < 2 )  

Maximum Head R e s u l t a n t  150 g ' s  (A IS  - < 2 )  
A c c e l e r a t i o n  

Condyles F l e x i o n  Torque > I 6 8 0  i n - 1  b ( 1  igamentous i n j u r y )  

Condyles E x t e n s i o n  Torque 504 i n - 1  b  ( 1  igamentous i n j u r y )  
A 





5.0 RESULTS 

5.1 I n t r o d u c t i o n  

It wou ld  n o t  be e i t h e r  f e a s i b l e  o r  o f  v a l u e  t o  d i s c u s s  i n  g r e a t  

d e t a i l  t h e  l a r g e  amount o f  d a t a  g e n e r a t e d  b y  t h i s  s t u d y .  A l l  o f  t h e  

d a t a  have been r e v i e w e d ,  however, and t h e  i m p o r t a n t  r e s u l t s  a r e  d i s -  

cussed  i n  some d e p t h  i n  S e c t i o n s  5.2 and 5.3, w h i c h  f o l l o w .  The r e a d e r  

who i s  more i n t e r e s t e d  i n  a  summary o f  t h e  i m p o r t a n t  f i n d i n g s  i s  d i r -  

e c t e d  t o  S e c t i o n  5.4, w h i c h  p r e s e n t s  tabu1 a r  and g r a p h i c a l  compar i sons  

o f  " h e l m e t "  and "no h e l m e t "  s i m u l a t i o n s ,  and t o  S e c t i o n  6  ( D i s c u s s i o n  

and Concl  u s i o n s )  . 

5.1.1 S i m u l a t i o n s .  A t o t a l  o f  65 s i m u l a t i o n s ,  o r  " r u n s " ,  were 

made i n  t h i s  s t u d y .  The c o n f i g u r a t i o n  and c o n d i t i o n s  f o r  each s imu- 

l a t i o n  a r e  d e s c r i b e d  i n  t h e  r u n  m a t r i c e s ,  T a b l e s  3-1,  3-2, and 3-3 o f  

S e c t i o n  3 .  The r u n s  a r e  d e s c r i b e d  f u r t h e r  b y  t h r e e  t a b l e s  wh i ch  f o l l o w .  

T a b l e s  5 - l a  and 5-1b d e f i n e  a  " key "  used f o r  a s s i g n i n g  a  name t o  each 

r u n .  Run names a r e  used i n  s e v e r a l  t a b l e s  i n  t h i s  s e c t i o n  and i n  appen- 

d i c e s  o f  t h e  r e p o r t .  T a b l e  5-2 g i v e s  t h e  " r u n  number" and " r u n  name" 

f o r  each s i m u l a t i o n  and b r i e f l y  d e s c r i b e s  t h e  p r i m a r y  v a r i a t i o n  f r o m  

s t a n d a r d  r u n  c o n d i t i o n s .  T h i s  t a b l e  a l s o  l i s t s  p l o t  and compar i son  

r e f e r e n c e  numbers p e r t i n e n t  t o  each s i m u l a t i o n ;  t h e s e  numbers w i l l  be 

d i s c u s s e d  i n  S e c t i o n  5.1.2. T a b l e  5-3 d i v i d e s  t h e  65 s i m u l a t i o n s  i n t o  

t h e  f o u r  b a s i c  t y p e s  d i s c u s s e d  i n  S e c t i o n  3 :  1 )  sea ted  o r i e n t a t i o n  

i m p a c t s  w i t h  t h e  head s t r i k i n g  a  v e r t i c a l  s u r f a c e  ( t r u c k ) ;  2 )  sea ted  

o r i e n t a t i o n  i m p a c t s  w i t h  t h e  c h e s t  s t r i k i n g  a  v e r t i c a l  su r f ace ;  3 )  

i m p a c t s  o f  t h e  head a g a i n s t  a  r o a d  s u r f a c e  f o r  a  r o a d - t o r s o  a n g l e  o f  

30";  and 4 )  head- road i m p a c t s  f o r  a  r o a d - t o r s o  a n g l e  o f  70" .  
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TABLE 5-la 

K E Y  TO R U N  NAMES FOR 
HEAD AND CHEST SEATED POSITION IMPACTS 

AANNBBK-LCC = typical run name 

AA = run type (HR, CR) 

N N  = horizontal impact veloci ty  in mph (1 0 ,  20) 

BB = helrnet/no helmet ( H ,  N H y  HM) 

K = muscle a c t i v i t y  level (percentage of isometric maximum) x 1/10 (1 ,  5 )  

L = head, helmet, or chest coe f f i c i en t  of f r i c t i o n  with struck surface 
x 10 ( 1 ,  3 )  

C C  = addit ional  descr ip tor  ( F ,  12, 1 3 )  

AA:  HR = head (or helmet) impact aga ins t  r ig id  truck 
CR = chest  impact agains t  r ig id  truck 

N N :  10 = l O m p h  
20 = 20 mph 

88: H = helmet 
NH = no helmet 
HM = helmet b u t  with head mass only 

K: 1 = 70% muscle a c t i v i t y  level 
5  = 50% muscle a c t i v i t y  level  

L :  1 = 0.1 coe f f i c i en t  of f r i c t i o n  (helmet vs.  t ruck)  
3 = 0.35 coe f f i c i en t  of f r i c t i o n  (chest  vs .  t ruck)  
3 = 0.3 coef f ic ien t  of f r i c t i o n  (head vs. t ruck)  

CC: F = no addit ional  descr ip tor  
I 2  = increased neck f lexion 
I 3  = neck in extension 



TABLE 5-1 b 

KEY TO RUN NAMES FOR 
ROAD IMPACTS 

AABBNNDK.LCCC = typ ica l  run name 

AA = run type ( R )  

BB = helmet/no helmet (H, N H ,  H M )  

N N  = horizontal  impact v e l o c i t y  i n  mph (1 0,  20) 

D = body o r i e n t a t i o n  t o  road ( H ,  V )  

K = muscle a c t i v i t y  1  eve1 (percentage of i sometr ic  maximum) x 1/70 (1 , 5 )  

L = head, helmet, or ches t  c o e f f i c i e n t  of f r i c t i o n  w i t h  s t ruck  sur face  x 10 
(0 ,  1 ,  2 ,  4 ,  6 ,  8, 1 0 )  

CCC = addi t iona l  d e s c r i p t o r  ( F ,  12, N R ,  N M ,  F-3) 

A A :  R = road impact by head (or helmet) 

BB: H = helmet 
N H  = no helmet 
HM = helmet b u t  with head mass only 

N N :  10 = 10 mph 
20 = 20 mph 

D: H = 30' t o  road 
V = 7 0 9 0  road 

K :  1 = 10% muscle a c t i v i t y  leve l  
5  = 50% muscle a c t i v i t y  level  

L :  0  = 0.0 c o e f f i c i e n t  of f r i c t i o n  
1 = 0.1 c o e f f i c i e n t  of f r i c t i o n  
2 = 0.2 c o e f f i c i e n t  of f r i c t i o n  
4 = 0.4 c o e f f i c i e n t  of f r i c t i o n  
6 = 0.6 c o e f f i c i e n t  of  f r i c t i o n  
8 = 0.8 c o e f f i c i e n t  of f r i c t i o n  

10 = 1 .0  c o e f f i c i e n t  of f r i c t i o n  

CCC: F = no addi t iona l  d e s c r i p t o r  
I 2  = increased neck f l ex ion  
N R  = no ro t a t iona l  v e l o c i t y  f o r  impact condi t ions  
NM = no mass (2 0)  f o r  body (helmet and head mass only)  

F-3 = 3-foot f a l l  height  
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TABLE 5 - 3 .  COMPUTER SIMULATIONS B Y  TYPE (Page 1 of 2 )  

P lo t  and Comparison 
Type R u n  Plo. Run Name Reference Nurn bers 

Head-Truc k 

13 
Chest-Truck 1 4  

1 5  
1 6  
17 
18 
5  5 

2 3 
24 
2 5 
2 6  

Head-Road 2 7 
Horizontal 2 8 

(30' from Road) 2 9 
3  0 
3  1 
3  2 
3 3  
4 9 
5  2 
53 
5 6 
57 
58 
60 
64 



TABLE 5-3.  COMPUTER SIMULATIONS BY TYPE (Page 2 o f  2 )  

P l o t  and Compar ison 
Type Run No. Run Name R e f e r e n c e  Numbers 

3 4 
3 5 
3 6 
3 7 
38 
3 9 
4 0 
41 
4 2 

Head-Road 43 
V e r t i c a l  44 

( 70 "  from Road) 4 5 
4 6 
4 7 
48 
5 0 
51 
5 9 
61 
6 2 
6 3 
6 5 



5.1 .2 Tab les ,  Comparisons and P l o t s .  I n  o r d e r  t o  f a c i l i t a t e  

s t u d y i n g  t h e  e f f e c t s  o f  v a r y i n g  parameter  v a l u e s  and r u n  c o n d i t i o n s ,  

t h r e e  t y p e s  o f  compu t e r - g e n e r a t e d  o u t p u t  were o b t a i n e d  t o  supp l  ement 

t h e  s t a n d a r d  p r i n t o u t  o f  t a b u l a r  t i m e  h i s t o r i e s  f o r  dynamic response  

v a r i a b l e s .  Appendix B c o n t a i n s  a  t a b l e  f r o m  each computer  r u n  wh i ch  

summarizes t h e  p o s i t i v e  and n e g a t i v e  peak response  v a l u e s  a l o n g  w i t h  

t i m e s  o f  o c c u r r e n c e  f o r  each o f  t h e  seventeen dynamic response  v a r i a b l e s  

d e s c r i b e d  i n  T a b l e  5-7.  Va lues  a r e  a l s o  p r i n t e d  f o r  t h e  Head I n j u r y  

C r i t e r i o n  (HIC)* and ave rage  head and c h e s t  r e s u l t a n t  a c c e l e r a t i o n s  

o v e r  a  3-msec w ide  range  c e n t e r e d  a t  t h e  t i m e  o f  peak response  as  

i l l u s t r a t e d  i n  t h e  example i n  T a b l e  5-4. The second t y p e  o f  supp le -  

men ta ry  o u t p u t  i s  c o n t a i n e d  i n  Appendix C, w h i c h  c o n s i s t s  o f  69 pages 

o f  tab1  es compar ing  t h e  peak p o s i t i v e  and n e g a t i v e  magn i t udes  f o r  

dynamic responses  f o r  69 p a i r s  o f  c o n t r a s t e d  r u n s .  An example page 

i s  shown h e r e  as T a b l e  5-5. F i n a l l y ,  p l o t s  were o b t a i n e d  f o r  each o f  

t h e  seventeen response v a r i a b l e s  d e s c r i b e d  i n  Tab1 e  5 -7  and f o r  each 

o f  63 p a i r s  o f  c o n t r a s t e d  r u n s .  ( P l o t s  were n o t  made f o r  compar isons  

64, 65, 66, 67,68, and 7 2 ) .  The 1071 p l o t s  compr i se  Appendix D .  

The 69 p a i r s  o f  r u n s  wh i ch  were compared i n  t h i s  s t u d y  a r e  i d e n t i -  

f i e d  and d e s c r i b e d  i n  T a b l e  5-6.  The numbers i n  t h e  f i r s t  co lumn a r e  

t h e  p l o t  o r  compar i son  r e f e r e n c e  numbers men t i oned  above and i n c l u d e d  

i n  Tab les  5-2 and 5 - 3 .  The l a r g e s t  number ass igned  f o r  p l o t s  and peak 

magn i t ude  compar isons  i s  7 2  s i n c e  t h r e e  r e f e r e n c e  numbers were n o t  used 

e i t h e r  f o r  p l o t s  o r  t a b u l a r  compar i sons .  W i t h i n  t h e  t e x t ,  a  number 

enc losed  w i t h i n  b r a c k e t s  [ ] i s  t h e  p l o t / c o n p a r i s o n  r e f e r e n c e  number f o r  

t h e  p a i r  o f  s i m u l a t i o n s  b e i n g  c o n t r a s t c d .  

* H I C  i s  d e f i n e d  i n  Appendix A and d i s c u s s e d  i n  S e c t i o n  4.1.  

7  0  



T A B L E  5-4. PEAK MAGNITUDES OF DYNAMIC RESPONSES:  
EXAMPLE PAGE FROM A P P E N D I X  B 

HtCs 1403. BETUEEN 2 .  AND SOmMSEC 
3-MSEC AVG-  FOR H E A h  121, AT 60 MSEC 
3-MSEC 4VGo FCR CHEST= 47. A T  11. MSEC 

MfNfHUH AT HSEC M A X I M W  AT HSEC 
-UIII- I I I I ILIUII----------~---~------ ------ 

1-HEAD ANG. POSITION 
2-HEAO AN G- VELCCI TY 
+ H E M  4NGm ACCEL. 
4-HEAO R E S U t e  ACCECe 
5-UPPER NECK STOP TORQUE 
6-COWER NECK STOP TORQUE 
7-2 D I R  l HEAD C O M o  FORCE 
8-X O I R o  HEAD CONTa FORCE 
9-CCNDYLE JOINT ANGLE 

1 0 4  7-T 1 J Of NT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CONOYLES 
13-CUM?, FORCE AT CQNDYLES 
14-SHEAR FORCE AT C7-Tl 
1FCOHPo FORCE AT C7-Tl 
16-CONDYLE TOTAL TORQUE 
17-C7-Tl TOTAL TORQUE 

HtCz 4787. BETWEEN 0. AN0 7.MSEC 
3-HSEC AVGe FOR H E I B  310- AT 2. HSEC 
3-HSEC AVG- FOR CHEST= 2 6 .  AT 73. MSEC 

HI NI nun AT MSEC CAXTYUP A T  MSEC 
----------IIIYII---'LIIIIII----------~------- 

1-HEAO ANG* P O S I T I O N  -30. L I l 59.6 58.  
Z-HEAO ANGm VELOCITY -2676-1 77, 3299.9 18-  
3-HEAD ANGa ACCEL. 04365-0 300 1720 30 4 3 l 
4-HEAO RESUL* ACCELm 1.0 O o  367.7 2 • 
5-UPPER NECK STOP TORQUE -302.9 8 8. 372.8 31- 
6-tQWER NECK STOP TORQUE -305.6 10 0, 329.1 49, 
7-2 D l R .  HEAD CONTo FCRCE -000 0 l 4770.0 3. 
8-X OIR. HEAD CCNT- FQRCE -0- 0 0 954.0 3 
9-CONOYLE JOINT ANGLE 7.4 R 8- 5 9.6 31,  

10-Cf-TI JOINT ANGLE 032-7 100, 1800 49- 
1 L-fORCE ALONG NECK -64408 121 2882.2 5 • 
12-SHEAR FORCE AT C C N O Y L E S  -314.3 4 5 .  134.0 99. 
13-COMPm FORCE A T  CUNDYLES -571.7 12. 283903 40 
14-SHEAR FORCE AT C 7 - T 1  -133.0 3 8. 12 1.2 1000 
15-COMPm FORCE AT C7-Tl -635.6 12. 2789.4 5- 
16-CONDYLE TOTAL TORQUE - 5 1  7.6 8 8. 6 5 9 - 2  3 1- 
170C7-Tl TOTAL TORQUE -069.7 99, 1003.5 49 • 



I - I I ~ A ~  ANG. w s u .  
2 - t I E A f l  fttJG. VTCOC. 
1 - H F A n  nNG, ACCFL. -., +Iwno R C S .  AC.LFL . 

r~ ~-CONI)YL SWIIP rnwo 
(8-C I -  7 1  <TW' 1 f ' R Q .  
1-2 l t E 4 n  rr l1tc.r 
R-r I t r a n  F I ) R r r  
3-c nf i iny  c c s ~ C I  r;l F 

10-c r -  TI nvr.1 i 
I I-FORCI  ALIINC E;FCK 
17-SI IF AR AT Cf ) t IDYI  F 
I 3-crltlr. nr c o r w v t  F 
~ ~ - S I I ~ A T  nr c7-11 
15-LflWP. AT 6 1 - 1 1  
I *-CIINI>. r n r n i  r r l n o  
1 1 - C 7 -  11 TVThl .  1 f I R C  

TABLE 5 - 5 .  COMPARISON OF PEAK MAGNITUDES FROM RUNS A AND B: 
EXAMPLE PAGE FROM APPENDIX C 

COMPARISON # 36 

CCMl'ARI5fI:J R F l U F F N  P E l K  t l A C N 1 l U I ) F S  FUR R U N S  A A N 0  n 

A IS x x  n IS x z  / A /  IS x z  / o f  I S  u z  
G R E A T E R / L F S S  GRF 4 T E R / L E S S  G R E A T E R / L E S S  GREATERlt .E F S  

1 + ~ 4  f r l n  A /n O / A  II~AN R TMAN A ( - ) A  ( - ~ n  arb O / A  IUAN / R /  TIWN / A /  

10.TZ L E S S  
2 7.6X C P E A T E R  
7 0 . 0 1  G R E A T E R  
911.61 G R E A T E R  

7 . 4 f  G R E A T E R  
1 1 . 7 2  G R E A T E R  

2 3 5 . 0 1  G R E A T E R  
2 9 . 6 2  G R E A T E R  

2. I 3  G R E A T E R  
6.93 G R E A T E R  

2 7 . 3 2  G R E A T E R  
2.1% 1 ESS 

2 3 . n ~  G R E A T E R  
1 4 0 .  13 G R F A T F R  

2  7 - 4 3  G R E A T E R  
9. k t  GREATER 

1 2 . 3 1  GREATER 

1 1 . 5 Z  G R E h l E R  
21.62 L E S S  
4 1 - 2 1  L F S S  - 
4 9 . 6 1  C E S S  
6 - 9 1  L E S S  

1 0 . 5 ~  i r s s  
7 0 . 2 f  L f S S  
2 2 . n x  L € S %  
7.0? I E S S  
6 . 4 %  L E S S  

2 1 . 5 X  1 1 S S  
2 . 2 1  G R E A T F R  

19-23 C E S S  
~ 8 . 4 ~  t r s s  
21.51 L F S S  

8 - 3 1  L F S S  
1 0 a 9 T  C E S S  

1'1 C 3511 3388  I . O q t  0.965 3.63 C R E A I E R  3 . 5 1  L F S S  
t w a n  ~ - Y S C C .  AVC. 3 2 3 6  1 . 2 3 1  o.non r 3 . n  GREATER 1 9 . 2 1  C F S S  
I.III:ST 3 - t i ~ ; r c .  A V G  30 2 2  1 . 3 6 4  0 . 1  1 6 . 4 ~  GPEATER 2 6 . 7 %  L F S S  

0.0 O.Of L E S S  0 . O I  GREATER 
0 . 7 1 9  3 9 . I X  G R E A f E R  Z A . l S  L F S S  
0 - 3 4 9  186 .9% G R E A T F R  6 5 . 1 E  L E S S  
0-0 0.0% L E S S  0.01 GRE A fFn 
4.905 79.6% L E S S  3 9 0 . 5 K  GREA TFR 
0.0 0.01 L E S S  O-OK G R E A T r R  
0 . 5 0 7  9 7 . 3 I  GREATFR ' ~ 9 . 3 Z  L E S S  
0.0 0.08 L E S S  0-01 G I E A I F R  
6-85 I B 5 . 4 Y  L E S S  5 8 5 .  7 Z  GRE A I E R  
1.000 0.01 C E S S  0.011 GREATER 
0 - 7 6 2  3 1 . 2 I  GREATER 23.R'C L F S S  
0 6  3 - 5 1  L E S S  3 . 4 g  C R E A T E P  
0 . 6 5 5  5 2 - 7 X  G R E A r F R  3 4 . 5 1  L E S S  
1 - 5 7 4  3 4 - 5 1  L E S S  51 .4% GREATER 
0 . 7 6 9  3 0 . 1 2  GREATER 23.1% L E S S  
4 . 7 5 7  79 -01  b E S S  37 5 - 7 ?  G I €  A TCP 
0 -0 0.01 CREAVER 1 0 0 - 0 %  L E S S  

NOTE: Posit ive neck torques a r e  fo r  extension and negative torques a r e  f o r  f lex ion.  



TABLE 5-6 

PLOTS AND COMPARISONS (Page 1  o f  

P l o t  o r  
Comparison 
Number ** Comparison Run Nos. 

t 
Parameter  V a r i a t i o n I R u n  C o n d i t i o n s  

no he lmet  ( c h e s t - t r u c k  base l  i n e )  
he lmet  ( c h e s t - t r u c  k  base1 i n e )  

no he lmet  ( h e a d - t r u c k  b a s e l i n e )  
he lmet  ( h e a d - t r u c k  base l  i ne)  

head- t ruck  a n g l e  = 20" (no he lme t )  
head - t ruck  a n g l e  = 40" (no  he lme t )  

no he lmet  (30 "  r o a d  b a s e l i n e )  
he lmet  (30"  r o a d  b a s e l i n e )  

no he lmet  (CFNH = . 2 )  
he lmet  (CFH = . 2 )  

CFNH = .6 (no h e l m e t )  
CFNH = . 2  (no  h e l m e t )  

no he lmet  (CFNH = .6 )  
he lmet  (CFH = . 6 )  

CFH = . 2  ( h e l m e t )  
CFH = .6  ( h e l m e t )  

100 deg/sec ( h e l m e t )  
0  deg/sec ( h e l m e t )  

100 deg/sec (no  he lme t )  
0  deg/sec (no he lme t )  

no he lmet  ( 0  deg/sec)  
he lmet  ( 0  deg/sec)  

head-road a n g l e  = 30' ( h e l m e t )  
head-road a n g l e  = 60" ( h e l m e t )  

head-road a n g l e  = 30" (no h e l m e t )  
head-road a n g l e  = 60" (no h e l m e t )  

no he lmet  (head- road a n g l e  = 60") 
he lmet  (head-road a n g l e  = 50") 

50:; MT (no h e l m e t )  
104 MT (no h e l m e t )  

no he lmet  (70"  r o a d  b a s e l i n e )  
he lmet  (70' r o a d  base1 i n e )  

CFNH = .6 (no h e l m e t )  
CFNH = . 2  (no  he lme t )  



T a b l e  5-5 (Page 2 o f  4 )  
P l o t  o r  
Comparison 
Numberx* 

2 0  

+ 
Comparison Run Nos. Parameter  V a r i a t i o n / R u n  C o n d i t i o n s  

RH20V5.2F 3 4 CFH = . 2  ( h e l m e t )  
RH20V5.6F 3 6  CFH = .6 ( h e l m e t )  

RNH20V5.6F 3 5  no he lmet  (CFNH = .6 )  
RH2OV5.6F 3 6  he lmet  (CFH = . 6 )  

RNH20V5.2F 3 7 no he lmet  (CFNH = . 2 )  
RH20V5.2F 3 fl he lmet  (CFH = . 2 )  

RNH20V5.6F 3 5  head-road a n g l e  = 70" (no h e l m e t )  
RNH20V5.612 4 5 head-road a n g l e  = 90" (no h e l m e t )  

no he lmet  (head- road a n g l e  = 90")  
he lme t  (head- road a n g l e  = 90" )  

100 deg/sec ( h e l m e t )  
0  deg/sec ( h e l m e t )  

50% MT (no h e l m e t )  
10% MT (no h e l m e t )  

no ne lmet  ( 1 0  mph) 
he lme t  (1  0  mph) 

no he lme t  ( 1 0  mph) 
he lme t  ( 1 0  mph) 

no he lmet  ( 1  0  mph) 
he lme t  (1  0 mph) 

'no .helmet (1  0  mph) 
he lme t  (10  mph) 

20 mph ( h e l m e t )  
1 0  mph ( h e l m e t )  

20 mph ( h e l m e t )  
1 0  mph ( h e l m e t )  

20 mph ( h e l m e t )  
1 0  mph ( h e l m e t )  

20 mph ( h e l m e t )  
10  mph ( h e l m e t )  

no he lmet  (10% MT) 
he lmet  (1  0% FIT) 

no he lmet  (10% MT) 
he lmet  (102 MT) 

no he lmet  (104 MT) 
he lme t  ( 1  C 4  MT) 

no he lmet  (1 0% MT) 
he lme t  ( 1  0% Mi) 



P l o t  o r  
Compari son  
Number*" 

4 0 

T a b l e  5-6 ( P a g e  3 of  4 )  

+ 
R u n  Nos. Pa rame te r  V a r i a t i o n / R u n  C o n d i t i o n s  Comparison 

CFH = . 2  ( h e l m e t )  
CFH = 1 . O  ( h e l m e t )  

CFH = . 2  ( h e l m e t )  
CFH = 1 . O  ( h e l m e t )  

he lmet  has he lmet  mass 
he lmet  has no mass 

no he lmet  ( h e a d - t r u c k  a n g l e  = 40" )  
he lmet  ( h e a d - t r u c k  a n g l e  = 40" )  

no he lmet  (head  back 1 0 " )  
he lmet  (head  back 1 0 " )  

head fo rward  20" ( h e l m e t )  
head fo rward  40" ( h e l m e t )  

head fo rward  20" ( h e l m e t )  
head back 10" ( h e l m e t )  

s t a n d a r d  body mass ( h e l m e t ,  h o r i z o n t a l  ) 
body mass = 0 ( h e l m e t ,  h o r i z o n t a l  ) 

s t a n d a r d  body mass ( h e l m e t ,  v e r t i c a l )  
body mass = 0 ( h e l m e t ,  v e r t i c a l )  

50:; MT ( h e l m e t )  
10% MT ( h e l m e t )  

50% MT ( h e l m e t )  
102  MT ( h e l m e t )  

502 MT ( h e l m e t )  
10% MT ( h e l m e t )  

50% MT ( h e l m e t )  
1 0 %  MT ( h e l m e t )  

head fo rward  40" ( h e l m e t )  
head back 10" ( h e l m e t )  

no he lmet  (70"  r o a d ,  3 - f t  d r o p )  
he lmet  (70"  r o a d ,  3 - f t  d r o p )  

6 - f t  d r o p  ( h e l m e t ,  70" r o a d )  
3 - f t  d r o p  ( h e l m e t ,  70" r o a d )  

no he lmet  (30"  r o a d ,  3 - f t  d r o p )  
he lmet  (30"  r o a d ,  3 - f t  d r o p )  

6 - f t  d r o p  ( h e l m e t ,  30" r o a d )  
3 - f t  d r o p  ( h e l m e t ,  30" r o a d )  

50% MT ( 1 0  mph) 
10% ( 1 9  mph) 

50°; MT ( 1 0  mph) 
10% MT ( 1 0  mph) 



P l o t  o r  
Tab1 e 5-6 (Page  4 o f  4 )  

Comparison 
Number ** t 

Comparison R u n .  Nos. Parameter Var ia t ion/Run Condi t ions  

6 0 RH20H5.2F 1 9  30' road ( h e l m e t ,  6 - f t  d r o p )  
RH20V5.2F 3 4 70° road ( h e l m e t ,  6 - f t  d r o p )  

6 1 RNH20H5.6F 2 0 30' road (no helmet ,  6 - f t  d r o p )  
RNH20V5.6F 3 5 70' road (no helmet ,  6 - f t  d r o p )  

6 2 RH20H5.2F-3 53 30° road ( h e l m e t ,  3 - f t  d r o p )  
RH20V5.2F-3 51 70° road (he lmet ,  3 - f t  d r o p )  

6 3 RNH20H5. 6F-3 5 2 30° road (no helmet ,  3 - f t  d r o p )  
RNH20V5.6F-3 50 70' road (no he lmet ,  3 - f t  d r o p )  

64i RH20H5.2F 1 9  CFH = .2 ( h e l m e t ,  30" r o a d )  
RH20H5.1 F 5 6 CFH = . I  ( h e l m e t ,  30" r o a d )  

65# RH20H5.2F 1 9  CFH = . 2  ( h e l m e t ,  30' r o a d )  
RH20H5.3F 57 CFH = . 3  ( h e l m e t ,  30' r o a d )  

66' RH20H5.2F 1 9  CFH = .2 ( h e l m e t ,  30' r o a d )  
RH20H5. OF 58 CFH = 0. ( h e l m e t ,  30" r o a d )  

6 7 #  RH20V5.2F 3 4 CFH = .2  ( h e l m e t ,  70" r o a d )  
RH20V5.4F 6 2 CFH = .4 ( h e l m e t ,  70' r o a d )  

68' RH20V5.2F 3 4 CFH = .2 ( h e l m e t ,  70' r o a d )  
RH20V5.8F 63 CFH = , 8  ( h e l m e t ,  70' r o a d )  

head-road a n g l e  = 70° ( h e l m e t )  
head-road a n g l e  = 90" ( h e l m e t )  

helmet has helmet mass 
helmet has no mass 

helmet has helmet mass 
helmet has no mass 

CFH = . 2  ( .helmet,  70' r o a d )  
CFH = 0 .  ( h e l m e t ,  70" r o a d )  

NOTES : 
* Helmet/no helmet comparisons  f o r  t h e  f o u r  b a s e l i n e  c o n f i g u r a t i o n s  o f  the 

b a s i c  run  m a t r i x  a r e  made in p l o t s  1 ,  2 ,  4 ,  and 1 8 .  
t CFH = c o e f f i c i e n t  o f  f r i c t i o n  f o r  helmet ,  CFNH = c o e f f i c i e n t  of  f r i c t i o n  

f o r  no helmet ; iV1T = muscle  t e n s i o n .  

- Reference  numbers 1 1 ,  1 6 ,  and 24 were n o t  used .  ' A-8 t a b u l a t i o n s  f o r  peak v a l u e s  were made f o r  r e f e r e n c e  numbers 64 through 
68 and 72,  b u t  t h e r e  a r e  no p l o t s .  

** Tabula r  comparisons  (A-8 t a b u l a t i o n s )  a r e  found in Appendix C and p l o t s  a r e  
i n  Appendix D .  Comparison/Plot  numbers r e f e r e n c e d  i n  t h e  t e x t  a r e  b racke ted  
r 1. 



5.1.3 D e f i n i t i o n s .  The dynamic response v a r i a b l e s  d i scussed  i n  

t h e  f o l l o w i n g  s e c t i o n s  a r e  d e s c r i b e d  i n  Tab le  5-7. Most o f  t h e  seventeen 

responses i n c l u d e d  i n  t h e  t a b l e  a r e  ones wh ich  have a  p r i o r i  p o t e n t i a l  

o f  i n d i c a t i n g  1  i k e l  i hood o r  degree o f  i n j u r y  t o  t h e  head ( b r a i n )  o r  neck.  

A l t h o u g h  most  q u a n t i t i e s  and terms used i n  t h e  t a b l e  a r e  a d e q u a t e l y  de- 

f i n e d  t h e r e  and i n  S e c t i o n  4, seve ra l  p o i n t s  a r e  w o r t h y  o f  s p e c i a l  

commen t . 
The terms "upper  neck j o i n t "  and " o c c i p i t a l  condy les "  ( o r  s i m p l y  

" c o n d y l e s " )  a r e  used i n t e r c h a n g e a b l y  t h roughou t  t h i s  r e p o r t .  S i m i l a r l y ,  

t h e  te rms " l o w e r  neck j o i n t "  and "C7-TI"  ( s e v e n t h - c e r v i c a l / f i r s t - t h o r a c i c  

v e r t e b r a l  1  eve1 ) a r e  used i n t e r c h a n g e a b l y .  I t  shou ld  be unders tood,  how- 

eve r ,  t h a t  t h e  human neck has n o t  two b u t  e i g h t  p r i m a r y  a r t i c u l a t i o n s  

between t h e  s k u l l ,  t h e  seven c e r v i c a l  v e r t e b r a e ,  and t h e  t o p  o f  t h e  

t h o r a c i c  s p i n e .  I t  has been demonst ra ted  by v a r i o u s  s t u d i e s  u s i n g  t h e  

MVMA 2-D CVS model and o t h e r  c r a s h  v i c t i m  s i m u l a t i o n  models t h a t  a  two- 

j o i n t  r e p r e s e n t a t i o n  o f  t h e  human neck i s  adequate f o r  a c c u r a t e  p re -  

d i c t i o n  o f  headlneck dynamics, i n c l u d i n g  head t r a n s l a t i o n a l  and r o t a t i o n a l  

a c c e l e r a t i o n s  and neck bend ing moments, shear l o a d i n g s ,  and compression/  

e l o n g a t i o n  f o r c e  l e v e l s .  The "upper neck j o i n t "  d e f i n e d  f o r  a  s i m u l a t i o n  

i s  n o r m a l l y  l o c a t e d  a t  o r  near  t h e  uppermost  a r t i c u l a t i o n  o f  t h e  anato-  

m i c a l  s t r u c t u r e ;  t h i s  i s  t h e  o c c i p i t a l  condy les ,  where t h e  s k u l l  p i v o t s  

w i t h  t h e  uppermost c e r v i c a l  v e r t e b r a  (C, ) ,  t h e  " a t l a s . '  S i m i l a r l y ,  t h e  

" l o w e r  neck j o i n t "  i s  n o r m a l l y  p o s i t i o n e d  a t  o r  near t h e  i n t e r v e r t e b r a l  

d i s c  a t  t h e  C7-TI l e v e l .  

The te rms " f l e x i o n "  and " e x t e n s i o n "  a r e  used t h r o u g h o u t  t h i s  r e p o r t  

t o  i n d i c a t e  t h e  sense o f  s a g i t t a l - p l a n e  bending o f  t h e  neck.  " F l e x i o n "  



TABLE 5-7 

DYNAMIC RESPONSE VARIABLES I N  PLOTS 
AND COMPARISONS 

No. - V a r i a b l e  ( u n i t s )  S i g n  Convent ion  

Head Angu la r  P o s i t i o n  (deg)  c o u n t e r c l o c k w i s e  f o r  i n c r e a s e  

Head Angu la r  V e l o c i t y  (deg/sec)  c o u n t e r c l o c k w i s e  i f  p o s i t i v e  
2 

Head Angu la r  Acce l  e r a t i o n  ( rad /sec  ) c o u n t e r c l o c k w i s e  i f  p o s i t i v e  

Head Resul t a n t  Acce l  e r a t i o n  ( g  ' s )  magn i tude a t  C G  

Upper Neck Torque (w/o muscl e).(.in-1 b )  p o s i t i v e  f o r  e x t e n s i o n ,  
n e g a t i v e  f o r  f l e x i o n  

Lower Neck Torque (w/o musc le )  ( i n - 1  b)  p o s i t i v e  f o r  e x t e n s i o n ,  
n e g a t i v e  f o r  f l e x i o n  

V e r t i c a l  Component o f  Head (Ches t )  f r i c t i o n  f o r c e  f o r  t r u c k ,  
Con tac t  Force  ( l b )  normal f o r c e  f o r  r o a d  

H o r i z o n t a l  Component o f  Head (.Chest) f r i c t i o n  f o r c e  f o r  road ,  
Con tac t  Force  ( I b )  normal f o r c e  f o r  t r u c k  

Condyles J o i n t  Angl e  (deg)  p o s i t i v e  f o r  e x t e n s i o n ,  
n e g a t i v e  f o r  f l e x i o n  

C7-T1 J o i n t  Ang le  (deg )  p o s i t i v e  f o r  e x t e n s i o n ,  
n e g a t i v e  f o r  f l e x i o n  

Force A1 ong Mec k  (1  b)  p o s i t i v e  f o r  compression,  
n e g a t i v e  f o r  e l o n g a t i o n  

Neck Shear Force  a t  Condyles ( 1  b )  p o s i t i v e  fo rward ,  normal 
t o  neck 1 i n e  

Neck Compression Force  a t  Condyles (1  b )  p o s i t i v e  toward  t o r s o ,  
a l o n g  neck 1  i n e  

Neck Shear Force  a t  C7-TI (1 b )  p o s i t i v e  rea rward ,  normal 
t o  neck 1  i n e  

Neck Compression Force  a t  C7-T1 (1  b )  p o s i t i v e  toward  head, 
a l o n g  neck l i n e  

T o t a l  Upper Neck Torque p o s i t i v e  f o r  e x t e n s i o n ,  
( i n c l u d e s  m u s c l e ) ( i n - 1  b )  n e g a t i v e  f o r  f l e x i o n  

T o t a l  Lower Neck Torque ~ o s i t i v e  f o r  ex tens ion ,  
( i n c l u d e s  muscl e ) ( i n - 1  b )  n e g a t i v e  f o r  f l e x i o n  

NOTE: upper neck j o i n t  = condy les  
l o w e r  neck j o i n t  = C7-T1 



i s  t h e  t e r m  used  f o r  f o r w a r d  bend ing ,  and i t  may be a p p l i e d  t o  e i t h e r  

t h e  uppe r  neck j o i n t  o r  t h e  l o w e r  neck  j o i n t  -- o r  t o  t h e  neck as  a  

who1 e .  S i m i l a r l y ,  " e x t e n s i o n "  i n d i c a t e s  r e a r w a r d  a n g u l a t i o n  o f  t h e  head 

a n d / o r  neck .  Neck t o r q u e s  (moments) d i s c u s s e d  i n  t h e  t e x t ,  g i v e n  i n  

t a b l e s ,  and  i l l u s t r a t e d  b y  p l o t s  a r e  n e g a t i v e  f o r  f l e x i o n  and p o s i t i v e  

f o r  e x t e n s i o n .  

Shear  l o a d s  o n  t h e  neck  a r e  components  o f  t h e  c o n s t r a i n t  f o r c e s  a t  

t h e  two neck  j o i n t s .  They a r e  t h e  components  r e s o l v e d  normal  t o  t h e  

neck  1  i n e  ( t h e  l i n e  between t h e  two j o i n t s ) .  P o s i t i v e  neck  shea r  l o a d s  

a r e  t h o s e  p r i m a r y  l o a d s  w h i c h  wou ld  r e s u l t  f r o m  a  c h e s t  i m p a c t  c a u s i n g  

a  f o r w a r d  m o t i o n  o f  t h e  head and neck,  i .e . ,  p o s i t i v e  shea r  l o a d s  o n  t h e  

neck a r e  " f o r w a r d "  a t  t h e  c o n d y l e s  and  " r e a r w a r d "  a t  C7-Tl . A l o n g  t h e  

l i n e  o f  t h e  neck,  p o s i t i v e  l o a d s  i n d i c a t e  " compress i on "  and n e g a t i v e  

l o a d s  i n d i c a t e  " e l o n g a t i o n "  ( o r  " t e n s i o n " ) .  

S e v e r a l  p o i n t s  s h o u l d  be made w i t h  r e g a r d  t o  head m o t i o n .  F i r s t ,  

"head r e s u l t a n t  a c c e l e r a t i o n "  ( a l w a y s  g i v e n  i n  g ' s )  i s  t h e  m a g n i t u d e  o f  

t h e  v e c t o r  sum o f  t h e  x -  and z-components  o f  head c e n t e r - o f - g r a v i t y  

a c c e l e r a t i o n .  ( O u t - o f - p l a n e ,  "y-" components  o f  m o t i o n  a r e  n o t  s i m u l a t e d  

by  t h e  MVMA 2-D CVS model . )  A n g u l a r  r esponses  -- v e l o c i t y  o r  a c c e l e r a t i o n  --  
a r e  p o s i t i v e  if c o u n t e r c l o c k w i s e ,  i . e . ,  t o w a r d  head lneck  e x t e n s i o n .  W i t h  

r e g a r d  t o  a n g u l a r  p o s i t i o n s ,  t h e  i n e r t i a l  ( a b s o l u t e )  head a n g l e  i s  z e r o  

when t h e  i n f e r i o r - s u p e r i o r  head a x i s  i s  h o r i z o n t a l ,  i . e . ,  when t h e  head 

i s  p i t c h e d  so t h a t  t h e  eyes  a r e  "down" and t h e  t o p  o f  t h e  head i s  " f o r w a r d "  

( t o w a r d  p o s i t i v e  x ) .  T h i s  o r i e n t a t i o n  may be v i s u a l i z e d  e a s i l y  w i t h  t h e  

a i d  o f  F i g u r e  2-1.  R e l a t i v e  a n g l e s  between t h e  head and neck a t  t h e  

c o n d y l e s  and between t h e  neck and t h e  t h o r a x  a t  C7-TI a r e  z e r o  f o r  i n - l i n e  



o r i e n t a t i o n  o f  head a x i s  and neck 1  i n e  o r  neck 1  i n e  and t h o r a x  1  i n e .  

A t  each j o i n t ,  a  p o s i t i v e  r e l a t i v e  a n g l e  i s  f o r  e x t e n s i o n .  

5.2 General D e s c r i p t i o n  o f  No-Helmet v s .  Helmet Base1 i n e  S i m u l a t i o n  R e s u l t s  

I n  S e c t i o n s  5.2.2 th rough  5.2.5, wh ich  f o l l o w ,  a l l  b a s e l i n e  s i m u l a t i o n s  

a r e  d i scussed .  The no-helmet s i m u l a t i o n s  f o r  t h e  head- t ruck ,  c h e s t - t r u c k ,  

30" road,  and 70" r o a d  impacts  (20 mph) a r e  numbers 1  , 9, 20, and 35, 

r e s p e c t i v e l y .  The f o u r  c o r r e s p o n d i n g  he lmet  s i m u l a t i o n s  a r e  numbers 2, 

10, 19, and 34. The r e f e r e n c e  numbers f o r  t h e  f o u r  s e t s  o f  t a b u l a r  com- 

p a r i s o n s  ( i n  Appendix C )  and p l o t s  ( i n  Appendix D )  a r e  [2],  [I], [4], and 

[18],  r e s p e c t i v e l y .  

The d i s c u s s i o n  o f  compar isons o f  he lmet  and no-helmet s i m u l a t i o n s  

i n  t h e s e  s e c t i o n s  i s  somewhat d e t a i l e d .  Tabu la r  and g r a p h i c a l  summaries 

o f  t h e s e  r e s u l t s  may be found i n  S e c t i o n  5.4. 

5.2.1 E f f e c t  o f  HeadIHelmet Mass on Helmet S i m u l a t i o n s .  As ment ioned 

i n  S e c t i o n  3.2.3 t h e  MVMA 2-D CVS he lmet  impac t  s i m u l a t i o n s  o f  n e c e s s i t y  

modeled t h e  head and he lmet  w i t h  one combined mass c o n s t a n t .  I n  t h e  r e a l  

impac t  s i t u a t i o n ,  however, t h e  head and he lmet  masses would n o t  a c t  

t o g e t h e r  -- t h e  head mass a l o n e  would impac t  a g a i n s t  t h e  1  i n e r  m a t e r i a l  . 
I n  o r d e r  t o  i n v e s t i g a t e  t h e  se r i ousness  o f  t h i s  compromise, t h r e e  a d d i -  

t i o n a l  he lmet  r u n s  were made, one f o r  each b a s e l i n e  head impac t  c o n d i t i o n ,  

w i t h  t h e  combined head lhe lme t  mass reduced t o  t h a t  o f  t h e  head mass a l o n e .  

A l l  o t h e r  he lmet  parameters  were m a i n t a i n e d  as i n  t h e  he lmet  b a s e l i n e  

r u n s .  I n  t h e s e  new s i m u l a t i o n s ,  t h e  head mass i s  more a p p r o p r i a t e  d u r i n g  

impac t  b u t  l e s s  a p p r o p r i a t e  a f t e r  u n l o a d i n g  (when i t  shou ld  be head p l u s  

h e l m e t ) .  P lo t / compar i son  numbers [42] ,  [70] ,  and [71] compare t h e  r e s u l  t s  

o f  t hese  r u n s  w i t h  t hose  o f  t h e  r e s p e c t i v e  b a s e l i n e  runs  f o r  head - t ruck ,  

30" road ,  and 70" road  i m p a c t s .  

8 0 
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The plots of Figures 5-1, 5-2, and 5-3 i l l u s t r a t e  some of the most 

basic response variables for the head-plus-helmet mass runs and  for the 

head-mass-only helmet impacts. I t  will be noted that the responses are 

quite similar overall . 
The simulation comparisons made during this  study and discussed in 

the following sections can be separated i n t o  two d is t inc t  groups. One 

group compares helmet and no-helmet results (Sections 5.2 and 5 . 4 ) .  

The other group compares simulations that are b o t h  for no-helmet impacts 

or both for helmet impacts (Section 5.3).  With regard t o  the l a t t e r  

comparisons, the headlhelmet mass compromise i s  of 1 i ttl e consequence 

and no concern since the purpose of those comparisons i s  t o  establ ish 

the relat ive effects of varying impact conditions other than the helmet/ 

no-helmet condition (e.g., f r ic t ion ,  fa l l  height, impact angles, etc . )  . 
With regard t o  the results for helmet vs. no-helmet comparisons, however, 

i t  i s  important t o  establish that the differences between the resul ts  

for the two types of helmet simulations are  small, or otherwise unimpor- 

tant ,  in relation t o  the differences between helmet and no-helmet responses. 

Tables 5-8 and 5-9 summarize the percentage increases for peak 

response values for no-helmet runs relat ive t o  values for the two types 

of helmet runs, These tables give results for base1 ine conditions for 

a l l  three types of  head impacts investigated in this  study, a n d  the 

response variables included i n  the tables are those most predictive o f  

injury potential. Table 5-8 i s  for the baseline helmet/no-helmet com- 

parisons ([2], [4], and [18]) and  includes some of the results discussed 

in l a t e r  sections of this  report. Table 5-9 gives parallel resul ts  for 

no-helmet impacts re1 at ive t o  head-mass-on1 y helmet impacts. There are 



no Appendix C comparisons or Appendix 0 plots for the comparisons made 

for Table 5 - 9 ;  the numbers there are  established by comparing peak re- 

sponses from runs 2 and 4 2 ,  4 and 70; and 18 and 71 for the head-truck, 

30'-road, and 70'-road configurations, respectively. 

If  Tab1 es 5 - 8  and 5-9 a re  compared entry for entry, i t  will be 

seen that  there are  three basic types of relationships between the 

numbers. For those marked by "L" ,  the relat ive benefit of the helmet 

i s  large for - both types of helmet simulations so that in the discussions 

of baseline comparisons in the remainder of Section 5 ,  qualitative s tate-  

ments made regarding helmet benefits will be true regardless of d i f fe r -  

ences between resul ts  from the two types of helmet simulations, and any 

questions regarding the accuracy of quantitative statements are  of 1 i t t l e  

importance. For those marked w i t h  " C " ,  the magnitudes in Table 5 - 9  are 

larger than in Table 5-8 so that any statements relating t o  helmet benefit, 

i f  not completely accurate, must a t  least  be conservative. Finally, for 

a1 1 tab1 e entries marked w i t h  "S", values are similar for the two types 

of comparisons, indicating responses for which i t  does n o t  matter which 

headlhelmet mass i s  used. Since a1 1 entries of these tables can reason- 

ably be placed in a t  least  one of these three groups, the conclusion i s  

reached that the useful ness of helmet vs. no-helmet basel i ne comparisons 

i s  not significantly affected by the head/helmet mass compromise.* 

* The two responses of  greatest uncertainty a re  HIC and neck compression 
force for the head-truck impact. These responses can be expected t o  
be less  sensit ive t o  the head/helmet mass for s l ight ly different run 
conditions, e.g., for different impact velocity or different in i t i a l  
head/neck orientation. 





5  - 2 . 2  Head-Truck Base1 i n e  Impacts.  The s t i c k  f i g u r e  drawings i n  

F i gu re  5-4 i l l u s t r a t e  t h e  general  mo t i on  o f  t h e  c y c l  i s t ' s  body and head 

and neck d u r i n g  head- t ruck impacts.  The p l o t s  i n  F i gu re  5-6 compare 

some o f  t h e  dynamic response v a r i a b l e s  f o r  t h e  helmet and no-helmet 

head- t ruck base1 i n e  impacts a t  20 mph [2] .  It i s  seen t h a t  t h e  helmet 

reduces peak va lues o f  head angu la r  a c c e l e r a t i o n  and c e n t e r  o f  g r a v i t y  

r e s u l t a n t  a c c e l e r a t i o n  by s i g n i f i c a n t  amounts, 41 % and 502, r e s p e c t i v e l y .  

Most s i g n i f i c a n t  i s  t h e  head r e s u l t a n t  a c c e l e r a t i o n  r educ t i on ,  f rom 

n e a r l y  500 g ' s  t o  l e s s  than  250 g ' s .  Peak impact f o r c e  t o  t h e  head i s  

reduced f rom over  5000 1  bs t o  about  3900 1  bs.  HIC, however, i s  reduced 

o n l y  s l i g h t l y ,  from 3475 t o  3317. The r e d u c t i o n  o f  H I C  caused by t he  

helmet i s  much l e s s  than  m i g h t  be expected a p r i o r i  -- and i t  i s  much 

l e s s  than  t h e  t y p i c a l  r e d u c t i o n  seen f o r  o t h e r  s imu la t i ons  t h a t  w i l l  be 

d iscussed i n  t h e  f o l l o w i n g  sec t i ons  -- b u t  t h e  p l o t s  f o r  head r e s u l t a n t  

acce l  e r a t i o n  make i t  c l e a r  t h a t  H I C  f o r  t h e  helmet impact  (3317) w i l l  

be r e l a t i v e l y  l a r g e .  Whi le  t h e  peak head a c c e l e r a t i o n  f o r  t h i s  20 mph 

impact i s  reduced by about  h a l f  by t h e  helmet, t h e  d u r a t i o n  o f  t h e  

a c c e l e r a t i o n  p u l s e  i s  doubled. S ince d u r a t i o n  i s  an element o f  t h e  

d e f i n i t i o n  o f  t h e  Head I n j u r y  C r i t e r i o n ,  t h e  e f f e c t  o f  t h e  sma l l e r  peak 

i s  n e a r l y  balanced by t h e  e f f e c t  of t h e  broader pu lse .  For lower  impact  

v e l o c i t i e s ,  t h e  b e n e f i c i a l  e f f e c t  o f  t h e  helmet on HIC i s  much g r e a t e r  

f o r  t h e  head-truc k  impact c o n f i g u r a t i o n .  

S ince t h e  impact causes head and neck t o  r o t a t e  backward, t h e  

p r ima ry  to rques  a t  t h e  lower  neck j o i n t  a r e  ex tens ion  torques f o r  bo th  

helmet and no-helmet c o n d i t i o n s .  Peak to rque  i s  13% g r e a t e r  f o r  t h e  

no-helmet c o n d i t i o n  (2240 in -1  bs t o  1980 in -1  bs) . A t  t h e  upper neck 

j o i n t  t h e  to rques  peak i n i t i a l l y  i n  f l e x i o n  as the body and neck c o n t i n u e  
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Figure 5 - 5 .  CHEST- TRUCK IMPACT - 20 MPH - NO I-{ELMET 
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t o  move forward prior t o  any significant rotation of the head. The 

peak values for the helmet condition are nearly four times greater than 

for the no-helmet condition, -1600 in-lbs t o  -400 in-lbs, b u t  s t i l l  less  

than the injury to1 erance 1 imit for flexion a t  the occipital condyles, 

( - )  1680 in-1 bs. For both helmet and  no-helmet conditions, these upper 

neck torques a re  l a t e r  reversed t o  extension torques, with the no-helmet 

condition having the greater peak value (1 240 in-1 bs t o  1040 in-1 bs) . 

The extension torque for both conditions i s  much greater than the injury 

tolerance l imit ,  504 in-1 bs. Forces along the neck are  i n i t i a l l y  com- 

pressive b u t  then become neck elongation forces. 

The compressive force for the no-helmet run has the higher peak 

value by almost 25% (1300 1 bs t o  1050 I bs) . The peak elongation .force 

i s  also larger for the no-helmet condition, nearly twice that for the 

helmet condition (-1440 1bs t o  -790 Ibs ) .  Peak shear forces are higher 

for the helmet run a t  both the upper (614 t o  512 1 bs) and lower (578 t o  

373 Ibs)  neck joints .  

Beneficial effects of helmets for protecting the head are  evident 

from these results for the 20 mph impact simulations. With regard t o  

neck torques, the helmet runs consistently show lower values for ex- 

tension torques,which are  l ikely to be the most significant neck injury 

mechanisn in th is  type of impact. Flexion torques are  higher for the 

helmet runs b u t  these peak values in a l l  cases are  below injury tolerance 

1 evels. Compressive and elongation forces o n  the neck are a1 so signi- 

f icant ly lower for the helmet runs. Because of the shape of the head 

resultant acceleration profiles,  HIC i s  reduced o n l y  sl i g h t l y  by the 

helmet i n  the 20 mph simulations despite significant reduction of the 

peak acceleration, and both are  much greater than the estimated injury 

tolerance level,  1500. 
9 5 



The helmet/no- helmet comparison for 1 0  mph impacts (Compari son/ 

Plot l29] in Appendices C and D )  shows more clear ly the benefits o f  

the helmet. Peak head resultant acceleration i s  reduced by 60%, from 

nearly 300 g ' s  t o  120  g ' s ,  and HIC i s  reduced from 2573, much greater 

than the injury tolerance level ,  t o  564 -- much less .  Peak upper neck 

extension torques are greater than the injury tolerance level for this  

typs of impact even a t  10 mph,  b u t  they exceed the tolerance level by 

26% less  for the helmet case. 

5 .2 .3  Chest-Truck Base1 ine Impacts. The stick figure drawings in 

Figure 5-5 i l l u s t r a t e  the general motion of the c y c l i s t ' s  body and head 

and neck during chest-truck impacts. Figure 5-7 compares some of the 

dynamic responses for the helmet and  no-helmet baseline impacts a t  20 

mph [ I ] .  I t  i s  seen that  the in i t i a l  motion of the head i s  quite sim- 

i l a r  for helmet and no-helmet runs. Angulation of the lower neck proceeds 

in flexion immediately a f t e r  impact a n d  plateaus a t  about 40 degrees of 

flexion from the in i t i a l  position. For the helmet case a second increase 

of another 10 degrees flexion occurs a t  about 70 milliseconds. A t  t h i s  

time the angulation of the lower neck joint begins t o  d i f f e r  substan- 

t i a l l y  for the two cases as the no-helmet run shows ear l ie r  tendencies 

toward rebound hyperextension. As a consequence of th is  neck/torso 

flexion and the fac t  that the head does not rotate  by any significant 

amount for about 30 msec a f t e r  impact, the upper neck joint rotation 

begins with extension from the in i t i a l  angle for the no-helmet and 

helmet runs of 8 and 10 degrees, respectively. A t  about 40 msec, the 

upper neck j o i n t  i s  beginning t o  go into flexion for both cases and  

reaches flexion peaks of 46 and 55 degrees from the in i t i a l  angle for 
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t h e  no-helmet and helmet cases, r e s p e c t i v e l y .  As w i t h  t h e  lower  neck 

j o i n t ,  t h e  upper neck angu la t i ons  beg in  t o  d i f f e r  more a f t e r  peak f l e x i o n ,  

w i t h  t h e  no-helmet case a g a i n  showing e a r l i e r  tendenc ies t o  rebound 

extens ion.  

Corresponding t o  t he  i n i t i a l  ex tens ion  o f  t h e  upper neck j o i n t  t h e  

torques a r e  q u i t e  low (1 ess than 200 i n-1 bs) and s i m i l a r  i n  magnitude 

w i t h  and w i t h o u t  helmet.  The f l e x i o n  torques which f o l l o w  a r e  sub- 

s t a n t i a l ,  however, and a r e  cons ide rab l y  g r e a t e r  f o r  t h e  helmeted con- 

d i t i o n :  2936 in -1  bs t o  1869 i n -1  bs.  Both a r e  g r e a t e r  than t h e  e s t i -  

mated to1  erance 1 eve1 f o r  1 igamentous t e a r i n g  (1 680 i n -1  bs ) ,  by 752  

and 11%, r e s p e c t i v e l y .  A t  t h e  lower  neck, peak torques i n  f l e x i o n  o f  

261 5 and 1832 in -1  bs a r e  reached f o r  helmet and no-helmet runs ,  r e -  

s p e c t i v e l y ,  Because o f  t h e  helmet vs. no-helmet d i f f e r e n c e s  a t  t he  end 

o f  t h e  100 msec s imu la t i ons ,  these s imu la t i ons  were r e r u n  t o  200 msec 

i n  o r d e r  t o  examine the  e n t i r e  rebound phase o f  t h e  mot ion .  The peak 

rebound ex tens ion  angles and torques were s i g n i f i c a n t  and n e a r l y  equal 

f o r  t h e  helmet and no-helmet c o n d i t i o n s .  A t  t h e  upper neck j o i n t  bo th  

peak ex tens ion  torques were about  2200 i n - l b s ,  which i s  w e l l  above t h e  

t o l e r a n c e  l i m i t  o f  504 i n - l b s .  A t  t h e  lower  neck j o i n t ,  peak rebound 

ex tens ion  to rque  was 2550 f o r  t h e  helmet case and 2740 f o r  t he  no-helmet 

case. 

The l a r g e s t  a x i a l  f o r ces  on t h e  neck a r e  e l onga t i on  f o r c e s  w i t h  

peak va lues  o f  956 and 730 1 bs f o r  helmet and no-helmet runs .  Com- 

p ress i ve  f o r c e s  o c c u r r i n g  a t  about 60 msec a r e  227 1 bs and 711 I b s  f o r  

helmet and no-helmet, r e s p e c t i v e l y .  Shear f o r ces  a r e  of r e l a t i v e l y  

smal l  magnitude. A t  t h e  upper neck, fo rward  ( p o s i t i v e )  shear f o r c e s  



on the neck reach peaks of 422 1 bs and 317 1 bs and rearward (.negative) 

shear forces reach peaks of 326 and 77 1 bs, respectively,  f o r  helmet 

and no-helmet runs. A t  the lower neck, rearward (pos i t ive )  shear forces 

reach peaks of 420 1 bs and 347 1 bs and forward (negative) shear forces 

reach peaks of 363 and 129 Ibs f o r  helmet and no-helmet, respectively.  

Head motion responses a r e  small f o r  these chest-truck runs com- 

pared to  d i r ec t  head impact cases,  and brain in jury  i s  unlikely in t h i s  

type of s i tua t ion .  Nevertheless, i t  i s  worth noting tha t  the helmet runs 

for  20 mph impacts show reduced peak head angular accelerat ion (7400 

compared w i t h  11100) and reduced HIC value (419 against  566). There i s  

increased likelihood of hyperflexion neck injury fo r  the helmet case ,  

b u t  the g rea tes t  potential fo r  neck in jury  fo r  t h i s  type of impact i s  

probably in rebound hyperextension, where the maximum torque 1 eve1 s a r e  

equal fo r  the helmet and no-helmet cases.  

Chest-truck impact a t  10 mph i s  not a t  a l l  severe fo r  e i the r  the 

helmet o r  no-helmet case [28]. No dynamic response var iable  exceeds . - .  
i t s  in jury  tolerance level fo r  e i the r  case. 

5.2.4 Head-Road Base1 ine Impacts f o r  30' Body Orientat ion.  Figure 

5 - 9  shows some of the plot  comparisons fo r  no-helmet and helmet 30' road 

baseline simulations [4]. The helmet run has dramatic and s ign i f i can t  

reductions in a l l  response parameters. The helmet reduces HIC from 7621,  

which i s  f a r  i n  excess of the estimated injury to1 erance level ( 1  500), 

t o  1266. Peak head angular accelerat ion i s  reduced from over 24000 rad/ 
2 2 sec to 4559 rad/sec . Peak head resu l tan t  i s  a l so  reduced to  below 

estimated brain injury tolerance [I50 G's) from 398 G's to 133 G's, and 

peak normal contact  force i s  reduced from 4827 I bs t o  3139 1bs. 



As a  r e s u l t  o f  t he  c o e f f i c i e n t  o f  f r i c t i o n  d i f f e r e n c e s ,  t he  head 

and neck angular  mot ions a r e  cons ide rab l y  d i f f e r e n t  f o r  t h e  helmet and 

no-helmet c o n d i t i o n s  as i l l u s t r a t e d  i n  t h e  s t i c k  f i g u r e  drawings o f  

F i gu re  5-8. Wi thout  a  helmet, t h e  c o e f f i c i e n t  o f  f r i c t i o n  i s  -6. Th is  

r e s u l t s  i n  a r e l a t i v e l y  h i gh  f r i c t i o n a l  f o r c e  which s imu l taneous ly  d r i v e s  

t h e  lower  neck j o i n t  ang le  i n t o  f l e x i o n  and the  upper neck j o i n t  i n t o  

ex tens ion  i n  t h e  f i r s t  10-1 5  msec a f t e r  impact .  A t  25-30 msecs these 

reverse,  w i t h  t h e  lower  neck go ing  i n t o  ex tens ion  and t h e  upper neck 

go ing i n t o  m i l d  f l e x i o n .  I n  c o n t r a s t ,  f o r  t he  helmet run,  where t h e  

c o e f f i c i e n t  o f  f r i c t i o n  i s  - 2 ,  t h e  f r i c t i o n a l  f o r c e  i s  n o t  as s i g n i f i -  

can t  and t h e  upward c o n t a c t  f o r c e  dominates, d r i v i n g  t h e  lower  neck 

i n t o  i n i t i a l  ex tens ion.  As a  consequence o f  t h i s  and t h e  d e l a y  i n  any 

r o t a t i o n  o f  t h e  head i t s e l f ,  t h e  upper neck j o i n t  goes i n t o  i n i t i a l  

f l e x i o n .  The lower  neck remains i n  ex tens ion  (though v a r y i n g )  and t he  

upper neck reverses from f l e x i o n  t o  ex tens ion  a t  about 22 msec. Thus, 

t h e  torques assoc ia ted  w i t h  these angu la t i ons  a r e  n e a r l y  oppos i t e  i n  

d i r e c t i o n  f o r  t h e  helmet and no-helmet runs .  Even so, i t  i s  s i g n i f i c a n t  

t h a t  t h e  peak torques a r e  much g r e a t e r  f o r  t he  unhelmeted c o n d i t i o n .  

A t  t he  upper j o i n t  peak ex tens ion  torques a r e  578 and 4908 in-1  bs f o r  

helmet and no-helmet runs, r e s p e c t i v e l y ,  and peak f l e x i o n  torques a r e  

761 and 757, r e s p e c t i v e l y .  These f l e x i o n  torques a r e  f a r  1  ess than t h e  

i n j u r y  t o l e r a n c e  l e v e l  (1680 in-1  bs) ,  bu t  t h e  upper neck ex tens ion  to rques  

exceed t he  t o l e rance  l e v e l  f o r  l igamentous t e a r i n g .  S i g n i f i c a n t l y ,  

however, t he  ex tens ion  to rque  i s  o n l y  15% g r e a t e r  than t h e  t o l e r a n c e  

l e v e l  (-504 in -1  bs) f o r  t h e  helmet case bu t  10 t imes t h e  to1 erance l e v e l  

f o r  t h e  no-helmet case, where severe i n j u r y  would s u r e l y  occur .  A t  t he  

lower  j o i n t ,  peak ex tens ion  torques a r e  854 and 2418 1  bs, and peak 
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Figure 5-8a. 30° ROAD IMPACT - NO HELMET - C.F. = -6 

TIME (MSEC) - 
Figure 5-8b. 30" ROAD IMPACT - WITH HELMET - C. F. = .2 
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f l e x i o n  to rques  a r e  220 and 1165 I b s ,  r e s p e c t i v e l y ,  f o r  helmet and no- 

helmet runs .  Peak compressive, e l onga t i on ,  and shear f o r c e s  a r e  s i m i -  

l a r l y  much g r e a t e r  w i t h o u t  a  helmet (see P l o t  [4]  o f  Appendix D )  . 
I t  i s  c l e a r ,  then, t h a t  i n  terms of  p r o t e c t i o n  f rom bo th  head and neck 

i n j u r y ,  t h e  m o t o r c y c l i s t  impac t ing  t h e  road a t  a  l ow  ang le  and w i t h  

some h o r i z o n t a l  v e l o c i t y ,  i s  b e n e f i t e d  g r e a t l y  by wear ing a  helmet.  

The l i n e r  and added helmet mass cause t h e  peak va lues  o f  head i n j u r y  

parameters t o  be decreased d r a m a t i c a l l y  (.e.g., H I C ,  r e s u l t a n t  acce l  e r -  

a t i o n ,  angu la r  a c c e l e r a t i o n  and head c o n t a c t  f o r c e ) .  Peak va lues  o f  

neck i n j u r y  parameters a r e  reduced by t h e  helmet p r i m a r i l y  because of 

t h e  lower  c o e f f i c i e n t  o f  f r i c t i o n  f o r  t h e  helmet-road c o n t a c t .  Th i s  

p o i n t  i s  f u r t h e r  c l a r i f i e d  by examining P l o t s  [5], [6], [I], and [a ]  o f  

Appendix D, where t he  c o e f f i c i e n t s  o f  f r i c t i o n  f o r  helmeted and unhelmeted 

cases have been reversed  and p l o t t e d  i n  va r i ous  combinat ions.  From 

these  comparisons i t  i s  seen t h a t  t h e  torques and f o r c e s  i n  t h e  helmeted 

case a r e  inc reased  by i n c r e a s i n g  t h e  c o e f f i c i e n t  t o  .6.  Thus, i t  i s  

p r i m a r i l y  t h e  c o e f f i c i e n t  o f  f r i c t i o n  which d r i v e s  up t he  neck forces 

and to rques  by p r o v i d i n g  t h e  necessary r e s i s t a n c e  t o  t r a n s l a t i o n a l  

head mo t i on  t o  a l l o w  t h e  body t o  d r i v e  i n t o  t h e  neck. 

5.2.5 Head-Road Base l i ne  Impacts f o r  70" Body O r i e n t a t i o n .  F i gu re  

5-11 shows some o f  t h e  p l o t  comparisons f o r  helmet and no-helmet 70' road  

base1 i n e  s i m u l a t i o n s  [ l a ] .  As w i t h  t h e  30' road  impact,  t he  helmet p ro -  

duces l a r g e  decreases i n  those response v a r i a b l e s  r e l a t e d  t o  head and 

b r a i n  i n j u r y .  H I C  i s  reduced from 14000 t o  4440, head r e s u l t a n t  a c c e l -  

e r a t i o n  f rom 448 t o  182 G ' s ,  head angu la r  a c c e l e r a t i o n  f rom 29400 t o  14200 

rad/sec2,  and peak head impact  normal f o r c e  f rom 4921 t o  3335 lbs .  



A t  th i s  higher angle of  impact, the overall angular motions a t  

the neck joints are similar w i t h  and  without a helmet in sp i te  of the 

coefficient of f r ic t ion  differences. Figure 5-1 0 i l l  ustrates the two 

cases w i t h  s t ick figure drawings. The action i s  essentially a t u m b l  ing 

over on  the head because of the horizontal velocity a t  the time of 

impact. For the helmet case, w i t h  smaller coefficient of f r ic t ion  ( 0 . 2 ) ,  

the lower neck flexes immediately and remains flexed throughout the 

f i r s t  100 mi11 iseconds. The upper neck joint does into in i t i a l  extension 

of about 40' from the in i t i a l  position due t o  the in i t i a l  impact force 

on the head, which i s  primarily upward. The downward motion of the 

body causes immediate flexion of the lower neck joint .  A t  about 20-25 

msec the upper neck also goes into flexion as the body rotates over. 

The net resu l t  i s  a relat ively slow forward rotation of the head u p o n  

impact followed by a faster  forward rotation beginning a t  about 20 msec. 

For the unhelmeted case, where the coefficient of f r ic t ion  i s  0 . 6 ,  the 

lower neck goes into flexion more quickly because of  the larger com- 

ponent of f r ic t ional  force and  reaches a larger peak angulation, a t  

about 38 msec, The upper neck joint i n i t i a l l y  extends a very small 

amount (about 4" compared t o  37' for helmeted case) and then goes into 

flexion similar to the helmet case b u t  about 10 msec sooner. A t  90 

t o  100 msec the upper neck extension has become quite large (40") for 

the unhelmeted case. 

Corresponding t o  these motions, the upper neck torque i n i t i a l l y  

reaches about 500 in-lbs in extension for the helmet case compared t o  

near zero for the unhelmeted case. In  flexion, the upper neck torque 

reaches a peak of 5000 in-1 bs for the helmet case and close t o  4000 
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in-1 bs for the unhelmeted case. I t  may be significant that the upper 

neck torque in extension i s  close t o  1000 in-1 bs and increasing rapidly 

for the no-helmet run a t  100 msec b u t  appears t o  have 1 eve1 ed off near 

zero for the helmet run. At the lower neck, the torques a re  primarily 

in flexion, with the peak value for the no-helmet run being greater 

t h a n  for the helmet run by 252 (10800 in-1 bs t o  8650 in-1 bs) .  A t  100  

msec, the end of the run, the torques are in extension for both cases, 

w i t h  the peak for the unhelmeted case again greater t h a n  for the helmeted 

case (81 8 in-1 bs t o  489 i n-1 bs) . 
As one m i g h t  expect for this  type of impact, the primary loading 

of the neck i s  in compression. The peak levels are  comparable for u n -  

helmeted and helmeted cases, 331 0 1 bs for no helmet and 3207 1 bs with 

helmet. For b o t h  the helmet run and the no-helmet run, maximum shear 

loading of the neck a t  the condyles i s  forward while a t  C7-TI i t  i s  

rearward .* A t  the condyles, peak forward shear forces are  1826 1 bs and 

2OR Ibs and  peak rearward shear forces are -492 a n d  -255 1bs for helmet 

and no-helmet runs, respectively. A t  the lower neck joint ,  peak rear- 

ward (posi t ive)  shear forces on  the neck are  1905 and 2468 1 bs and peak 

forward [negative) shear forces are  -321 and -305 for helmeted and u n -  

helmeted conditions, respectively. For the larger forces a t  each joint 

(forward a t  upper, rearward a t  lower) the helmet run has the lower peak 

val ues . 

* Positive shear forces a re  forward on  the neck a t  the upper joint 
[condyles) and  rearward o n  the neck a t  the lower joint ( C 7 - T I ) .  



As w i t h  the 30' road impact, additional simulations were made t o  

examine the e f fec ts  of coeff ic ient  of f r i c t ion  differences.  Plots [19 ] ,  

6201, [21], [22], and [41] in Appendix D compare resul t s  for various 

helmet and no-helmet runs w i t h  these d i f fe rent  coeff ic ients  o f  f r i c t i o n .  

For the helmet case, increasing the coeff ic ient  of f r i c t ion  from . 2  t o  

.6 has l i t t l e  e f fec t  o n  the peak values of head angular velocity and 

angular and resul tant  accelerations although i t  reduces HIC s ign i f i -  

cantly,  from 4440 to 1437, l e s s  than the estimated brain injury t o l -  

erance level .  Peak normal contact force remains about the same b u t  

decreases in duration, Neck torques and forces show consistent decreases 

when the coeff ic ient  of f r i c t ion  i s  increased to $ 6 .  For the unhelmeted 

case, decreasing the coeff ic ient  of f r i c t ion  from .6 t o  . 2  has 1 i  ttl e 

e f fec t  on head acceleration peak values a1 though i t  causes considerable 

bouncing and spiking in these parameters. HIC decreases sl ightl y from 

14000 to 12600. Torques and forces o n  the neck tend t o  remain the same 

or increase s l igh t ly  for decreased coeff ic ient  of f r i c t i o n .  

I t  i s  cl ear from these resul t s  and from examination of plots and 

tabular comparisons for  30' road impacts [[S] - [8 ] )  and 70" road im- 

pacts ( [ I  91- [22]) and [41]) that the coeff ic ient  of f r i c t ion  i s  not 

as c r i t i c a l  a factor a t  higher angles o f  impact. I t  i s  a lso c lear  that  

values near .6 a re  more desirable than values near . 2  a t  higher angl es . 
The rol l  -over, tumbl ing  action caused by the horizontal velocity together 

w i t h  the head-road f r i c t ion  force i s  assis ted by larger  values o f  the 

f r i c t ion  coeff ic ient ,  and th i s  reduces loading of the neck by the body. 

With low f r i c t ion  forces, the body tends more t o  drive into the  head 



and neck causing higher torques and forces much as would be the case 

i f  there were l i t t l e  horizontal veloci ty  t o  produce the rollover a c t i on .  

Effects  of the coef f i c ien t  of f r i c t i o n  between the head or helmet and 

the road a r e  discussed fu r the r  in Section 5.3.1, b u t  one addit ional  

point should be made here. Simulation 59, with a  f r i c t i o n  coef f i c ien t  

of zero, shows t ha t  the ro l l  -over motion i l l u s t r a t ed  by Figure 5-1 0 for 

70' impacts occurs only i f  the head-road f r i c t i o n  force i s  non-zero. 

In the similar  helmet impact simulation (number 34) having a coef f i c ien t  

of f r i c t i o n  of . 2 ,  the typical rol lover occurs. For some f r i c t i o n  co- 

e f f i c i e n t  near t o  zero, b u t  probably smaller than r e a l i s t i c  f o r  any 

helmet, rol lover will occur for  s l i g h t l y  greater  values and rollover 

will not occur f o r  s l i gh t l y  l e s s e r  values. (.See Plots and Comparison 

[41]. Note head angle posit ion.*) 

Finally,  i t  should be noted t ha t  the head-road impact for  the more 

ver t ica l  (70') body or ienta t ion i s  very c lea r ly  much more severe than 

fo r  the more horizontal (30') or ienta t ion for  both helmeted and u n -  

helmeted motorcycl i s t s .  Dynamic response variabl e  peak val ues for  70' 

a r e  consis tent ly  much higher than fo r  30' ( i n  the preceding s ec t i on ) .  

(30' and 70' road impacts a r e  compared d i r ec t l y  in Section 5 .3 .2 . )  HIC 

response and upper neck f lexion torque response a r e  pa r t i cu la r ly  severe 

fo r  a  ver t ica l  body or ienta t ion a t  impact. While the no-helmet HIC of 

14000 i s  reduced by 68% to 4440 for  the helmet impact, the HIC value i s  

s t i l l  much larger  than the injury tolerance 1 imi t .  Upper neck f lexion 

torques, about 5000 and 4000 i n - 1  bs, respect ively ,  fo r  the helmet and 

* The basically d i f f e r en t  nature of the response for the zero f r i c t i o n  
case was noted from time-sequenced s t ick-f igure  "pr in te r  plots" gen- 
erated by the MVMA 2-0 CVS model. 



no-helmet cases a r e  3 .0  and 2 . 4  times the injury tolerance 1 evel ( 1  680 

i n - l b s ) .  In addi t ion,  a peak upper neck extension torque greater  than 

twice the extension to1  erance 1 evel r e su l t s  for  the unhelmeted cycl i s t .  

5.3 Resul t s  from Additional Simulations 

The primary goal of t h i s  study was to determine what advantages or  

disadvantages a helmeted motorcyclist has r e l a t i ve  to an unhelmeted 

motorcyclist in an impact s i t ua t i on .  As such, the comparisons o f  the 

baseline helmet and no-helmet simulations i n  the preceding sect ion,  t o -  

gether with the summary of helmet vs. no-helmet r e su l t s  in Section 5 . 4 ,  

probably yie ld  the most important findings of the study. The base1 ine 

simulations cannot be assessed properly, however, without giving special 

consideration t o  several aspects of the simulations not related t o  

whether a helmet condition or a no-helmet condition i s  modeled. Sections 

5.3.1 through 5 . 3 . 7  discuss the e f fec t s  of varying baseline conditions 

fo r :  1 )  coef f i c ien t  of f r i c t i on  for  the head/helmet contact  w i t h  truck 

or road; 2 )  overall body or ienta t ion fo r  road impacts; 3 )  head and neck 

i n i t i a l  posit ions;  4 )  neck muscle tension level ; 5 )  horizontal velocity 

a t  impact; 6 )  f a l l  height fo r  road impacts, i  . e . ,  maximum t ra jec to ry  

height; and 7 )  i n i t i a l  overall body rotat ional  veloci ty .  Simulations 

fo r  these conditions a r e  important for  two reasons. F i r s t ,  they determine 

whether general statements regarding the effectiveness of helmet use can 

be made on the basis of the spec i f i c ,  idealized baseline simulations d i s -  

cussed in Section 5 .2 .  Secondly, they make c lea r  the mechanisms for  

various aspects of head/neck in jury  and dynamic response resul t ing for  

d i f fe ren t  impact conditions. 



Most of the simulations discussed in t h i s  section r e l a t e  to the 

Expanded R u n  Matrix of Section 3.2.2, Table 3-2. 

5.3.1 Effects of Coefficient of Frict ion.  For the head-truck and 

chest-truck simulations, only baseline values were used for  coeff ic ient  

of f r i c t i on  between the truck surface and the head, helmet, or chest .  

The e f fec t s  of varying coeff ic ient  of f r i c t i on  fo r  these simulations 

could not be of significance since there i s  no i n i t i a l  component of 

momentum parallel  to the truck surface. For 30' and 70' road impacts, 

however, f r i c t i on  - was varied, and there were found t o  be s ignif icant  

differences in dynamic responses result ing for  the d i f fe ren t  f r i c t i on  

coeff ic ients .  This was not unexpected since for a l l  such simulations 

the i n i t i a l  horizonal momentum (for 10 and 20 mph ve loc i t i e s )  was of 

the same order of magnitude as the vert ical  momentum a t  impact. 

Because of the significance of f r ic t ional  force for the road 

impacts, there has already been some discussion of  t h i s  subject i n  

Sections 5 . 2 . 4  and  5 . 2 . 5 .  The importance of the f r ic t ional  force i s  

perhaps made most c lea r  by the f ac t  that  reducing i t  to - zero completely 

changes the overall character of the response for the 70' body orien- 

ta t ion impact from rollover (Figure 5-10) t o  dropping down into a prone 

body impact more 1 ike the typical overall response in a 30" impact 

(Figure 5-8). For r e a l i s t i c  helmet-road f r i c t i on  coeff ic ients ,  however, 

rollover always occurs for  70' impacts, and the prone body impact always 

occurs for  the more horizontal , 30' i n i t i a l  body or ienta t ions .  en or 
the l a t t e r  case, a helmet-road coeff ic ient  of f r i c t i on  much greater  

than 1 .0  would be necessary t o  cause rollover . )  

Since, within 1 imi ts ,  the smoothness and hardness of  the helmet 

shell can be modified by use of d i f fe ren t  material and/or manufacturing 



methods, i t  i s  of i n t e r e s t  t o  e s t a b l i s h  what v a l u e s  of  helmet-road 

f r i c t i o n  c o e f f i c i e n t  minimize i n j u r y - i  n d i c a t i  ng dynamic r e s p o n s e s  f o r  

the 30' road and 70' road impac t s .  For any g iven  helmet she1 1 , t h e  

e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t  i s ,  of c o u r s e ,  a f u n c t i o n  o f  the  road 

s u r f a c e ,  bu t  i t  would no t  be unreasonab le  t o  o p t i m i z e  w i t h  r e s p e c t  t o  

a c o n c r e t e  o r  a s p h a l t  s u r f a c e  s p e c i f i c a l l  y .  

For both 30' and 70' helmet-road impact s i m u l a t i o n s ,  r e s u l t s  from 

the b a s e l i n e  r u n s  ( c o e f f i c i e n t  o f  f r i c t i o n  v a l u e ,  0 .2 )  were compared 

a g a i n s t  r e s u l t s  from s i m u l a t i o n s  f o r  a  range  of c o e f f i c i e n t  of f r i c t i o n  

v a l u e s .  Comparison numbers f o r  the  30' road impacts  a r e  [66], [64],  [65], 

681, and [40] f o r  f r i c t i o n  c o e f f i c i e n t s  of O . ,  0 . 1 ,  0 . 3 ,  0 .6 ,  and 1  .O, 

r e s p e c t i v e l y .  For 70' road i m p a c t s ,  t h e  comparison numbers are [ 7 2 ] ,  

[67], [ZO],  [68], and [41] f o r  v a l u e s  0 . 0 ,  0 . 4 ,  0 .6 ,  0 .8 ,  and 1 . 0 ,  

r e s p e c t i v e l y . *  The p l o t s  i n  F i g u r e s  5-12 and 5-13 i l l u s t r a t e  the  e f f e c t  

on some of t h e  r e s p o n s e  v a r i a b l e s  o f  changing t h e  c o e f f i c i e n t  o f  f r i c t i o n  

from 0.2 t o  0 .6  f o r  helmet impac t s .  F i g u r e  5-12 i s  f o r  the 30'-road 

s i m u l a t i o n s  and F igure  5-13 i s  f o r  t h e  70'-road s i m u l a t i o n s .  

A n a l y s i s  of Comparisons [8], [40], [64], [65], and [66] shows t h a t  

f o r  low a n g l e  (30") impacts ,  a  low c o e f f i c i e n t  o f  f r i c t i o n  f o r  the 

road-helmet i n t e r f a c e  i s  in genera l  advan tageous .  There  i s  1 i  t t l  e 

s i g n i f i c a n t  d i f f e r e n c e  between v a l u e s  i n  the range  0  t o  0 . 3 ,  b u t  the 

v a l u e  0 i s  no t  o p t i m a l .  HIC i s  minimized a t  0.1 and head a c c e l e r a t i o n s  

and condyles  e x t e n s i o n  and f l e x i o n  t o r q u e s  a r e  minimized a t  0 . 3 .  Re- 

sponses  a r e  worsened c o n s i d e r a b l y  by a  c o e f f i c i e n t  of f r i c t i o n  o f  0 . 6 ,  

* Appendix C i n c l u d e s  t a b u l a r  comparisons f o r  a1 1  o f  t h e s e ,  b u t  
Appendix D p l o t s  were not  made f o r  [64]  through [68] and [ 7 2 ] .  
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HIC i n c r e a s i n g  r e l a t i v e  t o  i t s  v a l u e  a t  0 . 2  by 11F, head a n g u l a r  a c c e l -  

e r a t i o n  by 412, and condyles  ex tens ion  t o r q u e  by 122%. A c o e f f i c i e n t  

o f  f r i c t i o n  o f  1 . 0  i s  f a r  worse s t i l l ,  i n c r e a s i n g  peaks r e l a t i v e  t o  

0 . 2  by 570% f o r  HIC, 130% f o r  head r e s u l t a n t  a c c e l e r a t i o n ,  170% f o r  

head a n g u l a r  a c c e l e r a t i o n ,  and f o r  condyles  ex tens ion  t o r q u e  by 780% 

t o  t e n  times the t o l e r a n c e  l e v e l .  

Comparisons [20], [41], [67], [68], and [72]  i n d i c a t e  c l e a r l y  t h a t  

the optimal c o e f f i c i e n t  o f  f r i c t i o n  f o r  t h e  road-helmet i n t e r f a c e  f o r  

a 70' impact o r i e n t a t i o n  i s  g r e a t e r  than t h a t  f o r  a  30° o r i e n t a t i o n .  

Again, however, there i s  a  f a i r l y  broad range o f  f r i c t i o n  c o e f f i c i e n t  

v a l u e s  f o r  w h i c h  t h e r e  a r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  peak va lues  

o f  response  v a r i a b l e s  t h a t  have t h e  p o t e n t i a l  o f  i n d i c a t i n g  i n j u r y .  

HIC and condyles  ex tens ion  t o r q u e  a r e  minimized a t  a  c o e f f i c i e n t  v a l u e  

o f  0 .6 .  Head a n g u l a r  a c c e l e r a t i o n  and condyles  f l e x i o n  t o r q u e  a r e  

minimized a t  0.8 and 7 . 0 ,  r e s p e c t i v e l y .  Head r e s u l t a n t  a c c e l e r a t i o n  

i s  minimized a t  0. b u t  i s  not  much g r e a t e r  a t  0 .4 .  Response v a r i a b l e s  

a r e  c o n s i s t e n t l y  low f o r  a  f r i c t i o n  c o e f f i c i e n t  v a l u e  o f  0 . 4 ,  and over-  

a l l  r e s u l t s  f o r  va lues  in  the range  0.4 t o  0 . 8  a r e  s i m i l a r .  

A helmet-road c o e f f i c i e n t  o f  f r i c t i o n  i n  the range 0. t o  0 . 3  has 

been found t o  be optimal f o r  a  30' impact o r i e n t a t i o n .  S i n c e  the 

range 0 .4  t o  0.8 i s  optimal f o r  a  70' o r i e n t a t i o n ,  the range 0 .3  t o  0 . 4  

i s  suggested a s  being optimal o v e r a l l  s i n c e  impact a n g l e s  a r e  n o t ,  o f  

c o u r s e ,  1  imi ted t o  any one va lue  i n  real -world  a c c i d e n t s .  

5.3.2 30' Vs. 70' Road Impacts.  Comparisons [60] and [61] were 

made t o  examine i n  g r e a t e r  d e t a i l  t he  d i f f e r e n c e s  between 30 and 70 

degree  road impact r esponses .  Comparison [60] i s  f o r  helmet impacts 



(small coefficient o f  f r i c t i o n ) ,  and Comparison [61]  i s  for no-helmet 

impacts (larger coefficient of f r i c t i o n ) .  Except for magnitude d i f fe r -  

ences, these comparisons for 6-foot fa11 heights a re  very similar t o  

those for 3- foo t  f a l l  heights ([62] and [ 6 3 ] ) .  The plots in Figure 

5-14 i l l u s t r a t e  some of the resul ts  of these comparisons. 

Head/neck dynamic responses for the helmet and no-helmet conditions 

have been previously described in Sections 5 . 2 . 4  and 5 . 2 . 5  for the 30' 

road and  70' road base1 ine simulations. For low angle impacts the 

overall body action i s  one of sliding while a t  higher angles the action 

i s  one of tumbling (see Figures 5-8 and 5-1 0 ) .  These general d i f fe r -  

ences cause neck response t o  be very different  for the two impact 

orientations.  Frictional forces have a significant effect  on sliding 

and tumbling and on the resultant neck responses. For l o w  angle impacts, 

larger coefficients of f r ic t ion  are  detrimental since they resul t  i n  a 

greater resistance t o  sl iding and thereby allow the body mass t o  have 

a greater effect  by driving i n t o  the neck. A t  higher angles, the 

larger coefficients of f r ic t ion  a s s i s t  the tumbling action, which i s  

beneficial since i t  reduces the impact of body mass on the neck. The 

opposite effects of f r ic t ion  in low angle and high angle impacts i s  

made evident by examination of  the compressive forces o n  the neck. The 

neck compression forces of a n  unhelmeted cyc l i s t  [61] are  greater for 

the 30 degree impact than for the 70  degree impact, while neck com- 

pression o f  a helmeted cyc l i s t  [60] i s  greater for the 70 degree impact.* 

* The role ~f the body mass i n  generating neck forces a n d  torques i s  
also clearly demonstrated in Plots [47]  a n d  [48] of Appendix D ,  which 
show that without the effect of body mass, torques and  forces o n  the 
neck are  markedly reduced even though the reductions i n  peak head 
contact forces a re  relat ively small. 
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For the unhelmeted cycl i s t ,  the 30 degree impact i s  a1 so found t o  

be more serious w i t h  respect  to upper and lower neck injury than the 

70 degree impact. While condyles f lexion torque i s  decreased to a 

safe  level a t  30° from a value 2 . 4  times the tolerance level a t  70°, 

the e f f ec t  of impact or ienta t ion angle on the condyles extension torque 

i s  of overriding importance, fo r  i t  i s  nearly ten times the tolerance 

level a t  30° while only 2 . 4  times the to1 erance a t  70'. For the 

helmeted cycl i s t ,  however, the 70 degree impact i s  found t o  be the more 

severe i f  upper [or lower) neck torques a r e  used as  c r i t e r i a .  Peak 

condyles extension torques a r e  nearly equal for  the 30 and 70 degree 

impacts and only 15% and 11% greater  than the in jury  tolerance l eve l ,  

b u t  the condyles f lexion torque i s  three times the to1 erance level for  

the  70 degree impact while 1 ess than ha1 f for  the 30 degree impact. 

Wi th  regard t o  HIC response, the more ver t ica l  impact i s  more 

severe f o r  both the helmeted and unhelmeted motorcycl i s t s .  For helmet 

impacts, HIC i s  3.5 times as large  a t  70' a s  a t  30°, and for  unhelmeted 

head impacts against  the road, HIC i s  1.8 times as  large  a t  the 70' 

body or ienta t ion.  

I t  i s  in teres t ing to note, however, t ha t  the peak magnitudes of 

normal head contact  force a r e  about the same for 30' and 70' impacts. 

This i s  fur ther  indication t ha t  the magnitude of the impact force i t -  

se l f  i s  primarily d ic ta ted  by the head mass the head or helmet material 

charac te r i s t i c s .  The duration of the contact  force may, however, be 

influenced by the body mass as indicated by the comparison o f  30' and 

70' impacts for the helmet condition [60]. 



5 .3 .3  Effects of Head and Neck I n i t i a l  Position o n  Simulation 
Resul t s  

5.3.3.1 Road Impacts: Genera? . For the road impact simulations, 

and especia l ly  the low angle (30") road impacts, the response of the 

head and neck were found t o  be dependent on the head/helmet-road co- 

e f f i c i en t  of f r i c t i o n  as discussed in Section 5.3.1 and in Sections 

5.2.4 and 5.2.5. A part  of t h i s  dependency has to do w i t h  the orien- 

t a t ion  o f  the force vector o n  the head ( i  . e . ,  the vector sum of normal 

and f r i c t iona l  forces)  r e l a t i ve  t o  the positions of the head center  o f  

gravi ty  and upper and lower neck jo in t s .  Since the i n i t i a l  or ienta t ions  

of the head and neck a1 so bear o n  these geometric re la t ions ,  an additional 

computer run was made for  both the low angle and high angle road impacts 

i n  which the head and neck or ienta t ions  a t  impact were changed. In both 

these cases the upper and/or lower neck jo in t s  were flexed fur ther  fo r -  

ward so that  the head/road angle was increased r e l a t i ve  to  the baseline 

runs. These positions have been previously described and a r e  i l l u s t r a t e d  

in Figures 3-8 and 3-9. 

5 . 3 . 3 . 2  70' Road Impacts. In Appendices C and D y  comparison [25]  

gives the r e su l t s  for  the helmet and no-helmet 70' road impacts with 

increased neck f lexion.  Comparisons [23] and [69] show more c l ea r l y  

the e f fec t s  of i n i t i a l  neck f lexion by comparing r e su l t s  from increased 

neck f lexion with r e su l t s  from baseline head/neck or ienta t ion fo r  u n -  

helmeted and helmeted cases ,  respectively.  Figures 5-15 and 5-16 show 

some of the plots .  

For the no-helmet case t h i s  new i n i t i a l  position r e su l t s  i n  l i t t l e  

s ign i f i can t  change in normal head contact force ,  head resu l t an t  accel-  

era t ion,  HIC or to ta l  head ro ta t ion ,  b u t  the i n i t i a l  spike in head 
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2 2 angular accelerat ion i s  nearly doubl ed (.-29000 rad/sec t o  -47000 rad/sec ) . 
More s ign i f i can t ly ,  the more flexed position s ign i f i can t ly  reduces the 

to ta l  flexion excursion a t  t h i s  jo in t .*  The major e f fec t  i s  a  marked 

reduction in upper neck jo in t  peak flexion torque from over 3900 i n-1 bs 

to  a value very near the to1 erance 1 imi t -- about 1600 in-1 bs. Motion 

of the lower neck j o in t  i s  affected t o  a  much l e s s  degree and r e su l t s  

in a reduction of flexion torque from about 10800 in-1 bs t o  about 9500 

in- lbs .  Compressive and shear forces on the neck show similar  reductions 

for the more flexed i n i t i a l  posit ion.  

For the helmet case, HIC i s  reduced, by a fac tor  of four,  because 

of s ign i f i can t  overall reduction of the head resu l tan t  accelerat ion 

time history.  In t h i s  new or ienta t ion the tendency toward i n i t i a l  

upper neck j o i n t  hyperextension i s  removed and the upper neck jo in t  

goes into immediate f lexion.  This i s  ref lec ted in the head angular 

accelerat ion curve by a much ea r l i e r  peak of comparable magnitude t o  

the baseline run. This has the des i rable  e f fec t  of completely remov- 

ing the upper neck i n i t i a l  extension torques, which were in excess of 

tolerance l im i t s ,  and a lso  r e su l t s  in reduced flexion forques (5000 

in-lbs t o  4300 in -1  bs) since the  total  excursion from the i n i t i a l  

or ienta t ion i s  a lso  reduced. Motion a t  the lower neck jo int  i s  s imilar  

b u t  somewhat l e s s  severe than fo r  the baseline run, and peak flexion 

torques a r e  about the same. Compressive forces a t  the neck a r e  re- 

duced 15 to 20 percent; peak values of shear forces a r e  changed 1 i ttl e 

in the posit ive direction and reduced s ign i f i can t ly  i n  the negative 

di rect ion.  

* I t  should be pointed o u t  tha t  the j o i n t  torques were always s e t  to 
zero a t  i n i t i a l  upper and lower neck jo in t  angles. 
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In terms of  neck injury, then, the major effect  of the increased- 

flexion orientation for 70' road impact i s  t o  reduce the 1 i kel i hood of 

injury a t  the upper neck joint by reducing b o t h  extension torque and 

flexion torque. Flexion torque for the no-helmet case i s  reduced much 

more significantly than for the helmet case, i . e . ,  the helmet has re- 

la t ive ly  less  positive effect  on likelihood of upper neck injury for 

th is  orientation. In terms of head injury, however, the relat ive 

benefits of the helmet a re  increased for increased i n i t i a l  neck flexion. 

5.3.3.3 30' Road Impacts. Comparison [15] in Appendices C and D 

contrasts helmet and no-helmet resul ts  for the 30' road impact with in- 

creased in i t i a l  neck flexion, and comparisons [13] and [I41 contrast 

the increased in i t i a l  flexion resul ts  for helmet and no helmet, respect- 

ivel y, with base1 ine resul ts .  Figures 5-17 and 5-18 show some of these 

resu l t s .  For the helmet case, peak head resultant acceleration i s  

reduced by 5 percent, HIC i s  reduced by about 25 percent and peak positive 

and  negative values of head angular acceleration are  increased dra- 

matically. Head rotation shows a n  immediate flexion of about 20 degrees 

primarily as a resul t  of increased in i t i a l  flexion a t  the upper neck 

joint ;  t h i s  response i s  not present in the baseline run. This resul ts  

in a significant increase in peak upper neck flexion torque (from 761 t o  

2727 in- lbs) .  The lower neck goes into in i t i a l  extension as i t  does in 

the base1 ine run b u t  returns much earl i e r  (.at about 20 msec) t o  flexion. 

This causes a small peak lower neck joint flexion torque of  481 I bs 

which did not occur for the baseline run. Compressive forces on the 

neck showed 1 i t t l e  change while negative shear forces increased from 

a b o u t  300 1 bs t o  about 700 1 bs. 
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For the no-helmet case,  the changes were more s ign i f i can t  and 

dramatic. The more flexed i n i t i a l  or ienta t ion r e su l t s  in a  complete 

reversal of head rota t ion a t  both the upper and lower neck jo in t s  so 

t ha t ,  in s p i t e  of the higher coef f i c ien t  of f r i c t i o n ,  the motion i s  

s imilar  to  tha t  for  the helmeted condition. HIC increases from 7600 

to 11300, peak head resu l tan t  accelerat ion increases from 398 t o  444 G's 

and head angular accelerat ion reverses i t s  i n i t i a l  direct ion and nearly 

doubl es in magnitude. The reversal s  in jo in t  motion resul t in reversal s  

a t  the upper neck jo in t  from extension torques to  flexion torques of 

comparable magnitudes (about 5000 in-1 bs) and reversals  a t  the lower 

j o in t  from primarily extension torque to  primarily f lexion torque of 

s ign i f i can t ly  increased magnitude (2400 in-lbs peak extension torque to 

9900 in-1 bs peak f lexion torque) .  

For 30' road impacts, r e l a t i ve  t o  the unhelmeted condit ions,  the 

helmeted condition i s  perhaps even more beneficial for  the increased 

flexion case than for  the base1 ine case for  30' road impact -- for  both 

head and neck injury.  HIC i s  92 percent l e s s  ( f o r  helmet simulations 

[13]), resul tant  accelerat ion i s  71 percent l e s s ,  and peak head angular 

accelerat ion i s  76 percent 1 e s s ,  Neck jo in t  torques a r e  s ign i f i can t  

only in flexion and a r e  44 percent l e ss  a t  the upper jo in t  (2727 vs. 

4907 in-1 bs) and 95 percent 1 ess (482 vs .  991 1 in-1 bs) a t  the 1 ower jo in t .  

5 .3 .3 .4  Head-Truck and Chest-Truck Impacts. For the head-truck 

impact condition one additional run was made fo r  the no-helmet case 

a t  a  new i n i t i a l  position i n  which the head and neck a re  flexed fur ther  

forward (see  Figure 3 -5 ) .  Comparisons of the r e su l t s  of t h i s  run 

with those from the baseline head-truck impact a r e  given i n  Appendices 



C and D by compar ison [3] .  F i g u r e  5-1 9 shows some o f  t h e  g r a p h i c a l  

r e s u l t s .  I n  genera l  t h e  r e s u l t s  f o r  t h e s e  two i n i t i a l  p o s i t i o n s  a r e  

q u i t e  s i m i l a r ,  t h e  m a j o r  changes be ing  o f f s e t s  i n  t i m e  and a n g u l a r  

p o s i t i o n .  Changes i n  peak va lues  a r e  r e l a t i v e l y  m ino r  and i t  can be 

expected t h a t  t h e  r e l a t i o n s  between he lmet  and no-helmet b a s e l i n e  r u n s  

d e s c r i b e d  i n  S e c t i o n  5.2.2 would n o t  be s t r o n g l y  a f f e c t e d  by t h i s  change 

i n  i n i t i a l  p o s i t i o n .  

For t h e  c h e s t - t r u c k  impacts ,  two a d d i t i o n a l  i n i t i a l  p o s i t i o n s  were 

chosen f o r  b o t h  helmet and no-helmet base1 i n e  s i m u l a t i o n s .  Comparison 

[43] c o n t r a s t s  he lmet  and no-helmet r e s u l t s  f o r  impac t  w i t h  t h e  head 

and neck f l e x e d  f u r t h e r  f o r w a r d  as  shown i n  F i g u r e  3-6. Comparison 

[44] g i v e s  t h e  r e s u l t s  f o r  impac t  w i t h  t h e  head and neck extended back- 

ward as i l l u s t r a t e d  i n  F i g u r e  3 - 7 .  Comparisons 6451, 6461, and [53]  

c o n t r a s t  t h e  helmeted r u n  r e s u l t s  f o r  t h e  v a r i o u s  comb ina t ions  o f  t h e  

t h r e e  d i f f e r e n t  i n i t i a l  p o s i t i o n s .  F i g u r e  5-20 shows some o f  t h e  com- 

p a r i  sons between t h e  head-forward and head-back i n i t i a l  p o s i t i o n s .  I n  

genera l ,  t h e  magni tudes of peak neck t o r q u e s  and e l o n g a t i o n  f o r c e s  

i n c r e a s e  w i t h  head/neck e x t e n s i o n  and decrease w i t h  head/neck f l e x i o n .  

P o s i t i v e  shear f o r c e s ,  on  t h e  o t h e r  hand,show s i g n i f i c a n t  i n c r e a s e s  

f o r  i n i t i a l  e x t e n s i o n  r e l a t i v e  t o  i n i t i a l  f l e x i o n .  Torque i n c r e a s e s  

a r e  most  d r a m a t i c  a t  t h e  l o w e r  neck, where t h e  peak e x t e n s i o n  t o r q u e  

was 143 p e r c e n t  g r e a t e r  f o r  t h e  head-back i n i t i a l  c o n d i t i o n  than  f o r  

i n i t i a l  f l e x i o n  (-1706 i n - 1  bs t o  -4146 i n - 1  b s ) .  A t  t h e  upper neck j o i n t  

t h e  i n c r e a s e  was 40 pe rcen t ,  f rom -2346 i n - l  bs t o  -3440 i n - 1  bs. 

Comparison o f  t h e  response cu rves  o f  P l o t s  [44] and [45] w i t h  those  

f o r  t h e  b a s e l i n e  c h e s t  impact ,  P l o t  [ l ] , c o n f i r m s  t h a t  t h e  response 
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differences between helmet and no-helmet runs in a l l  of these i n i t i a l  

positions a re  essen t ia l ly  the same. Thus the resu l t s  described in 

Section 5.2.3 a re  t rue  regardless of the i n i t i a l  posit ion.  I t  should 

be noted, however, tha t  for  i n i t i a l  neck extension, the detrimental 

e f fec t s  of the helmet r e l a t i ve  t o  the no-helmet case fo r  upper neck 

jo in t  torque a re  substant ia l ly  reduced ([I] ,  1 4 4 3 ) .  

5 . 3 . 4  Effects of Muscle Tension Level. All base1 ine runs were 

fo r  neck muscle model parameters s e t  to  values fo r  a typical young male 

adul t  w i t h  muscles act ivated to  50% of maximum potent ia l .  The import- 

ance of t h i s  somewhat a rb i t ra ry  model i ng of muscl e was evaluated by 

making simulations w i t h  these parameters a l tered t o  represent muscle 

ac t ivat ion a t  10% of  maximum for  1 0  and 20 mph head-truck and chest- 

truck impacts and 20 mph road impacts fo r  a 6-foot f a l l  height. R u n  

numbers and comparisons numbers for  these r e su l t s  can be found i n  

Tables 5-2 and 5-3. 

Varying muscle ac t ivat ion 1 eve1 from 50% t o  10% i s  found t o  have 

no s ignif icant  e f fec t  for  20 mph impacts, except fo r  the 70' road impact 

case. Examination of plots  and tabular  comparisons shows the e f fec t s  

of t h i s  var ia t ion to  be even smaller for  10  mph impacts. (All compari- 

sons discussed below a re  for  20 m p h ,  helmet impacts.) For 20 mph head- 

truck impacts, H I C  changes by only 2%, peak head resu l tan t  accelerat ion 

by I % ,  and peak neck compression force by only two pounds out of 990 1 bs 

6511. The most s ign i f i can t  differences fo r  t h i s  type of impact a r e  fo r  

upper neck flexion and extension torques, which a r e  1 2 %  and 16% greater ,  

respectively,  for  the 10% muscle ac t ivat ion simulation. Differences 

for  the 20 mph chest impact simulations a r e  hardly more s ign i f i can t  [ 5 2 ] .  



Neck compression force i s  greater  by 11% for  the lower muscle tension 

l eve l ,  for  example, while upper neck torques a re  d i f fe ren t  by l ess  t h a n  

1 2 % .  HIC i s  29% greater  for  the 10% muscle ac t ivat ion l eve l ,  b u t  the 

HIC values fo r  these two chest impact simulations a re  small,  so a 29% 

difference i s  n o t  important. The plots  in Figure 5-21 for the 20 m p h  

chest impacts a re  i l l u s t r a t i v e  of the types of differences which occur 

fo r  variat ion of the muscl e ac t ivat ion from 50% of maximum isometric 

potential t o  10%. 

Differences fo r  30' road impact simulations a re  no more s ign i f i can t  

t h a n  those fo r  the seated-orientation impacts [49]. HIC values, fo r  

example, d i f f e r  by 2% while peak neck compression forces a re  almost 

identical  . The most important differences a re  f o r  extension torques 

a t  the upper and lower neck jo in t s .  For the 10% muscle ac t ivat ion l eve l ,  

these torques a r e  36% greater  and  39% l e s s ,  respectively.  The most signi-  

f i can t  differences occur fo r  the 70" body or ienta t ion fo r  road impacts 

[50]. While peak values f o r  most of the response variables a r e  n o t  

affected s ign i f i can t ly  by varying the muscle ac t ivat ion 1 eve1 , HIC i s  

34% less  fo r  10% activation -- 2933 as compared with 4440. Neck com- 

pression force d i f f e r s  by 2% and  upper neck flexion and  extension tor-  

ques decrease by 1 1 %  a n d  18%, respectively.  

Examination of the helmet versus no-helmet plots  and  tabular  com- 

parisons fo r  b o t h  the 10% and  502 muscle tension runs fo r  the four 

simulation conditions l36,37,38,39(10%) ; 2,1,4,18(50%)] shows t h a t  t h i s  

change in muscle tension mostly has no s ign i f i can t  e f fec t  on the re la-  

tionships of response parameters fo r  the helmet and no-helmet condit ions.  

For example, the difference between helmet-induced reduction of peak 
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head resul tant  accelerat ion for  the 10% and 50% muscle tension runs i s  

n o t  greater  than two percent of the no-helmet response for  any of the 

four base1 ine configurations. The only difference of significance i s  

fo r  the upper neck torque for  the 70' road impact. A t  50% muscle ten- 

sion the peak extension torque fo r  the helmet conditions was l ess  than 

for  the no-helmet condition by about 50% while a t  10% muscle tension 

the peak torques a r e  nearly equal. Peak torques fo r  the two helmet 

simulations a re  about the same (560 and 497 i n - l b s ) ,  however, the per- 

centage reductions being d i f fe ren t  primarily because of the differences 

between the no-helmet simulation torques. 

5 . 3 . 5  1 0  vs. 20 mph Horizontal Velocity. The baseline horizontal 

velocity for  simulations i n  t h i s  study was selected a f t e r  some preliminary 

runs were made for  10 ,  20 and 30 mph ve loc i t i e s .  I t  was decided t o  use 

20 mph for  the majority of simulations since 20 mph i s  a  moderate and 

typical velocity which, on the basis of the investigatory simulations, 

seemed t o  be near the upper 1 imit of survivable impacts. In order t o  

examine the e f fec t  of horizontal velocity on simulation resul t s ,  however, 

1 0  mph runs were a lso  made fo r  each of the base1 ine helmet and no-helmet 

impacts. For road impacts of equal f a l l  height and impact or ienta t ion,  

i t  i s  c lea r  t ha t  there can be no differences between responses for  

horizontal ve loc i t i e s  of 1 0  and 20 m p h  except for  differences caused by 

a dependence of s l id ing f r i c t i on  force on s l id ing speed. Except for  

s l id ing speeds near zero, however, a  s l id ing f r i c t i on  force (Coulomb 

f r i c t i o n )  i s  independent of s l id ing speed, being simply the product of 

the coeff ic ient  of f r i c t i on  and the normal component of  the contact 

force.  Thus, 1.t i s  not surprising that  there i s  v i r tua l ly  no difference 



between the simulation responses fo r  10 and 20 mph ve loc i ty ,  30' road 

impacts for  a helmeted c y c l i s t  [34]; through 100 msec, the r e l a t i ve  

ve loc i t i e s  between the road and a1 1 parts  of the c y c l i s t ' s  body in con- 

t a c t  w i t h  the road remain, f o r  the most pa r t ,  su f f i cen t ly  greater  than 

zero ( >  - 10 in/sec for  simulations) even fo r  the 10  mph horizontal 

impact veloci ty  t ha t  the  dependence on s l id ing speed i s  not a f a c to r .  

For the  70' road impacts, however, differences do r e s u l t  fo r  1 0  

and 20 mph horizontal ve loc i t i e s  ( see  Comparison [35] of Appendix C ) ,  

and they cannot be t o t a l l y  neglected. The 20 mph simulation shows a 

more severe response, although the only response variables fo r  which 

the differences a r e  s i gn i f i c an t  a re  HIC, which i s  56 percent greater  

(4440 vs. 2842), and peak lower neck extension torque, moderate f o r  

20 mph a t  489 in-1 bs as compared w i t h  zero fo r  10  rnph.  Despite the 

lack of d i f ference between 10 and 20 mph r e su l t s  f o r  30' road impacts, 

these differences fo r  the 70' or ienta t ion were not completely unanticipated.  

I t  has already been seen in Sections 5.2.4,  5.2.5, and 5.3.1 t ha t  re- 

sponse fo r  road impacts i s  more sens i t ive  t o  f r i c t i o n  fo r  the 70' o r i -  

entat ion than fo r  30°. The 10 and 20 mph r e su l t s  f o r  70' d i f f e r  because 

the r e l a t i v e  veloci ty  between the  helmet and the road reaches values 

near zero fo r  the  1 0  mph simulation. This happens a t  70' while not a t  

30° because the head angular motions ( v e l o c i t i e s )  a r e  opposite in d i r -  

ection fo r  the two or ien ta t ions .  Nonetheless, horizontal veloci ty  a t  

impact can probably be considered a minor fac to r  f o r  road impacts. 

Differences of much greater  magnitude r e s u l t  between 10 and 20 

rnph impacts for  both the head- t ruc  k and chest-truck configurations.  

Plot/Comparison [32] contras ts  10 and 20 mph head-truck helmet simu- 

l a t i ons .  Figure 5-22 i l l u s t r a t e s  some of these rest17 t s .  The 
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r e d u c t i o n s  i n  peak va lues  f o r  - a l l  i n j u r y - r e l a t e d  parameters f o r  10 m p h  

a r e  d ramat i c .  Ten mph peak va lues  a r e  s m a l l e r  than  20 mph peak va lues  

by about  40 t o  80%. Head r e s u l t a n t  a c c e l e r a t i o n ,  c o n t a c t  f o r c e ,  and 

H I C  a r e  l e s s  by 51%, 49%, and 83%, r e s p e c t i v e l y ,  H I C  be ing  o n l y  564 i n  

compar ison w i t h  3317 f o r  t h e  20 mph impact .  Peak head a n g u l a r  a c c e l e r a t i o n  

and upper  neck t o r q u e  a r e  63% and 58% l e s s ,  r e s p e c t i v e l y ,  a t  10  rnph. 

Even g r e a t e r  r e d u c t i o n s  i n  response magni tudes r e s u l t  a t  10 mph 

f o r  c h e s t - t r u c k  impacts  f o r  t h e  helmeted c y c l i s t  [33]. Some o f  t h e  

responses f o r  10 and 20 mph c h e s t - t r u c k  impacts  a r e  i l l u s t r a t e d  i n  

F i g u r e  5-23. Ten mph peak v a l u e s  a r e  sma l l  e r  than  20 mph peaks by 50 

t o  90% f o r  a l l  responses.  The peak c h e s t  l o a d  a t  10  mph i s  o n l y  1179 

1 bs i n  compar ison w i t h  5540 1  bs a t  20 mph, t h e  10 mph impac t  energy 

be ing  i n s u f f i c i e n t  t o  l o a d  t h e  c h e s t  i n t o  t h e  s t i f f  r e g i o n  o f  t h e  

s t a t i c  l o a d i n g  c u r v e  shown i n  S e c t i o n  2.2.2 ( F i g u r e  2 - 8 ) .  I n  terms o f  

l e s s e n i n g  t h e  1  i k e l  i hood o f  i n j u r y ,  t h e  most s i g n i f i c a n t  r e d u c t i o n s  o f  

peak responses a t  10  mph a r e  f o r  upper neck f l e x i o n  and e x t e n s i o n  t o r -  

ques, wh ich a r e  lower  by about  70%. H I C  i s  90% l e s s ,  b u t  i t s  v a l u e  

even a t  20 mph i s  smal l  (41 9 ) .  

F i g u r e s  5-24 and 5-25 i l l u s t r a t e  some o f  t h e  response cu rves  f o r  

helmet/no-helmet comparisons f o r  10  mph impacts ,  i .e., except  f o r  t h e  

l o w e r  impact  v e l o c i t y ,  t h e s e  comparisons a r e  1 i ke t h e  he lmet lno-he lmet  

comparisons d i scussed  i n  S e c t i o n s  5.1.2 and 5.1.3 f o r  head- t ruck  and 

c h e s t - t r u c k  base1 i n e s .  Head- t ruck  r e s u l  t s  f o r  1 0  mph [29]  ( F i g u r e  5-24) 

show even more c l e a r l y  than  20 mph r e s u l t s  t h e  b e n e f i t s  o f  t h e  he lmet .  

Peak head r e s u l t a n t  a c c e l e r a t i o n  i s  reduced by 60% t o  120 g ' s  f rom 

n e a r l y  300 g ' s  f o r  t h e  unhelmeted c y c l i s t .  H I C  i s  d r a m a t i c a l l y  reduced,  
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F i g u r e  5-25.  S e l e c t e d  P l o t s  f rom Comparison [28] 



from 2573 t o  564. For 1 0  mph chest-truck simulations [28] (Figure 5-25), 

the rel ations between helmet and no-helmet responses a r e ,  i n  general, 

similar t o  those a t  20 m p h ,  w i t h  the helmet case having higher peak 

values in flexion for the neck injury parameters a n d  lower peak values 

for  head angular and resul tant  accelerations. In a l l  cases, however, 

the peak values are  well below injury tolerance levels  and therefore 

indicate small 1 i  kel i  hood of neck injury a t  10 m p h  for  ei ther the no- 

helmet or helmet condition. 

5.3.6 3-Foot Vs. 6-Foot Fall Height. For the road impacts, a f a l l  

height of six fee t  was chosen for  a1 1 the base1 ine a n d  most of the 

expanded matrix simulations. This was considered to  be a typical tra- 

jectory height that  a motorcyclist might achieve during ejection,  and 

i t  r e su l t s  in a vert ical  impact velocity of 19.5 f t / s ec .  In order t o  

examine the effect  of f a l l  height ( i . e . ,  vertical impact velocity)  and 

to  expand the interpretat ion of these road impact simulation resu l t s ,  

helmet and no-helmet runs were also made for base1 ine conditions with 

the vert ical  impact velocity reduced t o  13.9 f t / s ec ,  corresponding t o  

a f a l l  height of three f ee t .  

Comparison [55] contrasts  three-foot and six-foot f a l l  height resu l t s  

for  helmet, 70°-road impacts. Some of the response curve comparisons 

are  shown in Figure 5-26. Examination of tabular comparison 1551 shows 

that  peak neck torques, shear forces, and compression/elongation forces,  

and also head accelerat ions,  are  roughly 1 .S  times as large for  a six- 

foot f a l l  height as for  a three-foot height. The factors for  nearly a l l  

of these responses l i e  w i t h i n  the range 1 . 3  t o  1 . 7 .  H I C  i s  more sensi t ive ,  

being 2 . 4  times as large for six fee t  as for  three. The response curves 

have generally similar shapes. 
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Figure 5-26.  Selected Plots from Comparison [55 ]  (Page 1 o f  2 )  





Comparison 1541 gives helmet vs. no-helmet resul ts  for 70 degree 

road impacts from three f e e t .  The plots in Figure 5-27 i l l u s t r a t e  some 

of  the responses. I f  the plots a n d  tabular comparisons for the three- 

foot fa11 height, helmet/no-helmet resul ts  are compared w i t h  the base- 

l ine  ( s ix  f e e t )  comparisons 6181 (Section 5 . 2 . 5 ) ,  i t  i s  found tha t ,  in 

genera1 , the shapes and re1 at ive magnitudes of the helmet and no-helmet 

response curves are about the same for the two heights. For most re- 

sponses, however, the lower fa11 height gives reductions of peak values 

for no-helmet impacts that are  relat ively larger than for helmet impacts 

so that there i s  s l ight ly  less  re la t ive  benefit from the helmet in the 

three-foot f a l l s  t h a n  in six-foot f a l l s .  A t  the three-foot f a l l  height, 

the helmet reduces HIC by 58 percent from 4385 to  1835. This i s  similar 

t o  the percentage reduction a t  six fee t  (682; 14009 t o  4440) b u t  may be 

more significant since the reduced value i s  not markedly greater than 

the to1 erance 1 eve1 . 
Comparisons [57] and [56] i n  Appendices C and D are for the 30 degree 

road impact response curves for three-foot vs. six-foot f a l l  height 

helmet simulations [57] and helmet vs. no-helmet resu l t s  for a three- 

foot f a l l  height [56] .  Figures 5-28 and 5-29 show some of the curve 

compari sons. Exami nation of tabu1 ar  comparison [57] shows peak head 

accelerations and neck torques, shear forces, and  compression/elongation 

forces t o  be on the order of 1.3 times as large for the six-foot f a l l  

height as for three. The factors for  almost a l l  of these responses are 

in the range 1 .1  t o  1 . 6 .  As was found for the 70 degree body orientation 

impacts, HIC i s  the response parameter most sensit ive t o  variation of 

f a l l  height, being 2 . 2  times as large for the six-foot height as for 

three ( fo r  helmet impacts). 
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The shapes o f  t h e  he lme t  and no-he lmet  r esponse  c u r v e s  and t h e  

r e l a t i o n s h i p s  between t h e i r  magn i t udes  a r e  v e r y  s i m i l a r  f o r  t h e  30" 

r oad ,  t h r e e - f o o t  f a l l  h e i g h t  s i m u l a t i o n s  [56]  and t h e  s i x - f o o t  f a l l  , 

b a s e l i n e  r u n s  [4]  ( S e c t i o n  5 . 2 . 4 ) .  S i n c e  t h e  pe r cen tage  r e d u c t i o n s  o f  

peak v a l u e s  e f f e c t e d  by  t h e  he lme t  a r e  v e r y  n e a r l y  t h e  same f o r  t h r e e -  

f o o t  and s i x - f o o t  f a l l  h e i g h t s ,  t h e  r e l a t i v e  b e n e f i t s  o f  t h e  he lme t  may 

be  c o n s i d e r e d  t o  be i ndependen t  o f  f a l l  h e i g h t  i n  t h e  t h r e e  t o  s i x  f o o t  

r ange  f o r  30' r o a d  i m p a c t s .  The r esponse  f o r  wh i ch  t h e  r e l a t i v e  bene- 

f i t  o f  t h e  he lme t  d i f f e r s  mos t  f o r  t h e  two f a l l  h e i g h t s  i s  HIC, wh i ch  

i s  decreased  by  t h e  he lme t  f r o m  2686 t o  579 ( 78%)  f o r  t h e  t h r e e - f o o t  

h e i g h t  and f r o m  7621 t o  1266 (83%) f o r  t h e  s i x - f o o t  h e i g h t .  The HIC 

r e d u c t i o n  i n  each i n s t a n c e  i s  s i g n i f i c a n t ,  p a r t i c u l a r l y  t h e  r e d u c t i o n  

f o r  t h e  t h r e e - f o o t  h e i g h t  t o  a  v a l u e  s u b s t a n t i a l l y  be low t h e  i n j u r y  

t o 1  e rance  1  i m i  t. 

5.3.7 E f f e c t s  o f  I n i t i a l  Angu la r  V e l o c i t y .  Base1 i n e  c o n d i t i o n s  

f o r  . s imu la ted  r o a d  impac t s  i n c l u d e  a  f o r w a r d  r o t a t i o n a l  v e l o c i t y  f o r  

t h e  m o t o r c y c l i s t  a t  t h e  i n s t a n t  o f  impac t .  T h i s  i s  a p p r o p r i a t e  s i n c e  

a  m o t o r c y c l i s t  i n i t i a l l y  o r i e n t e d  i n  an u p r i g h t  sea ted  p o s i t i o n  mus t  

undergo a  f o r w a r d  r o t a t i o n  d u r i n g  t h e  t i m e  o f  t h e  e j e c t i o n  and f a l l  i n  

o r d e r  t o  r e a c h  an o r i e n t a t i o n  f o r  head impac t  w i t h  r o a d .  The b a s e l i n e  

v a l u e  o f  100 degrees  pe r  second was d e r i v e d  as an e s t i m a t e  o f  a  t y p i c a l  

a n g u l a r  v e l o c i t y .  I n  o r d e r  t o  assess  t h e  s i g n i f i c a n c e  o f  t h i s  f a c t o r ,  

a d d i t i o n a l  r o a d  impac t  r u n s  were made f o r  base1 i n e  c o n d i t i o n s  b u t  w i t h  

t h e  a n g u l a r  v e l o c i t y  r educed  t o  z e r o .  Comparisons [9 ]  and [ l o ]  c o n t r a s t  

30" r o a d  i m p a c t  r e s u l t s  f o r  i n i t i a l  a n g u l a r  v e l o c i t i e s  o f  0 and 100 deg/ 

sec, Comparison [9]  f o r  he lme t  impac t s  and Comparison [ l o ]  f o r  no -?e lmet  



impacts. A s imi lar  comparison i s  made for  helmet impacts f o r  the  70' 

road configurat ion [26] .  

The 30 degree road impacts with no i n i t i a l  angular ve loci ty  [9,10] 

show s l i g h t  reductions in peak values of most response parameters. In 

general the  reductions a r e  on the  order of ten percent from r e s u l t s  of 

the  100 deg/sec simulat ions.  The reductions a r e  nearly the  same fo r  

both helmet and no-helmet cases ,  i . e . ,  t he re  i s  no d i f f e r e n t i a l  de- 

pendence on i n i t i a l  angular ve loci ty  fo r  the  helmet and no-helmet cases .  

This may be seen a lso  from the  s i m i l a r i t y  of Comparisons [4] and [ 1 2 ] ;  

these  a r e  the  helmet/no-helmet comparisons f o r  30' road impacts with 

100 deg/sec and 0 deg/sec angular v e l o c i t i e s ,  respect ive ly .  

For the 70 degree road impact, the  e f f e c t  of reducing the  i n i t i a l  

angular ve loc i ty  i s  general ly even l e s s  than fo r  30 degree road impacts 

[26]. The small d i f ferences  t h a t  do r e s u l t  a r e  s l i g h t  increases fo r  

most parameter peak values.  This i s  opposi te  t o  t h a t  seen a t  30 de- 

grees and i s  due to  the  d i f ference  between tumbling ( 7 0 ° ) ,  where forward 

angular ve loc i ty  i s  benef i c i a l ,  and s l  iding ( 3 0 ° ) ,  where forward angular 

ve loci ty  i s  detr imental .  The only s i g n i f i c a n t  d i f ference  i s  in the  peak 

lower neck f lexion torque, where an increase of 22 percent occurred f o r  

the case of zero angular ve loc i ty .  While no zero angular ve loci ty  runs 

were made f o r  70' road impacts fo r  the  no-helmet case ,  i t  m i g h t  be 

expected t h a t  the  increase would be a t  l e a s t  as  g rea t  fo r  t h a t  case.  

(Since the coe f f i c i en t  of f r i c t i o n  i s  higher for  the  no-helmet case ,  

the  angular ve loc i ty  i s  probably more b e n e f i c i a l ) .  Thus, the  compari- 

sons between helmet and no-helmet simulations f o r  the case of no angular 

ve loci ty  would a t  l e a s t  be s imi lar  t o  base1 ine 70'-road, helmetlno- 

helmet comparisons ( e . g . ,  [18]) ,  i f  not more favorable to the  helmet. 



5.3.8 E f f e c t s  of  Parameter  V a r i a t i o n s  on O v e r a l l  R e l a t i v e  B e n e f i t  

of  Helmet  Use. I n  no case  do s i m u l a t i o n  r e s u l t s  f r om  any  o f  t h e  pa ra -  

me te r  v a r i a t i o n s  d i s c u s s e d  i n  t h e  f o r e g o i n g  s e c t i o n s ,  5.3.1 t h r o u g h  

5.3.7, l e a d  t o  s i g n i f i c a n t  a l t e r a t i o n s  i n  c o n c l u s i o n s  r e g a r d i n g  t h e  

g e n e r a l  e f f e c t i v e n e s s  o f  t h e  he lmet  as de te rm ined  f r om  r e s u l t s  o f  base- 

l i n e  s i m u l a t i o n s .  The deg ree  o f  o v e r a l l  b e n e f i t  o f  he lme t  u s e  r e l a t i v e  

t o  nonuse does v a r y ,  however,  w i t h  change o f  impac t  c o n d i t i o n s .  Be- 

cause t h e  s e n s i t i v i t i e s  t o  v a r i a t i o n s  a r e  n o r m a l l y  sma l l  , no q u a n t i t a t i v e  

measure o f  t h e  o v e r a l l  e f f e c t  on t h e  r a t i o s  o f  no -he lmet  t o  he lme t  i n j u r y -  

r e l a t e d  dynamic r esponse  q u a n t i t i e s  w i l l  be d e f i n e d .  I t  i s  o f  i n t e r e s t ,  

however,  t o  n o t e  whe ther  a  paramete r  v a r i a t i o n  has a  p o s i t i v e  o r  neg- 

a t i v e  e f f e c t  w i t h  r e s p e c t  t o  r e l a t i v e  advan tage  o f  t h e  he lme t .  The 

p rocedu re  f o r  d e t e r m i n i n g  t h e  e f f e c t  o f  v a r y i n g  impac t  paramete rs  on 

t h e  degree  o f  " o v e r a l l  b e n e f i t "  o f  he lmet  use  r e l a t i v e  t o  nonuse i s  

d e s c r i b e d  be low.  " O v e r a l l  b e n e f i t "  i s  assessed from r e l a t i v e  magn i tudes  

o n l y ,  no c o n s i d e r a t i o n  b e i n g  g i v e n  t o  t o l e r a n c e  l i m i t s .  

Cons ide r ,  as  an example, t h e  b a s e l i n e  h e a d - t r u c k  impac t s  f o r  he lmeted  

and unhe lmeted  c y c l i s t s .  The pe r cen tages  by wh i ch  peak he lme t  impac t  

r esponse  magn i tudes  a r e  l e s s  ( o r  g r e a t e r )  t h a n  t h e  peak no-he lmet  r e -  

sponse magn i tudes  a r e  g i v e n  i n  t a b u l a r  compar ison  [ Z ]  . Comparison [ Z ]  

shows, f o r  example, t h a t  "HIC" i s  4 .5% l e s s  f o r  t h e  he lme t  impac t  and 

t h a t  peak " condy les  t o t a l  t o r q u e "  ( f o r  e x t e n s i o n )  i s  15.7% l e s s .  In 

o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  on  t h e s e  r e l a t i v e  b e n e f i t s  o f  v a r y i n g  

some impac t  c o n d i t i o n ,  t h e s e  pe r cen tages  f r o m  Comparison [2 ]  must  be 

compared w i t h  pe r cen tages  from a  d i f f e r e n t  compar ison  o f  he lme t  and 



no-helmet simulations fo r  which only tha t  impact condition has been 

varied.  Consider the  e f fec t  of varying horizontal impact ve loci ty  for  

the head-truck simulations from the 20 mph  base1 ine condition to  10 rnph .  

The helmet/no-helmet comparisons of peak response magni tudes a re  given 

by Comparison [29] .  I t  shows t h a t ,  a t  10 mph, "HIC" i s  7 8 . 1 W e s s  for  

the  helmeted c y c l i s t  and t h a t  peak "condyles to ta l  torque" (extension) 

i s  50.9% l e s s .  With respect  to  these two responses, a t  l e a s t ,  i t  i s  

c l ea r  t h a t  the  helmet has grea ter  r e l a t i v e  benefit  fo r  a 10 rnph 

horizontal ve loci ty  than f o r  20 m p h  in head-truck impacts. The "over- 

a l l "  e f f e c t  of the parameter var ia t ion  i s  assessed by comparing the  

percentages fo r  a1 1 of the important injury-related response var iables .  

Column 4 of Table 5-10 summarizes the r e s u l t s  s f  applying t h i s  

procedure t o  the  var ia t ions  in impact conditions used in t h i s  study. 

The parameter value column (column 3 )  gives the two parameter values 

or  conditions which were used in the  two helmet vs .  no-helmet com- 

parisons referenced in column 5. 



TABLE 5-10.  EFFECTS OF PARAMETER VARIATIONS ON OVERALL RELATIVE 
BENEFIT OF HELMET USE 

Parameter  
Paramete r  Impac t  Paramete r  Va lue  f o r  Helmet/No-Helmet 

V a r i e d  Type Va lues  G r e a t e r  R e l a t i v e .  Compar ison 
Helmet  B e n e f i t  Re fe rence  Nos. 

c o e f f i c i e n t  30"  r o a d  .2  . 6  .6  5  7  
o f  f r i c t i o n  70"  r o a d  .2  .6  . 6  2 1  2  2 

i m p a c t  
a n g l  e  r o a d  

c h e s t - t r u c k  base1 i n e  f l e x .  base1 i n e  1 4 3 
head/nec k base1 i n e  e x t .  e x t e n s i o n  1 4 4 
o r i e n t a t i o n  30"  r o a d  base1 i n e  f l e x .  f l e x i o n  4 1 5  

70' r o a d  base1 i n e  f l e x .  f l e x i o n  18 2 5 

h e a d - t r u c k  10% 50% equa 1 3 6 2 
m u s c l e  c h e s t - t r u c k  10% 50% equa l  3  7  1  
t e n s i o n  30" r o a d  10% 50% equa l  3  8  4 

70" r o a d  10% 50% equal  3  9 18  

h e a d - t r u c k  1 Omph 20mph 1 0mp h* 2 9 2 
h o r i z o n t a l  c h e s t - t r u c k  1 h p h  20mph 1 Omph 28 1 
v e l o c i t y  30" r o a d  l h p h  2 h p h  equal  3  0  4  

70" r o a d  lOmph 20mph equa l  3  1 18 

f a 1  1 30" r o a d  3 f t  6 f t  equa l  56 4 
h e i g h t  70"  r o a d  3 f t  6 f t  6 f t  54 18 

r o t a t i o n a l  30"  r o a d  0 100deg/sec.  equa l  12  4 
v e l o c i t y  

* R e l a t i v e  he lme t  b e n e f i t  i s  much g r e a t e r  a t  1  Omph t h a n  a t  20mph. 



5.4 Summary o f  Helmet v s .  No-Helmet R e s u l t s  

S e c t i o n  5.2 d i s c u s s e s  i n  some d e t a i l  t h e  he lmet  v s .  no-he lmet  com- 

p a r i s o n s  f o r  base1 i n e  c o n d i t i o n s .  S e c t i o n  5.3 d e s c r i b e s  t h e  e f f e c t s  o f  

u s i n g  o t h e r  t h a n  b a s e l i n e  v a l u e s  f o r  parameters  such as c o e f f i c i e n t  o f  

f r i c t i o n ,  h o r i z o n a l  v e l o c i t y ,  f a l l  h e i g h t ,  musc le  t e n s i o n  l e v e l ,  and 

i n i t i a l  head lneck  o r i e n t a t i o n .  A1 though e f f e c t s  o f  t h e  v a r i a t i o n s  o f  

hase l  i n e  c o n d i t i o n s  were d e s c r i b e d  by compar ing r e s u l t s  f rom e i t h e r  two 

he lmet  s i m u l a t i o n s  o r  two no-he lmet  s i m u l a t i o n s ,  f o r  many impac t  con- 

d i t i o n s  - b o t h  he lmet  and no-he lmet  r u n s  were made. T h e r e f o r e ,  i n  

assess ing  t h e  e f f e c t i v e n e s s  o f  t h e  use  o f  he lmets ,  we may examine he lmet  

v s .  no-he lmet  compar isons n o t  o n l y  f o r  t h e  base1 i n e  c o n d i t i o n s  b u t  a l s o  f o r  

many d i f f e r e n t  v a r i a t i o n s  abou t  base1 i n e  c o n d i t i o n s .  

R e s u l t s  f o r  22 d i f f e r e n t  compar isons o f  he lmet  and no-he lmet  simu- 

l a t i o n s  a r e  p resen ted  g r a p h i c a l l y  i n  F i g u r e s  5-30 t h r o u g h  5-38.  These 

f i g u r e s  i n c l u d e  i n f o r m a t i o n  f o r  a l l  f o u r  o f  t h e  b a s i c  impac t  c o n f i g u -  

r a t i o n s  s t u d i e d ,  and each s e p a r a t e  f i g u r e  compares t h e  peak v a l u e s  f o r  

a  d i f f e r e n t  response v a r i a b l e  t h a t  has t h e  p o t e n t i a l  f o r  i n d i c a t i n g  l i k e -  

1  i h o o d  o r  degree o f  head o r  neck i n j u r y . *  V e r t i c a l  dashed 1  i n e s  on 

t h r e e  o f  t h e  f i g u r e s  i n d i c a t e  t h e  i n j u r y  t o l e r a n c e  l i m i t s  d e f i n e d  i n  

S e c t i o n  4. I t  shou ld  be n o t e d  t h a t  t h e  f i n d i n g s  o f  t h i s  s t u d y  r e g a r d -  

i n g  t h e  r e l a t i v e  b e n e f i t s  o f  he lmet  use would be u n a f f e c t e d  by use 

o f  d i f f e r e n t  v a l u e s  f o r  t h e  i n j u r y  t o l e r a n c e  l i m i t s .  I t  shou ld  be 

no ted  a l s o  t h a t  w h i l e  e x p l i c i t  he lmet /no-he lmet  compar isons a r e  i n -  

c l u d e d  i n  t h e s e  f i g u r e s  f o r  head - t ruck  and c h e s t - t r u c k  b a s e l i n e  c o n d i t i o n s ,  

* Dynamic response v a r i a b l e s  a r e  d e s c r i b e d  by  T a b l e  5-7.  



t h e  he lme t / no -he lme t  compar isons  f o r  t h e  30'-road and 70 ' - road  b a s e l i n e  

c o n d i t i o n s  a r e  i m p l i c i t  -- i . e . ,  each 30"  ROAD and 70' ROAD s e c t i o n  o f  

each f i g u r e  c o n t a i n s  imp1 i c i  t l y  t h e  one a d d i t i o n a l  p r i m a r y  compa r i son  

between t h e  a d j a c e n t  b a s e l i n e  h e l m e t  and no -he lme t  b a r s  ( each  marked b y  

an  a s t e r i s k ) .  The he lme t / no -he lme t  base1 i n e  p l o t / c o m p a r i s o n  r e f e r e n c e  

numbers f o r  30"  and 70"  r o a d  s i m u l a t i o n s  a r e  [4 ]  and [18] ,  r e s p e c t i v e l y . *  

Numer i ca l  v a l u e s  f o r  t h e  peak r esponses  i l l u s t r a t e d  i n  t h e  f i g u r e s  a r e  

g i v e n  i n  T a b l e  5-11 ; f o r  each r esponse  v a r i a b l e  and f o r  each h e l m e t /  

no -he lme t  compar ison ,  t h e  1  a r g e r  pea< response  i s  shaded. 

5 .4 .1  Head-Truck I m p a c t s .  The re  i s  h i g h  p r o b a b i l i t y  o f  s e r i o u s  

b r a i n  i n j u r y  f o r  t h e  20 mph head i m p a c t  o f  a  s e a t e d  m o t o r c y c l i s t  a g a i n s t  

a  v e r t i c a l ,  r i g i d  " t r u c k "  s u r f a c e .  The HIC responses  ( F i g u r e  5-30)  

i n d i c a t e  t h i s  t o  be e q u a l l y  t r u e  f o r  he lme ted  and unhe lmeted  m o t o r c y c l i s t s  

d e s p i t e  t h e  f a c t  t h a t  peak head r e s u l t a n t  a c c e l e r a t i o n s  a r e  r educed  by  

a b o u t  o n e - h a l f  b y  t h e  h e l m e t .  A t  1 0  mph, however ,  t h e  b e n e f i t  o f  t h e  

h e l m e t  w i t h  r e s p e c t  t o  r e d u c i n g  HIC exposu re  i s  d e f i n i t e :  HIC i s  r educed  

b y  78 p e r c e n t  f r o m  a  p o t e n t i a l l y  dangerous l e v e l  t o  a  n o n - i n j u r i o u s  

1 eve1 . 
The o t h e r  r esponses  ( F i g u r e s  5-31 t h r o u g h  5 -38)  a l s o  show g e n e r a l l y  

g r e a t e r  r e l a t i v e  b e n e f i t s  f o r  t h e  he lme t  a t  1 0  mph t h a n  a t  20 mph, a l -  

t hough  t h e  d i f f e r e n c e s  a r e  n o t  as d r a m a t i c  as  f o r  HIC. O v e r a l l ,  f o r  1 0  

and 20 mph h e a d - t r u c k  i m p a c t s ,  head r e s u l t a n t  a c c e l e r a t i o n s  and a n g u l a r  

a c c e l e r a t i o n s  a r e  r educed  by o n e - t h i r d  t o  t w o - t h i r d s .  Peak head c o n t a c t  

f o r c e  i s  r educed  a p p r o x i m a t e l y  1100 t o  1200 l b s  r e g a r d l e s s  o f  i m p a c t  

* Run numbers and g r e a t e r  d e s c r i p t i o n  o f  t h e  s i m u l a t i o n  c o n d i t i o n s  t h a n  
g i v e n  i n  F i g u r e s  5-30 t h r o u g h  5-38 a r e  g i v e n  i n  T a b l e  5 - 6 .  



c o n d i t i o n s .  Neck c o m p r e s s i o n / e l o n g a t i o n  fo rces  a r e  c o n s i s t e n t 1  y sma l l  e r  

f o r  t h e  he lmet  impacts ,  p a r t i c u l a r l y  a t  10  mph, b u t  t h e  maximum f o r c e  

l e v e l s  f o r  t h i s  impac t  c o n f i g u r a t i o n  a r e  n o t  l a r g e  compared w i t h  f o r c e s  

f rom r o a d  impac ts  even f o r  t h e  unhelmeted c y c l i s t .  There  i s  1 i t t l e  

d i f f e r e n c e  between shear f o r c e s  a t  t h e  upper  neck f o r  t h e  helmeted and 

unhelmeted c y c l i s t s ,  b u t  a t  t h e  l o w e r  neck shear f o r c e  l e v e l s  a r e  

g r e a t e r  f o r  t h e  helmeted c y c l i s t ,  a l t h o u g h  n o t  s i g n i f i c a n t l y  so.  The 

most  s i g n i f i c a n t  neck t o r q u e s  r e s u l t i n g  f rom t h i s  t y p e  o f  impac t  a r e  

f o r  e x t e n s i o n  a t  t h e  upper  neck,  where magn i tudes exceed t h e  i n j u r y  

t o l e r a n c e  l e v e l  even a t  10  mph f o r  t h e  unhelmeted c y c l i s t ,  b u t  n o t  f o r  

t h e  helmeted c y c l i s t .  A t  20 mph, peak e x t e n s i o n  t o r q u e s  a r e  g r e a t e r  

( d o u b l e )  t h a n  t h e  i n j u r y  t o l e r a n c e  l e v e l  f o r  t h e  helmeted c y c l i s t  a1 so, 

b u t  f o r  a l l  c o n d i t i o n s  t h e  peak t o r q u e  i s  reduced by t h e  he lme t .  Peak 

f l e x i o n  t o r q u e s  a t  t h e  upper  neck,  on t h e  o t h e r  hand, a r e  s i g n i f i c a n t l y  

g r e a t e r  f o r  t h e  helmeted c y c l i s t ,  a l t h o u g h  magn i tudes o n l y  j u s t  r e a c h  

t h e  i n j u r y  t o l e r a n c e  l e v e l .  A t  t h e  l o w e r  neck, t o r q u e s  a r e  i n  ex ten -  

s i o n  o n l y  and a r e  comparable f o r  he lmet  and no-helmet c o n d i t i o n s .  

5 . 4 . 2  Chest -Truck  Impac ts .  I n  c h e s t  impac ts  o f  t h e  seated,  helmeted 

m o t o r c y c l i s t ,  where d i r e c t  impac t  o f  t h e  head does n o t  o c c u r ,  dynamic 

response does n o t ,  o f  cou rse ,  depend on he lmet  l i n e r  p r o p e r t i e s .  For  

impacts  o f  t h i s  t y p e  o n l y  t h e  mass and r o t a t i o n a l  i n e r t i a  o f  t h e  he lmet  

cause t h e  head and neck response t o  be d i f f e r e n t  f rom t h a t  f o r  an un- 

helmeted c y c l  i s t .  

For  t h e  v a r i o u s  c o n d i t i o n s  s i m u l a t e d ,  acce l  e r a t i o n - r e 1  a t e d  r e -  

sponses a r e  decreased by t h e  he lme t .  I n  p a r t i c u l a r ,  peak head a n g u l a r  

acce l  e r a t i o n s  a r e  a p p r o x i m a t e l y  o n e - t h i r d  smal l  e r  f o r  t h e  he lmeted 

c y c l i s t  and a l t h o u g h  t h e r e  i s  v i r t u a l l y  no e f f e c t  on peak head r e s u l t a n t  



a c c e l e r a t i o n s ,  HIC v a l u e s  a r e  r educed  b y  u p  t o  26 p e r c e n t  f o r  20 mph 

i m p a c t s .  (HIC responses  a r e  n o t  i l l u s t r a t e d  i n  F i g u r e  5-30 s i n c e  v a l u e s  

a r e  n o t  l a r g e  f o r  t h i s  t y p e  o f  i m p a c t  ( 400  t o  600 f o r  20 mph) and s i n c e  

HIC i s  u s u a l l y  n o t  c o n s i d e r e d  a  m e a n i n g f u l  i n d e x  f o r  l o n g - d u r a t i o n  

a c c e l e r a t i o n s  n o t  r e s u l t i n g  f r o m  d i r e c t  head i m p a c t . )  

Peak v a l u e s  f o r  mos t  o t h e r  r esponse  v a r i a b l e s  a r e  m o d e r a t e l y  i n -  

c reased  by  t h e  mass and r o t a t i o n a l  i n e r t i a  o f  t h e  he lme t ,  b u t  i n  g e n e r a l ,  

magn i t udes  f o r  b o t h  he lmeted  and unhe lmeted  c y c l i s t s  a r e  c o n s i d e r a b l y  

s m a l l e r  f o r  t h i s  t y p e  o f  i m p a c t  t h a n  f o r  t h e  o t h e r  t y p e s  s i m u l a t e d  -- 
p a r t i c u l a r l y  t h e  r o a d  i m p a c t s .  When t h e  c h e s t  s t r i k e s  t h e  v e r t i c a l  

" t r u c k "  s u r f a c e ,  t h e  head c o n t i n u e s  t o  move f o r w a r d  and t h e  neck goes 

i n t o  f l e x i o n .  R e s u l t i n g  neck e l o n g a t i o n  f o r c e s  a r e  a b o u t  30  p e r c e n t  

g r e a t e r  f o r  t h e  he lmeted  c y c l i s t ,  and, as  wou ld  be expec ted ,  shear  

f o r c e s  a t  t h e  uppe r  and l o w e r  neck a r e  a1 so g r e a t e r ,  t y p i c a l l y  by  200 

I b s  and b y  f r o m  30 t o  200 p e r c e n t .  The o n l y  t y p e s  o f  i n j u r i e s  o f  s i g n i -  

f i c a n t  1  i k e l  i h o o d  f o r  t h i s  t y p e  o f  i m p a c t  a r e  neck i n j u r i e s  a s s o c i a t e d  

w i t h  e x c e s s i v e  neck  t o r q u e  l e v e l s .  For  uppe r  neck  f l e x i o n  t o r q u e s ,  t h e  

e s t i m a t e d  t o l e r a n c e  l e v e l  f o r  l i g a m e n t o u s  t e a r i n g  i s  exceeded by  f r o m  

75 t o  100  p e r c e n t  i n  20  mph h e l m e t e d - c y c l i s t  i m p a c t  s i m u l a t i o n s  and by 

f r o m  0 t o  65 p e r c e n t  i n  u n h e l m e t e d - c y c l i s t  s i m u l a t i o n s .  A l t h o u g h  t h e  

t o r q u e  l e v e l s  i n  f l e x i o n  a r e  somewhat i n c r e a s e d  by  t h e  he lme t ,  i t  i s  

t h e  uppe r  neck e x t e n s i o n  t o r q u e s  w h i c h  r e s u l t  a f t e r  rebound  f r o m  f o r w a r d  

head m o t i o n  and neck f l e x i o n  t h a t  a r e  mos t  s e r i o u s  f o r  t h i s  t y p e  o f  

i m p a c t .  I n  F i g u r e  5-37, peak uppe r  neck e x t e n s i o n  t o r q u e s  do n o t  exceed 

t h e  i n j u r y  t o l e r a n c e  l i m i t  because t h e  s i m u l a t i o n s  summarized i n  t h e s e  

f i g u r e s  were t e r m i n a t e d  a t  1CO msec - -  p r i o r  t o  rebound  h y p e r e x t e n s i o n .  



For the  d i r e c t  head impact conf igura t ions  i t  was unnecessary t o  simul a t e  

response beyond 100 msec s i n c e  peak magnitudes f o r  responses occur re -  

l a t i v e l y  e a r l y .  In 200 msec s imulat ions f o r  t h e  20 m p h  ches t  impacts,  

however, peak extension torques were found t o  occur a t  about 140 msec 

f o r  t he  helmet case  and a t  about 125 msec f o r  t he  no-helmet ca se .  The 

peak extension torque l e v e l s  f o r  the  helmet and no-helmet cases  were 

near ly  i den t i ca l  a t  about 2200 i n - l b s ,  more than f i v e  times the  in ju ry  

to1 erance.  

5 .4 .3  30" Road Impacts. The bene f i t s  of helmet use a r e  g raph ica l ly  

i l l u s t r a t e d  by the  s imulat ions f o r  the low-angle (30" )  road impacts.  

Figures 5-30 through 5-38 show t h a t  peak values f o r  a l l  i n ju ry - r e l a t ed  

dynamic responses a r e  reduced dramat ica l ly  by helmet a t t enua t ion  of 

impact f o r c e s .  Most dramatic i s  t he  reduct ion of HIC 1 eve l s ;  HIC g r e a t l y  

exceeds t h e  1500 to l e rance  leve l  f o r  brain i n j u r y  (AIS - < 2 )  f o r  a l l  

condi t ions  simulated f o r  unhelmeted motorcyc l i s t s  b u t  i s  reduced t o  

below the  1500 to l e rance  leve l  in a l l  s imulat ions f o r  helmeted motor- 

c y c l i s t s .  Percentage decreases  of peak dynamic responses a r e  remark- 

ab ly  c o n s i s t e n t  f o r  t h e  condi t ions  simulated f o r  1 ow-angl e  road impacts. 

In comparison with impact of t h e  unprotected head, t he  helmet l i n e r  

e f f e c t s  reduct ions  of 75-85% in HIC, 65-70% in head r e s u l t a n t  acce l -  

e r a t i o n ,  and 75-85% in head angular  a c c e l e r a t i o n .  Head contac t  f o r c e  

i s  t y p i c a l l y  reduced by about 1600 1 bs ,  o r  30-35%. Except f o r  t he  case  

where the  head and neck a r e  i n  a  pre-flexed o r i e n t a t i o n ,  t h e r e  i s  t yp i -  

c a l l y  a  75-90% reduct ion of upper neck extension torque .  The e f f e c t  

of the  helmet on peak upper neck f l ex ion  torque i s  more s e n s i t i v e  t o  

condi t ions ,  varying from reduct ion by 44 percent t o  increase  by 47 

percent .  I f  the  head and neck a r e  pre-f lexed,  t he  helmet i nc reases  



uppe r  neck  e x t e n s i o n  t o r q u e  b y  148  p e r c e n t  b u t  dec reases  t h e  e x t e n s i o n  

t o r q u e  by  44  p e r c e n t ,  i n  each  c a s e  t o  a  v a l u e  s l i g h t l y  g r e a t e r  t h a n  t h e  

1  igamentous  i n j u r y  t o 1  e rance  1  i m i  t. 

The h e l m e t  1  i n e r  and h e l m e t  mass a r e  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  

r e d u c t i o n  i n  peak v a l u e s  o f  head i n j u r y  pa rame te r s  (HIC, head r e s u l t a n t  

a c c e l  e r a t i o n ,  head a n g u l a r  a c c e l  e r a t i o n ,  head c o n t a c t  f o r c e ) .  The 1  ow 

c o e f f i c i e n t  o f  f r i c t i o n  between a  h e l m e t  and t h e  r o a d  and t h e  a t t e n u a t i o n  

o f  t h e  c o n t a c t  f o r c e  b y  t h e  h e l m e t  t o g e t h e r  cause  r e d u c t i o n s  i n  peak v a l u e s  

o f  neck  i n j u r y  pa rame te r s ,  however .  F o r  t h i s  i m p a c t  o r i e n t a t i o n  a  

h e l m e t / r o a d  f r i c t i o n  c o e f f i c i e n t  o f  0  t o  0.3 i s  o p t i m a l  o v e r a l l  and 

m i n i m i z e s  neck  compress i on  f o r c e ,  neck  shea r  f o r c e s ,  and neck  t o r q u e s  

b y  r e d u c i n g  t h e  d e g r e e  t o  w h i c h  t h e  body can  d r i v e  i n t o  t h e  neck  f o l -  

1  ow ing  head i m p a c t .  

5 .4 .4  70' Road I m p a c t s .  T h e r e  a r e  many s i m i l a r i t i e s  i n  dynamic 

r esponses  f o r  t h e  l o w - a n g l e  ( 30 ' )  and h i g h - a n g l e  ( 7 0 " )  r o a d  i m p a c t s ,  

and a l s o  many d i s t i n c t  d i f f e r e n c e s .  ( ~ i ~ u r e s  5-30 t h r o u g h  5-33 show 

s i m i l a r  magn i t udes  a t  30 -degree  and 70-degree  i m p a c t  a n g l e s  f o r  r e -  

sponses r e l a t e d  t o  p r e d i c t i o n  o f  head o r  b r a i n  i n j u r y . )  F u r t h e r ,  f o r  

t h e s e  r esponses ,  t h e  r e l a t i v e  b e n e f i t s  o f  h e l m e t  a t t e n u a t i o n  o f  i m p a c t  

f o r c e s  a r e  s i m i l a r  f o r  t h e  two  body o r i e n t a t i o n s ;  a t  70"  t h e  h e l m e t  

causes  r e d u c t i o n s  i n  compa r i son  w i t h  i m p a c t s  o f  t h e  unhe lme ted  head o f  

60-90% i n  HIC, 50-80% i n  head r e s u l t a n t  a c c e l e r a t i o n ,  and 50-704 i n  

head a n g u l a r  a c c e l e r a t i o n .  These ranges  a r e  b r o a d e r ,  e x t e n d i n g  t o  some- 

what  l o w e r  v a l u e s  ( l e s s  r e l a t i v e  he lme t  b e n e f i t ) ,  t h a n  t h o s e  p r e v i o u s l y  

g i v e n  f o r  30"  r o a d  i m p a c t s .  Head c o n t a c t  f o r c e  i s  r educed  by  amounts 

i n  t h e  r a n g e  1200 t o  2000 I b s ,  a lways  b y  a b o u t  35  p e r c e n t .  



Peak magn i tudes o f  most  neck response v a r i a b l e s  f o r  t h e  30" and 70' 

impac t  ang les  a r e  q u i t e  d i s s i m i l a r ,  and a l s o  t h e  e f f e c t  o f  t h e  he lmet  on 

neck responses i s  v e r y  d i f f e r e n t  f o r  t h e  two impac t  a n g l e s .  W h i l e  neck 

compress ion  f o r c e  magn i tudes a r e  n o t  g r e a t l y  d i f f e r e n t  f o r  30" and 70" 

impac ts  and w h i l e  t h e  he lmet  does have a  c l e a r  b e n e f i c i a l  e f f e c t  a t  70°, 

t h e  r e l a t i v e  b e n e f i t  o f  t h e  he lmet  i s  n o t  n e a r l y  as g r e a t  as f o r  30" 

impacts ;  i . e., t h e  compress ion  f o r c e  magni t udes  f rom he lme t  and no- 

he lmet  s i m u l a t i o n s  a r e  more n e a r l y  equal  a t  70" .  There  i s  l i t t l e  d i f -  

f e r e n c e  o v e r a l l  a t  70" between neck shear  f o r c e s  f o r  t h e  he lmeted and 

unhelmeted c y c l i s t s , w h i l e  a t  30" neck shear  f o r c e s  a r e  reduced  m a r k e d l y  

f o r  t h e  he lmeted c y c l i s t .  F i g u r e s  5-37 and 5-38 show t h a t  a  he lmet  

causes 1  i t t l e  o v e r a l l  improvement i n  neck t o r q u e  l e v e l s  f o r  h i g h - a n g l e  

impac ts .  As r o l l o v e r  on t h e  head o c c u r s  f o l l o w i n g  i n i t i a l  impac t ,  neck 

f l e x i o n  t o r q u e s  i n c r e a s e  m a r k e d l y  f o r  b o t h  t h e  he lmeted and unhelmeted 

C y c l i s t s ,  t y p i c a l l y  t o  a b o u t  t w i c e  t h e  i n j u r y  t o 1  erance 1  i m i t .  F l e x i o n  

t o r q u e s  a r e  made s l  i g h t l y  worse a t  t h e  upper neck and improved somewhat 

a t  t h e  l o w e r  neck by  t h e  he lme t .  Peak e x t e n s i o n  t o r q u e s  a t  t h e  upper  

neck o c c u r  p r i o r  t o  f l e x i o n  peaks f o r  he lmet  impac ts  and a f t e r  t h e  

f l  e x i o n  peaks f o r  no-he lmet  impac ts  ; t h e  he lmet  causes o v e r a l l  r e d u c t i o n  

o f  t h e s e  t o r q u e s .  

As f o r  t h e  30" r o a d  impac ts ,  s i m u l a t i o n s  f o r  70" r o a d  impac ts  show 

t h a t  t h e r e  i s  a range  o f  o p t i m a l  v a l u e s  f o r  he lme t / road  f r i c t i o n  c o e f -  

f i c i e n t  f o r  m i n i m i z i n g  neck compress ion  f o r c e ,  t o r q u e s ,  and shear f o r c e s .  

Va lues  f rom 0 .4  t o  0.8 y i e l d  s i m i l a r  r e s u l t s  o v e r a l l  f o r  t h e  h i g h  a n g l e  

i m p a c t .  





















T A B L E  5 -1  1 a .  SUMMARY O F  I M P O R T A N T  P E A K  D Y N A M I C  RESPONSES 
FOR H E L M E T  V S .  NO H E L M E T  COMPARISONS 

There i s  no head contact  f o r  chest - t ruck s imulat ions.  For these s imulat ions,  peak response for neck 
e longat ion force r a t h e r  than compression force i s  g iven.  H I C  values f o r  these simuiations probably 
have l i t t l e  s ign i f i cance  since H I C  i s  usua l l y  meaningful on ly  over the dura t ion  o f  a d i r e c t  head impact.  



TABLE 5-11 b .  SUMMARY OF IMPORTANT PEAK DYNAMIC RESPONSES 
FOR HELMET V S .  NO HELMET COMPARISONS 

There i s  rm head contact  f o r  chest-truck simulations. For these simulations, peak resoonse for neck 
e longat ion force ra ther  than compression farce i s  g iven.  H I C  values f o r  these simulations  roba ably 
have l i t t l e  s igni f icance since H I C  i s  usually meaningful on ly  o v e r  the dura t ion  of  a d i r e c t  head impact. 
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TABLE 5-1 1 C .  SUMMARY OF I M P O R T A N T  P E A K  D Y N A M I C  RESPONSES 
FOR HELMET V S .  NO HELMET COMPARISONS 

-484 -234  

I 
1 RZ NH5 3 3 chest- t ruck,  neck 1 1: 2 f n  extension 

508 1 6gZ -131 -3&l I 553 ?3G 1 -1 39 -39B 

t 

j4 ' 50 RNHZOV5.6F-3 70' road, 1093 1048 -30 -551 
! 51 I QHZOV5.ZF-3 3 - foo t  f a l l  - 

'5 52 1 iNH20H5.6F-3 30' road, h99 -445 -1  3~ 
53 1 9H20H5.2F-3 3- foot  f a l l  

-+ere 4s no head con tac t  f o r  chest - t ruck s imulat ions.  For these s imulat ions,  peak response f o r  neck 
e longat ion force ra the r  than compression fo rce  1 s  given. H I C  values f o r  these s imulat ions orobably 
jave l i t t i e  s i g n i f i c a n c e  s ince H I C  i s  u s u a l l y  meaningful o n l y  aver the d u r a t i o n  o f  a d i r e c t  head impact. 
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TABLE 5-1 1 d . SUMMARY OF IMPORTANT PEAK DYNAMIC RESPONSES 
FOR HELMET US. NO HELMET COMPARISONS 

4 
30 i 3  Foi:jiF 30' mad. 10 mph 

31 . i: 70. road, 1 0 mph -4862 -513% 378 612 -10011 -11009 

7 HI 3F head-truck, 10% 36 - 6 t/!:!l . i ~  Jmutcle tens ion 

26 RNH OH1 6F 30' road, 10% 
25 RHZiHl iF muscle tension 

-960 1 -826 5852 739 -801 -67 16V7 520 1 
I I 

d l  RNH20V1 .6F 70" road, 10% -3930 -4110. 518 497 -10820 -8581 277 1 
" 40 QH2OVl .2F muscle tens ion 

16 I CRZONH5.3IZ ches t - t ruck , fn -  
15 1 CR20H5.312 creased neck f l e x i o n  233 -1433 -1706 704 3 

I . 
44 . l a  cR20NH5*313 chest-truck*neck 575 300 -3021 -4746 

17 CR20H5.313 ) i n  extension 0 

5 RNHZO F- 70° road, 320 -5846 -5271 ja ' SP RH20V!5i!-3' 3- foot  f a l l  S 

SO1 ' - 9 4 5  -68 1663 63'3 

1 
:here ts  no head contact  f o r  chest - t ruck simulat ions. For these sfmulat lons. peak response for  neck 
? lonqat ion force ra the r  than compression force i s  given. H I C  values f o r  these s imulat ions probably 
nave l i t t l e  s ign i f l cance  since HIC i s  usua l l y  meaningful on ly  over the du ra t ion  of a d t r e c t  head impact. 





6.0 SUMMARY AND CONCLUSIONS 

The s i m u l a t i o n  r e s u l t s  ill u s t r a t e d  and d i s c u s s e d  i n  t h e  f o r e g o i n g  

s e c t i o n s  show c l e a r l y  t h a t  he lme t  u s e  i n  g e n e r a l  causes marked dec reases  

i n  dynamic r esponse  peak magn i t udes  f o r  t y p i c a l  m o t o r c y c l  i s t  i m p a c t s .  

W i t h  f ew  e x c e p t i o n s ,  exposu re  l e v e l s  a r e  e i t h e r  r educed  f o r  t h e  he lme ted  

c y c l i s t  o r  unchanged. O n l y  f o r  d i r e c t  c h e s t  i m p a c t s  r e s u l t i n g  i n  i n e r t i a l  

l o a d i n g  o f  t h e  head and neck do neck i n j u r y  r esponses  f o r  t h e  he lme ted  

c y c l i s t  g e n e r a l l y  exceed t h o s e  f o r  t h e  unhe lmeted  c y c l  i s t ,  and t h e n  n o t  

by s i g n i f i c a n t  amounts .  A t t e n u a t i o n  o f  r esponses  i s  i n  mos t  i n s t a n c e s  

g r e a t  enough t h a t  t h e r e  i s  s i g n i f i c a n t  r e d u c t i o n  o f  t h e  l i k e l i h o o d  t h a t  

head o r  neck i n j u r y  w i l l  o c c u r ,  o r  t h a t ,  i f  i n j u r y  does o c c u r ,  i t  w i l l  

be much l e s s  s e v e r e .  

6.1 Summary 

The MVMA Two-Dimensional  C rash  V i c t i m  S i m u l a t i o n  compute r  model was 

used  t o  s t u d y  f o u r  t y p e s  o f  i m p a c t  c o n f i g u r a t i o n s  f o r  b o t h  he lmeted  and 

unhe lmeted  c y c l  i s t s .  These a r e :  

1 )  head i m p a c t  a g a i n s t  a  v e r t i c a l ,  r i g i d  " t r u c k "  s u r f a c e ,  

c y c l  i s t  i n  sea ted  o r i e n t a t i o n ;  

2 )  c h e s t  i m p a c t  a g a i n s t  a  v e r t i c a l ,  r i g i d  " t r u c k "  s u r f a c e ,  

c y c l i s t  i n  s e a t e d  o r i e n t a t i o n ;  

3 )  head i m p a c t  a g a i n s t  a  r i g i d  r o a d  s u r f a c e ,  30"  a n g l e  

between r o a d  and body 1  i n e ;  

4 )  head i m p a c t  a g a i n s t  a  r i g i d  r o a d  s u r f a c e ,  70" a n g l e  

between r o a d  and body 1  i n e .  

A 20 m p h  h o r i z o n t a l  v e l o c i t y  was used  f o r  t h e  base1 i n e  c o n d i t i o n  f o r  each 

c o n f i g u r a t i o n .  Fo r  t h e  r o a d  i m p a c t  s i m u l a t i o n s ,  a s i x - f o o t  t r a j e c t o r y  

h e i g h t  base1 i n e  was used  f o r  t h e  e j e c t e d  c y c l  i s t .  



The m a j o r  f i n d i n g s  f rom he lmet /no-he lmet  compar isons f o r  t h e s e  

impac t  c o n f i g u r a t i o n s  a r e  1  i s t e d  below: 

Head-Truc k  Impacts  

1 .  Se r ious  b r a i n  i n j u r y  i s  v e r y  l i k e l y  f o r  d i r e c t  20 mph 
head- t ruck  impac t  f o r  e i t h e r  t h e  helmeted o r  unhelmeted 
c y c l i s t .  A  he lmet  reduces peak head r e s u l t a n t  a c c e l e r -  
a t i o n  by o n e - h a l f ,  b u t  HIC i s  o n l y  s l i g h t l y  reduced,  
f rom 3500 t o  3300. 

2. W i t h  r e g a r d  t o  r e d u c i n g  HIC exposure,  a  he lmet  i s  most  
e f f e c t i v e  a t  l o w e r  impact  v e l o c i t i e s .  A t  10  mph, i t  
reduces HIC by a lmos t  80 p e r c e n t  f rom a  dangerous l e v e l ,  
2600, t o  a  n o n - i n j u r i o u s  l e v e l ,  l e s s  than  600. 

3 .  Peak head c o n t a c t  f o r c e  i s  l e s s  by 1100 t o  1200 I bs f o r  
t h e  helmeted c y c l  i s t  rega rd1  ess o f  impac t  c o n d i t i o n s .  

4 .  Peak upper neck f l e x i o n  to rques  a r e  m a r k e d l y  g r e a t e r  f o r  
t h e  helmeted c y c l i s t  b u t  l e s s  than  t h e  i n j u r y  t o l e r a n c e  
1  i m i  t even f o r  20 mph impac ts .  

5. A t  1 0  mph, peak upper  neck e x t e n s i o n  t o r q u e  f o r  t h e  un- 
helmeted c y c l i s t  i s  abou t  7 5  p e r c e n t  i n  excess o f  t h e  
i n j u r y  t o l e r a n c e  1  i m i t .  A helmet reduces t h e  t o r q u e  t o  
about  15 p e r c e n t  - l e s s  t h a n  t h e  i n j u r y  t ~ l e r a n c e  1  i m i t .  
A t  20 mph, l a r g e  e x t e n s i o n  to rques  i n d i c a t e  h i g h  1  i k e l  i hood  
o f  neck i n j u r y  f o r  b o t h  t h e  helmeted and unhelmeted c y c l i s t s ,  
b u t  t h e  i n j u r y  t o l e r a n c e  l e v e l  i s  exceeded by much l e s s  f o r  
t h e  helmeted c y c l i s t  -- 100 p e r c e n t  as a g a i n s t  150 p e r c e n t .  

Chest-Truc k  Impacts  

1 . I n  c h e s t - t r u c  k  impacts ,  a c c e l  e r a t i o n - r e 1  a t e d  responses a r e  
decreased by t h e  he lme t .  L e v e l s  a r e  n o t  dangerous l y  h i g h ,  
however, even f o r  t h e  unhelmeted c y c l i s t  a t  20 mph. 

2 .  Neck response v a r i a b l e s  a r e  m o d e r a t e l y  i n c r e a s e d  by t h e  
helmet,  b u t  l e v e l s  f o r  helmeted and unhelmeted c y c l  i s t s  
a r e  m o s t l y  s m a l l e r  f o r  c h e s t - t r u c k  impacts  t h a n  f o r  t h e  
o t h e r  t ypes  o f  impac ts  s i m u l a t e d .  

3 .  Upper neck f l e x i o n  t o r q u e s  exceed t h e  i n j u r y  t o l e r a n c e  
l e v e l  by up t o  100 p e r c e n t  f o r  t h e  helmeted c y c l i s t  and 
by up  t o  65 p e r c e n t  f o r  t h e  unhelmeted c y c l i s t .  

4 .  The most  1  i k e l y  i n j u r y  f rom t h i s  t y p e  o f  impac t  r e s u l t s  
f rom rebound hype rex tens ion  o f  t h e  upper  neck, where 
t o r q u e  l e v e l s  a r e  equal f o r  t h e  helmeted and unhelmeted 
c y c l i s t s  a t  abou t  f i v e  t imes  t h e  i n j u r y  t o 1  erance 1  eve1 . 



30"  Road Imoac t s  

1 .  F o r  l o w - a n g l e  r o a d  impac t s ,  p e a k  v a l u e s  f o r  a l l  i n j u r y -  
r e l a t e d  dynamic r esponses  a r e  r educed  d r a m a t i c a l l y  by 
he lme t  a t t e n u a t i o n  o f  i m p a c t  f o r c e s .  

2 .  HIC g r e a t l y  exceeds 1500,  i n d i c a t i n g  h i g h  l i k e l i h o o d  o f  
s e r i o u s  b r a i n  i n j u r y ,  f o r  c o n d i t i o n s  s i m u l a t e d  f o r  
unhe lmeted  m o t o r c y c l  i s t s .  T y p i c a l  v a l u e s  a r e  5000 t o  
8000. HIC i s  r educed  t o  be low 1500 i n  - a l l  s i m u l a t i o n s  
f o r  he lmeted  m o t o r c y c l  i s t s ,  t y p i c a l l y  t o  1200 t o  1300. 
F o r  c o n d i t i o n s  s i m u l a t e d ,  t h e  h e l m e t  e f f e c t s  r e d u c t i o n s  
o f  7 5 4 5 %  i n  HIC. 

3 .  The he lme t  r educes  head r e s u l t a n t  a c c e l e r a t i o n  by  65-70% 
and head a n g u l a r  a c c e l e r a t i o n  by  75-85%. 

4. Head c o n t a c t  f o r c e  i s  t y p i c a l l y  r educed  by  a b o u t  1600 
1  bs,  o r  30-35%. 

5. Peak uppe r  neck  f l e x i o n  t o r q u e  i s  sometimes decreased  and 
sometimes i n c r e a s e d  by  t h e  he lme t ,  b u t  t o r q u e  l e v e l s ,  i n  
g e n e r a l  , a r e  c o n s i d e r a b l y  1  ess t h a n  t h e  i n j u r y  t o 1  e rance  
l i m i t  f o r  b o t h  t h e  he lmeted  and unhe lmeted  c y c l i s t s .  

6. Fo r  m o s t  c o n d i t i o n s  peak uppe r  neck  e x t e n s i o n  t o r q u e  i s  
10  t i m e s  t h e  i n j u r y  t o l e r a n c e  1  i m i t  f o r  t h e  unhe lmeted  
c y c l i s t  b u t  i s  r educed  by a  he lme t  t o  l e v e l s  o n l y  s l i g h t l y  
exceed ing  t h e  t o l e r a n c e  1 i m i t .  R e d u c t i o n s  a r e  t y p i c a l l y  
75-90%. 

7. The r e l a t i v e l y  l o w  c o e f f i c i e n t  o f  f r i c t i o n  between a  he lme t  
and t h e  r o a d  i s  p a r t l y  r e s p o n s i b l e  f o r  t h e  r e d u c t i o n s  i n  
peak v a l u e s  o f  neck i n j u r y  p a r a m e t e r s .  Fo r  t h e  30  deg ree  
i m p a c t  o r i e n t a t i o n ,  a  f r i c t i o n  c o e f f i c i e n t  o f  0  t o  0.3 i s  
o p t i m a l  o v e r a l l  . 

70' Road I m p a c t s  

1 .  H i q h - a n g l e  r o a d  i m p a c t s  a r e  more  s e v e r e  t h a n  l o w - a n q l e  im- 
p a c t s  w i t h  r e s p e c t  t o  n e a r l y  a1 1  i n j u r y - r e l a t e d  dynamic 
responses ,  p a r t i c u l a r l y  neck i n j u r y  pa rame te r s .  The bene- 
f i t s  o f  t h e  he lme t  a r e  marked b u t  n o t  as  g r e a t  as f o r  a 
1  ow-angl e  r o a d  i m p a c t .  

2 .  The he lme t  r educes  HIC by  60-90%, t y p i c a l l y  f r o m  10000- 
15000 t o  2000-4000. 

3 .  The he lme t  r educes  head r e s u l t a n t  a c c e l e r a t i o n  by  50-80% 
and head a n g u l a r  a c c e l e r a t i o n  by  50-70%. 



4. Head contact  force  i s  reduced by amounts in the  range 1200 
t o  2000, always by about 35 percent.  

5 .  Neck hyperflexion in jury  i s  1 i  kely fo r  t h i s  type of impact. 
Peak torque l eve l s  a t  the  upper neck a r e  typ ica l ly  about 
twice the  in jury  to lerance  1 imit fo r  both helmeted and 
unhelmeted cycl i s t s .  Upper neck f lexion torque i s  normally 
somewhat increased by a helmet. At the  lower neck, f lexion 
torques a r e  even grea ter  b u t  a r e  cons i s t en t ly  smaller for  
the  helmeted cycl i s t .  

6 .  Peak upper neck extension torques a r e  normally l e s s  than 
the  in jury  to1 erance 1 imit and normally small e r  fo r  the 
helmeted c y c l i s t .  For some conditions the  helmet prevents 
probable hyperextension in ju ry .  Lower neck extension torques 
a r e  l e s s  than the  upper neck torques.  

7 .  For the 70  degree impact o r i e n t a t i o n ,  peak neck compression 
force ,  torques,  and shear forces decrease as helmet/road 
coef f i c i en t  of f r i c t i o n  i s  increased (within l i m i t s ) .  A 
f r i c t i o n  coe f f i c i en t  l a rge r  than t h a t  fo r  a typical  helmet 
i s  found t o  be optimal overal l  fo r  70' impacts, the  best 
values lying in the  range 0.4 t o  0.8.  

The e f f e c t s  of varying input parameter values away from base1 ine 

conditions were studied in order t o  e s t ab l i sh  s e n s i t i v i t y  of dynamic 

responses to  varied condit ions in real-world motorcyclis t  impacts. I n  

no case did the  simulation r e s u l t s  from any of these parameter va r i a t ions  

lead t o  s i g n i f i c a n t  a l t e r a t i o n s  in conclusions regarding the  general 

e f fec t iveness  of the  helmet derived from r e s u l t s  of the  basel ine simu- 

l a t i o n s .  The degree of overal l  benef i t  of helmet use r e l a t i v e  t o  non- 

use does vary,  however, with change of impact condit ions.  The major 

f indings from var ia t ion  of parameters fo r  impact conditions a r e  1 i s t ed  

be1 ow: 

Head/Helmet-Road Frict ion Coefficient  

1 .  Even a small coe f f i c i en t  of f r i c t i o n  i s  s u f f i c i e n t  t o  cause 
ro l lover  on the  head and shoulders ( t u m b l  ing)  fo r  70" road 
impacts. Prone body impacts always r e s u l t  f o r  a 30" impact 
o r i en ta t ion  unless the coe f f i c i en t  of f r i c t i o n  i s  unreal i s t i -  
c a l l y  f a r  in excess of 1 .0 .  



2 .  A  he lme t - road  s u r f a c e  c o e f f i c i e n t  o f  f r i c t i o n  o f  0.3 t o  
0.4 i s  sugges ted  as o p t i m a l  o v e r a l l  f o r  m i n i m i z i n g  ex-  
posure  l e v e l  s  i n  r e a l  - w o r l d  a c c i d e n t s .  Lower v a l u e s  a r e  
b e t t e r  f o r  l o w - a n g l e  impac ts  and h i g h e r  v a l u e s  a r e  b e t t e r  
f o r  h i gh -ang l  e  impac ts .  

3. For  b o t h  30" and 70" r o a d  impac t  ang les ,  t h e  o v e r a l l  bene- 
f i t  o f  he lmet  use  r e l a t i v e  t o  nonuse i n c r e a s e s  f o r  l a r g e r  
c o e f f i c i e n t s  o f  f r i c t i o n .  

Road Impac t  Ang le :  30"  vs .  70" 

1 .  O v e r a l l  dynamic response  i s  much d i f f e r e n t  f o r  l o w  and h i g h  
body a n g l e s  a t  i m p a c t .  Tumbl i n g  o c c u r s  f o r  h i gh -ang l  e  
impac t  b u t  n o t  f o r  l ow-ang le  impac t .  

2 .  Neck responses  a r e  v e r y  d i f f e r e n t  f o r  t h e  two impac t  o r i e n -  
t a t i o n s .  W i t h  r e g a r d  t o  neck trauma, t h e  30  degree  impac t  
i s  t h e  more seve re  f o r  an unhe lmeted  c y c l  i s t , w h i l  e  t h e  70  
degree  impac t  i s  t h e  more seve re  f o r  a  he lmeted  c y c l i s t .  

3 .  W i t h  r e g a r d  t o  b r a i n  i n j u r y ,  t h e  70 degree  impac t  i s  t h e  
more severe  f o r  b o t h  he lmeted  and unhe lmeted  c y c l i s t s .  
HIC i s  a b o u t  3 .5  t i m e s  as l a r g e  a t  70" as a t  30" f o r  t h e  
he lmeted  c y c l i s t  and 1.8 t i m e s  as l a r g e  f o r  t h e  unhe lmeted  
c y c l  i s t .  

4.  The r e l a t i v e  b e n e f i t s  o f  he lmet  use  i n c r e a s e  o v e r a l l  f o r  
t h e  l o w e r  (30') impac t  a n g l e .  

Head/Neck I n i t i a l  O r i e n t a t i o n  

1 .  Fo r  h e a d - t r u c k  impac ts ,  o n l y  m i n o r  d i f f e r e n c e s  r e s u l t  i n  
dynamic response  peak magn i tudes  i f  t h e  neck i s  i n i t i a l l y  
f l e x e d  i n  compar ison  w i t h  t h e  base1 i n e  head lneck  o r i e n t a t i o n .  

2.  For  c h e s t - t r u c k  impac ts ,  peak neck f l e x i o n  and e x t e n s i o n  
t o r q u e s  i n c r e a s e ,  i n  g e n e r a l ,  w i t h  i n i t i a l  neck e x t e n s i o n  
and dec rease  w i t h  i n c r e a s e d  i n i t i a l  neck f l e x i o n .  D e t r i -  
ments o f  he lmet  use  r e l a t i v e  t o  nonuse a r e  s m a l l e r  i f  t h e  
neck i s  i n i t i a l l y  i n  e x t e n s i o n .  

3 .  For  30" r o a d  impac ts ,  i n i t i a l  neck f l e x i o n  r e l a t i v e  t o  t h e  
b a s e l i n e  head/neck o r i e n t a t i o n  causes s i g n i f i c a n t  i n c r e a s e s  
o f  upper  and l o w e r  neck peak f l e x i o n  t o r q u e s  w h i l e  r e d u c i n g  
peak e x t e n s i o n  t o r q u e s  -- m a r k e d l y  f o r  t h e  unhe lmeted  c y c l  i s t .  
The o v e r a l l  b e n e f i t  o f  he lmet  use  r e l a t i v e  t o  nonuse i s  
g r e a t e r  f o r  t h e  f l e x e d  i n i t i a l  o r i e n t a t i o n  t h a n  f o r  t h e  
base l  i n e  o r i e n t a t i o n .  



4 .  For 70" r o a d  impac ts ,  i n i t i a l  neck f l e x i o n  causes r e d u c t i o n  
o f  upper and l o w e r  neck peak f l e x i o n  and e x t e n s i o n  t o r q u e s  
f o r  b o t h  he lmeted and unhelmeted c y c l i s t s .  For  t h e  he lmeted 
c y c l i s t ,  i n i t i a l  neck f l e x i o n  causes HIC t o  be reduced t o  
o n e - f o u r t h  o f  t h e  base1 i n e  v a l u e .  On ly  a  sma l l  r e d u c t i o n  
i n  HIC r e s u l t s  f o r  t h e  unhe lmeted c y c l i s t .  The o v e r a l l  
b e n e f i t  o f  he lmet  use  r e l a t i v e  t o  nonuse i s  g r e a t e r  f o r  
t h e  f l e x e d  i n i t i a l  head/neck o r i e n t a t i o n .  

Musc le  Tens ion  

1 .  For  t h e  10  mph head- t ruck  and c h e s t - t r u c k  impac ts ,  v a r y i n g  
m u s c l e  a c t i v i t y  l e v e l  f r om 50 p e r c e n t  o f  maximum i s o m e t r i c  
p o t e n t i a l  t o  1 0  p e r c e n t  has n e g l i g i b l e  e f f e c t  on dynamic 
response peak magn i tudes . 

2 .  A t  20 mph e f f e c t s  o f  v a r y i n g  musc le  t e n s i o n  a r e  s l i g h t l y  
l a r g e r  b u t  s t f l l  i n s i g n i f i c a n t  excep t  f o r  t h e  70" r o a d  
impact ,  where HIC i s  decreased by 34 p e r c e n t  f o r  t h e  l o w e r  
musc le  t e n s i o n  1  eve1 . 

3 .  The r e l a t i v e  b e n e f i t s  o f  he lmet  use  a r e  e s s e n t i a l l y  t h e  
same f o r  10  p e r c e n t  and 50 p e r c e n t  musc le  a c t i v i t y  l e v e l s .  

H o r i z o n t a l  V e l o c i t y :  1 0  mph v s .  20 mph 

. Head- t ruck  impac ts  a t  10  mph produce peak magn i tudes o f  
i n j u r y - r e l a t e d  dynamic response v a r i a b l e s  t h a t  a r e  40 t o  
80  p e r c e n t  l e s s  t h a n  a t  20 rnph. For a  he lmeted c y c l i s t ,  
HIC i s  l e s s  t h a n  600 a t  10 mph -- 83 p e r c e n t  l o w e r  t h a n  
t h e  HIC a t  20 rnph. Helmet use  as a g a i n s t  nonuse has much 
g r e a t e r  r e l a t i v e  b e n e f i t  f o r  a  1 0  rnph h o r i z o n t a l  v e l o c i t y  
t han  f o r  20 mph. 

2. For  c h e s t - t r u c k  impac ts ,  dynamic response  peak magn i tudes 
a r e  50 t o  90 p e r c e n t  smal l  e r  f o r  10 mph impac ts  t h a n  f o r  
20 mph. Most  s i g n i f i c a n t l y ,  upper  neck t o r q u e s  a r e  reduced 
by a b o u t  70 p e r c e n t .  For  1 0  mph impacts ,  exposure l e v e l s  
f o r  a l l  dynamic response  v a r i a b l e s  a r e  be low i n j u r y  t o l e r a n c e  
1  i m i  t s  f o r  b o t h  helmeted and unhelmeted c y c l  i s t s .  

3 .  H o r i z o n t a l  v e l o c i t y  i s  a  m i n o r  f a c t o r  f o r  r o a d  i m p a c t s ,  
p a r t i c u l a r l y  1  ow-angl e  i m p a c t s ,  There  i s  1 i ttl e d i f f e r e n c e  
i n  t h e  r e l a t i v e  b e n e f i t s  o f  he lmet  use as opposed t o  nonuse 
f o r  t h e  10  rnph and 20 mph v e l o c i t i e s  i n v e s t i g a t e d .  

F a l l  H e i g h t :  3 f t .  v s .  6  f t .  

1 .  The dynamic responses f o r  r o a d  impac ts  f o r  t h r e e - f o o t  and 
s i x - f o o t  t r a j e c t o r y  h e i g h t s  a r e  q u i t e  s i m i l a r  i n  c h a r a c t e r ,  
t h e  m a j o r  d i f f e r e n c e s  b e i n g  i n  peak magn i tudes . 



2 .  For  30 " - r oad  h e l m e t  i m p a c t s ,  peak magn i t udes  o f  m o s t  a c c e l -  
e r a t i o n s ,  f o r c e s ,  and t o r q u e s  a r e  r o u g h l y  1 . 3  t i m e s  as  l a r g e  
f o r  a  s i x - f o o t  t r a j e c t o r y  h e i g h t  as  f o r  a  t h r e e - f o o t  h e i g h t .  
H I C  i s  2 .2  t i m e s  as l a r g e .  

3. Fo r  70" - road  he lme t  i m p a c t s ,  dynamic r esponse  peak magn i t udes  
a r e  r o u g h l y  1 .5  t i m e s  as l a r g e  f o r  a  s i x - f o o t  f a l l  h e i g h t  as  
f o r  t h r e e  f e e t .  HIC i s  2 . 4  t i m e s  as  l a r g e .  

4. Fo r  30"  impac t s ,  t h e  r e l a t i v e  b e n e f i t s  o f  he lme t  u s e  a r e  v e r y  
1  i t t l  e  d i f f e r e n t  f o r  t h r e e - f o o t  and s i x - f o o t  f a 1  1  h e i g h t s .  
Fo r  70" i m p a c t s ,  t h e r e  i s  i n c r e a s e d  r e l a t i v e  b e n e f i t  o f  
he lme t  use  a t  t h e  s i x - f o o t  f a l l  h e i g h t .  

I n i t i a l  R o t a t i o n a l  V e l o c i t y  

1 .  O n l y  s m a l l  e f f e c t s  on dynamic r esponse  a r e  seen f r o m  v a r y i n g  
i n i t i a l  r o t a t i o n a l  v e l o c i t y  between 0  and 100  deg/sec f o r  
30"  r o a d  i m p a c t s .  E f f e c t s  a r e  even s m a l l e r  f o r  70' r o a d  
i m p a c t s .  

2. The b e n e f i t s  o f  he lme t  use  r e l a t i v e  t o  nonuse a r e  t h e  same 
f o r  t h e  i n i t i a l  r o t a t i o n a l  v e l o c i t i e s  i n v e s t i g a t e d .  

6 .2  C o n c l u s i o n s  

Through  compute r  s i m u l a t i o n  o f  t h e  dynamic impac t  r esponse  o f  

he lme ted  and unhe lmeted  m o t o r c y c l i s t s  f o r  a  w i d e  v a r i e t y  o f  i m p a c t  

c o n d i t i o n s ,  t h i s  s t u d y  has es fab l ' i shed  a  b road  o v e r a l l  v i e w  o f  t h e  

e f f e c t i v e n e s s  o f  h e l m e t  use .  The p o t e n t i a l  o f  t h e  he lme t  t o  b o t h  hene- 

f i c i a l l y  and d e t r i m e n t a l l y  a f f e c t  head and neck  r esponse  has been 

i n v e s t i g a t e d .  The a n a l y s i s  o f  s i m u l a t i o n  r e s u l t s  i n d i c a t e s  t h a t  a 

he lme t  w i l l  i n v a r i a b l y  1  essen t h e  exposu re  1 eve1 s  o f  dynamic r esponses  

w h i c h  have a  r o l e  i n  p r o d u c i n g  - head i n j u r y .  I n  a d d i t i o n ,  t h e  s t u d y  

f i n d s  h e l m e t  u s e  t o  a l m o s t  a lways  r e d u c e  t h e  s e v e r i t y  o f  - neck response  

as  w e l l  and f o r  no s i m u l a t i o n  c o n f i g u r a t i o n  o r  c o n d i t i o n  t o  g r e a t l y  

i n c r e a s e  t h e  1  i k e l  i h o o d  o f  neck i n j u r y .  Thus, f o r  t h e  spec t r um  o f  r e a l  - 
w o r l d  m o t o r c y c l i s t  impac t s ,  he lme t  use  i s  p r e d i c t e d  t o  s i g n i f i c a n t l y  r e -  

duce  t h e  o v e r a l l  l i k e l i h o o d  and s e v e r i t y  o f  b o t h  head and neck i n j u r i e s .  
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HEAD I N J U R Y  C R I T E R I O N  





APPENDIX A  

HEAD INJURY CRITERION 

A . l  D e f i n i t i o n  o f  HIC 

Head I n j u r y  C r i t e r i o n  (H IC ) *  i s  a  measure o f  t h e  a c c e l e r a t i o n  

exposu re  o f  a  head d u r i n g  i m p a c t :  

where " a "  i s  t h e  r e s u l t a n t  a c c e l e r a t i o n  i n  g ' s  a t  t h e  c e n t e r  o f  g r a v i t y  

o f  t h e  head and tl and t2 a r e  t h e  t i m e  v a l u e s  ( i n  seconds)  f r o m  t h e  

a c c e l e r a t i o n - t i m e  c u r v e  w h i c h  cause  t h e  e x p r e s s i o n  on t h e  r i g h t - h a n d  

s i d e  o f  t h e  e q u a t i o n  t o  be max im ized .  

A.2 HIC I n j u r y  T o l e r a n c e  L e v e l  

A  c o n c u s s i o n  i n j u r y  t o 1  e rance  l e v e l  o f  HIC = 1000  was s e t  by  NHTSA 

i n  June 1972 by  Depar tment  o f  T r a n s p o r t a t i o n  NHTSA Docke t  Number 69-7, 

N o t i c e  19 ,  Occupant  Crash  P r o t e c t i o n  Head I n j u r y  C r i t e r i o n  S6.2 o f  

MVSS 208. NHTSA had p r e v i o u s l y  r e s c i n d e d  t h e  use  o f  t h e  SAE S e v e r i t y  

I n d e x  (Gadd, 1966;  SAE I n f o r m a t i o n  Repo r t ,  1966 ) ,  a  s i m i l a r  i n t e g r a t e d  

measure o f  a c c e l e r a t i o n  exposure,  i n  P i o t i ce  9  o f  MVSS 208. The o r i g i n a l  

S e v e r i t y  I n d e x  t o l e r a n c e  1 i m i t  o f  1000  was i n t e n d e d  t o  model t h e  Nayne 

S t a t e  To1 e r a n c e  Curve  f o r  c l o s e d  head i n j u r y  ( P a t r i c k ,  e t  a1 . , 1 9 6 3 ) .  

Versace,  i n  a  c r i t i c a l  r e v i e w  o f  t h e  S e v e r i t y  I n d e x  ( 1  971 ) ,  p roposed  

* Code o f  Fede ra l  R e g u l a t i o n s ,  T i t l e  49, P a r t  572, S e c t i o n  208, 
U.S. Government P r i n t i n g  O f f i c e ,  Washington,  D . C . ,  1977 .  



t h e  d e f i n i t i o n  above -- l a t e r  named t h e  Head I n j u r y  C r i t e r i o n  i n d e x  -- 
as a  f u n c t i o n a l  f o r m  wh ich  f o l l o w s  more c o n s i s t e n t l y  f r o m  t h e  Wayne 

S t a t e  d a t a .  Versace no tes ,  however, t h a t  c e r t a i n  judgmenta l  and 

a r b i t r a r y  s e l e c t i o n s  o f  a n a l y t i c a l  parameter  v a l u e s  must  be made i n  

o b t a i n i n g  t h e  recommended f u n c t i o n a l  f o rm.  F u r t h e r ,  he p o i n t s  o u t  

t h a t  v a l u e s  f o r  t h e  t o l e r a n c e  l e v e l  b o t h  l a r g e r  and s m a l l e r  t h a n  1000 

w i l l  model t h e  Wayne S t a t e  d a t a  j u s t  as w e l l  f o r  e i t h e r  t h e  o r i g i n a l  

S e v e r i t y  I ndex  o r  f o r  l o g i c a l  e x t e n s i o n s  o f  i t such as t h e  Head I n j u r y  

C r i t e r i o n  i n d e x .  Indeed,  Versace does n o t  recommend any s p e c i f i c  v a l u e  

f o r  t h e  HIC t o 1  erance 1 i m i t  as b e s t  f o r  model i n g  t h e  Wayne S t a t e  d a t a .  

O the rs  have a1 so n o t e d  t h a t ,  w h i l e  more c o n s i s t e n t  t h a n  t h e  S e v e r i t y  

I ndex ,  H I C  has v a r i o u s  weaknesses r e l a t i n g  p r i m a r i l y  t o  two p o i n t s :  

1 )  a r b i t r a r y  s e l e c t i o n  o f  f u n c t i o n  parameters  i n  i t s  d e r i v a t i o n ,  and 

2 )  t h e  f a c t  t h a t  expe r imen ta l  d a t a  i s  f r om g r e a t l y  d i f f e r i n g  t y p e s  o f  

t e s t s  and t h a t  o n l y  A-P ( a n t e r i o r - p o s t e r i o r )  t e s t s  o f  human cadaver  

heads a r e  r e p r e s e n t e d .  I n  a d d i t i o n ,  Newman (1975)  n o t e s  t h a t  t h e  

o r i g i n a l  d a t a  upon wh ich  HIC i s  founded i n  no way s u p p o r t s  t h e  i d e a  

t h a t  HIC shou ld  be d e f i n e d  as t h e  maximum v a l u e  o f  t h e  HIC f u n c t i o n  

o v e r  a l l  t i m e  i n t e r v a l s .  T h i s  i s  an a r b i t r a r y  e lement  o f  t h e  H I C  

d e f i n i t i o n .  

D e s p i t e  t h e s e  v a r i o u s  c r i t i c i s m s ,  and o t h e r s ,  wh ich  can be made 

o f  HIC, i t  i s  g e n e r a l l y  accep ted  as t h e  b e s t  whole-body m o t i o n  i n d e x  

y e t  proposed f o r  p r e d i c t i n g  c o n c u s s i o n  i n j u r y .  I n  a d d i t i o n ,  t h e  t o l -  

e rance l i m i t  o f  1000 f o r  t h e  o r i g i n a l  S e v e r i t y  I ndex  has been r e t a i n e d  

f o r  H I C  i n  NHTSA Docket  Number 69-7, N o t i c e  19, MVSS 208. 



Ev idence  has accumu la ted  s i n c e  1972, however,  w h i c h  wou ld  s u p p o r t  

t h e  use  o f  a  l a r g e r  t o l e r a n c e  l e v e l  f o r  HIC.  The f i n d i n g s  o f  Got ,  e t  a1 . 
(1978)  have been d e s c r i b e d  i n  S e c t i o n  4 .  On t h e  b a s i s  o f  t h e i r  t e s t s ,  

t h e y  sugges t  a  HIC 1  i m i t  o f  1500  a1 t hough  t h e y  recommend a d d i t i o n a l  

t e s t i n g  t o  c o n f i r m  t h e i r  r e s u l t s .  Newman (1975 )  p o i n t s  o u t  t h a t ,  i n  

1  i g h t  o f  Gadd 's  r e v i s e d  S e v e r i t y  I n d e x  t o 1  e rance  1  i m i t  o f  1500  f o r  

i m p a c t s  o f  d u r a t i o n  g r e a t e r  t h a n  5  msec (Gadd, 1972; a1 so, see Gadd, 

1971 ) ,  a  HIC 1  i m i t  o f  1500 m i g h t  be more  r e a s o n a b l e .  Hodgson and 

Thomas ( 1  972)  n o t e  t h a t  i f  a  head i m p a c t  does n o t  c o n t a i n  a  c r i t i c a l  

HIC i n t e r v a l  (HIC - > 1000)  o f  l e s s  t h a n  1 5  msec, i t  s h o u l d  be c o n s i d e r e d  

s a f e  as  f a r  a s  c e r e b r a l  c o n c u s s i o n  i s  conce rned .  Thus, a t  l e a s t  f o r  

i n t e r v a l s  l o n g e r  t h a n  1 5  mscc, Hodgson and Thomas s u p p o r t  a  t o l e r a n c e  

l e v e l  o f  g r e a t e r  t h a n  1000.  L i k e  t h e  r e s u l t s  o f  Got,  e t  a1 ., cadave r  

t e s t  r e s u l t s  o f  Nahum, e t  a l .  (1977)  wou ld  seem t o  s u p p o r t  a  HIC t o l -  

e r a n c e  l e v e l  ( A I S  - < 2 )  o f  g r e a t e r  t h a n  1000 .  One o f  t h e i r  t e s t s ,  a n  

A IS  2  i n j u r y  w i t h  a  HIC o f  3765, was men t i oned  i n  S e c t i o n  4 .  O f  t h e i r  

o t h e r  t e s t s ,  none had H I C ' s  exceed ing  1000 b u t  n e i t h e r  were t h e r e  

i n j u r i e s  o f  s e v e r i t y  g r e a t e r  t h a n  A IS  2. The re  were two w i t h  H I C ' s  

g r e a t e r  t h a n  800  and no d i s c e r n i b l e  b r a i n  i n j u r y  wha t soeve r  (A IS  0 ) ,  

one  w i t h  HIC equa l  t o  923 and A IS  1, and one  w i t h  a  HIC o f  980 and 

AIS 2 .  These numbers i m p l y  t h a t  A IS  2  i n j u r i e s  wou ld  o c c u r  f o r  H I C ' s  

t h r o u g h  v a l  ues g r e a t e r  t h a n  1000  ( t h o u g h  perhaps  n o t  7 5 0 0 ) .  The o n l y  

r e s u l t  f r o m  Nahum, e t  a1 . , c o u n t e r  t o  t h i s  i s  a  c a s e  w i t h  A IS  2  f o r  

HIC o f  551. 

The f r e e - f a l l  s t u d y  r e p o r t e d  by  Snyder ,  e t  a l .  (1977)  and Fous t ,  

e t  a1 . ( 1  977) l e n d s  some s u p p o r t  t o  t h e  use  o f  a  HIC t o l e r a n c e  l i m i t  



greater  than 1000. In t h a t  s tudy,  r e s u l t s  of MVMA 2-D CVS computer 

simulations of f r e e - f a l l  impacts were corre la ted  with AIS codes derived 

from hospital records.  No r e s u l t s  were obtained for  adu l t  head impacts, 

b u t  fo r  ch i ld ren ,  a  HIC tolerance l i m i t  (AIS - 2 )  was determined t o  be 

in the  range 1700 to  2800. (Adult values can be expected t o  be l e s s . )  

F inal ly ,  in a  review of the cu r ren t ly  exis t ing  data base for  

assessing impact head i n j u r y ,  Robbi ns ( 1  980) f inds  t h a t  "No numerical 

c r i t e r i o n  fo r  in jury  can be given more than a  l imited recommendation 

a t  t h i s  time due t o  the shortcomings in b o t h  the  data base on head 

in jury  and in construct ion of the various c r i t e r i a . "  While no t  en- 

dorsing use of a  HIC to lerance  l i m i t  grea ter  t h a n  1000, Robbins f inds  

t h a t  nei ther  use of the Head Injury Cr i ter ion  nor a n  in jury  to1 erance 

level of 1000 a r e  o n  firm ground. Further ,  Robbins f inds  t h a t  l imi t ing  

allowable i n j u r i e s  t o  AIS 2  may be unnecessarily conservative;  from 

examination of the AIS ra t ings  associated with various brain and skull 

i n j u r i e s ,  Robbins concludes " t h a t  cerebral concussion a t  the  level 

AIS = 3 i s  a logical  candidate for  use a s  an upper 1  imit  in the  con- 

s t ruc t ion  of in jury  c r i t e r i a  f o r  the  head." This would allow, of course,  

use of grea ter  to lerance  l eve l s  than those defined f o r  i n j u r i e s  with 

a n  AIS upper l i m i t  of 2 .  

In summary, there  i s  considerable evidence t h a t  a  HIC to lerance  

1 imit of 1500 i s  j u s t i f i e d .  A 1  t h o u g h  i t  i s  by no means c e r t a i n  t h a t  

the value 1000 i s  too conservative,  there  seems to  be be t t e r  evidence 

t h a t  i t  i s ,  than t h a t  i t  i s  not.  While 1500 has been used in the  cur- 

r en t  study f o r  the purpose of making spec i f i c  statements r e l a t i n s  t o  l i k e -  

lihood of head in ju ry ,  the  general conclusions of the  study r e l a t i n g  to 

the  d i f ferences  between helmeted and unhelmeted impacts a r e  unaffected.  
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TABLE B-1. HIC SUMMARY 

HIC 
S i m u l a t i o n  Run D u r a t i o n  

Type No. HIC (m s ec ) 

Head-Truc k 1 3475 5 
2 3317 5 
3 3673 5 
4 564 5 
5 2573 3 
6 3388 5 
7 3511 5 
8 3927 5 

54 574 5 

Ches t -Truc  k 9 566 83  
1 0  419 60 
11 4 3 8 0 
12  7 7 88 
13  542 63 
14  534 8 5 
15 424 17 
1 6  439 3 3 
17 611 48 
18 644 7 8 
5 5 4 2 9 3 

Head-Road ( 3 0 " )  19  1266 1 0  
20 7621 3 0 
21 1403 4 8 
22 4787 7 
23 1305 1 0  
24 5486 3 0 
25 1288 1 0  
26 7603 17 
27 8480 2 0 
28 4714 5 
29 931 12  
30 11276 5 5 
31 1411 5 

H I  C 
S i m u l a t i o n  Run D u r a t i o n  

Type No. HIC (m s ec ) 

Head-Road ( 3 0 " )  32 6032 5 
( c o n t i n u e d )  33 1069 1 0  

49 5618 3 0 
52 2686 3 5 
53 579 1 0  
56 1244 7 
57 1301 1 0  
58 1336 7 
60 4714 5 
64 1523 7 

Head-Road ( 7 0 " )  34 4440 6 5 
35 14009 6 5 
36 1437 8 
37 12624 17  
38 2842 63 
39 10190 6 5 
40  2933 3 0 
41 91 08 18  
42 2671 8 2 
43 8063 2 5 
44 1175 5 8 
45 12535 1 8  
46 1099 5 
47 5138 5 
48 4749 6 5 
50 4385 18  
51 1835 7 5 
59 2671 8 2 
61 8063 2 5 
62 1992 3 0 
63 2011 5 
65 3362 2 5 





HIC= 3475. BETMEEN om AND 5 . n s ~ c  
3-HSEC AVG. FOR HEAD= 2900 AT 2. HSEC 
3-MSEC AVG. FCR CHEST= 22. AT 46, MSEC 

HINIHW AT MSEC MAX1 YUH AT HSEC .-------- - - - - - - - -  --*------- 

1-HEAD ANGo POSIT1 ON 70.0 0 l 204.8 490 
2-HEAD ANGO VELOCITY -1196.6 5 50 5964.9 19 • 
3-HEAO ANG. ACCEL. -1 1989.6 2 7-  1480 7.9 20 
+HEAD RESUL* ACCEL. 1.0 8 491.4 2 l 
5-UPPER NECK STOP TORQUE -304.1 10. 934-0 27. 
6-LOUR NECK STOP TORCUE -0- 0 0 l 1115.3 38. 
7-2 DIR, HEAD CONTo FORCE -746.3 4. 490.6 45 • 
8-X D I R o  HEAO COhT FCRCE -0- 0 0 l 502609 2 
9-CUNDY LE J O I N T  ANGLE -2.7 100 6 1.8 27. 

109C7-Tl J O I N T  ANGLE -30.0 0. 27,l 39 • 
1 1-FORCE ALgNG NECK -1480.4 47 12 530 7 5. 
12-SHEAR FORCE AT CONOYLES -512.5 2 l 250 5 90 
13-COMP. FORCE AT CCNOYLES -1444.3 470 1320.3 5. 
14cSHEAR FORCE AT C7-Tl -3730 1 38. 9404 25- 
15-COMP. FORCE AT C7-T1 -1435- 1 4 7. 11 86. 8 5 • 
16-CONOYtE TOTAL TORQUE 0404.5 10. 1240.7 270 
17-Cf-TI TOTAL TUROUE -1430 8 9 3- 22 3 90 9 38. 

H I C s  3317. BffUEEN 2. AND 7,HSEC 
3-HSEC AVGo FOR HEAOl 2330 AT 51 MSEC 
3-nSEC AVGO FOR CHEST= 180 AT 61. MSEC 

HlNIHW AT MSEC PAXIWUH 4 T  FSEC - - - - - - - - - - - - - - - - - - - - - - - - - - -~  
1-HEAD ANGo P O S I T I C N  70- 0 3 • 228*1  74. 
2-HEAD ANG. VELUCI T Y  -152 7.3 1000 4699.9 26 
3-HEAD ANGo ACCEC. -336 1.6 3 40 87400 5 13. 
4-HEAD RE SULo ACCELo lo0  0. 24500 6 
5-UPPER NECK STOP TORQUE -1261.7 14. 722.2 6 3 .  
6-COWER NECK STCP TORQUE -0.0 0. 978.1 50. 
7-2 O I R .  HEAD CONTO FORCE -389.1 6 ,  144.0 30 
8-X OIR* HEAD CONT* FCRCE -0.0 0 I 38900 9 6 .  
9-CONDYLE J O I N T  ANGLE -33-2 14. 59.4 630 

10-C7-Tl JOINT ANGLE -30.0 0 l 24,7 50. 
11-FORCE ALONG NECK -899.0 1 2, 99003 60 
12-SHEAR FORCE A T  CCNDYLES 414.3  15. 903 34. 
13-COMP. FORCE AT CCNOYLES -796.7 3 0. 13 70.3 6 .  
14-SHEAR FORCE AT C7-Tl 0578.5 150 1800 78- 
1S-COMP. FORCE AT C7-Tl -85807 12. 935 .7  6. 
16-CONOYLE TOTAL TORQUE 01596.6 14. 1345.5 6 3. 
I?-C7-T1 TOTAL TCROUE -00 0 0 19 76.7 50. 



H I C a  3673. BETWEEN O m  4/40 5aHSEC 
3-MSEC AVG. FCR HEAD+ 270. AT 1. MSEC 
3-MSEC 4VG- FOR CHEST= 230 AT 4. HSEC 

MINIHUM AT MSEC FAX1 YUM AT MSEC 
C l e - - - - - - Q I I 1 I - * B I U - - - - - -  

1-HEAD ANG, POS f TT ON 50,O 0 0 L93m8 74, 
2-HEAD ANGo VELGCITY -1568a 1 8 30 574 8 e 2  210 
3-HEAO ANGo ACCELm -1 1652.4 2 70 13Q20. 8 1. 
4-HEAO RESULa ACCELo 60 f 71- 489.8 l o  

5-UPPER NECK STOP TORQUE -446- 9 L 1, 788.7 280 
6-LOWER NECK STOP TORQUE -0.0 0. 118 4*4  6 1. 
7-2 OIR. HEAD CUM.  FCRCE -800.1 2 • 490.6 508 
8-X DfR, HEAO CCNf FORCE -0- 0 0 • 5288. 1 1 l 
9-CGNDYLE JOINT  ANGLE -2201 11. S O a 9  288 

lO-C7-11 JOINT ANGLE -40.0 0 a P 8.2 6 1  
11-fORCE ALONG NECK -14P 90 3 5 20 1702.1 4 • 
12-SHEAR FORCE AT CONDYLES -435.0 I .  4 8 e 6  29 
13-COMP. F O P C E  AT CONOYLES -1373.1 5 2. 1752e4 4. 
1+-SHEAR FCIRCE AT 6 7 - f I  -391.5 6 2. 130.6 27 
15-COHP. FORCE AT C7-Tl -138 20 9 5 2.  15798 1 4. 
16-CONDYLE TOTAL TORQUE -62 1.3 L l a  120 1.7 280 
170C7-Tl TOTAL TORQUE -0.0 0. 217600 4Le 

H t C s  564. BETWEEN 2. AND 7oHSEC 
3-HSEC AVG, FOR HEAW 116. A T  5. MSEC 
3-HSEC AVG. FCR CHEST= 8, AT 7, HSEC 

M I  N1 HW AT HSEC PAXIHUH AT MSEC 
~ L I I U I I I I ~ I I I I - * - - - - - - - - - - - - - - ~ - - - - - - - - - -  

1-HEAD ANG. POS IT1  ON 70*0  4, 172.2 100. 
2-HEAD ANG* V E L C C I  TY - 4 o l  3 • 237 1.6 300 
3-HEPO ANG* ACCELo -1533.0 37, 323 1.0 16 a 
4-HE4B RESULa ACCEL. O m  3 7 7 • 120.4 6 
 UPPER NECK STOP TORQUE -464. 8 16- 239.4 8 1 l 
6-LONER VECK STCP TORQUE -0.0 O m  251.3 94 a 

7-2 CIR HEAO CCF( t0  FORCE -19707 6 .  54e0 36 a 
8-K D I R  • HEAO CCtiT* FORCE -0-0 0- 1976. 9 6- 
9-CONDYLE JOINT ANGLE -13.2 % 3. 44.2 8 L a  

10-67-Tl JOINT ANGLE -30.0 0, 4 e 4  94 • 
11mF08CE ALONG NECK -21000 150 60 7-3 7. 
12-SHEAR FgRCE AT CCNOYLES -248- 1 19- 52.2 40 l 
13-COMP. FORCE AT C C N O Y t E S  -180.9 15. 639.9 7. 
14-SHEAR FORCE AT C F T 1  -245- 7 I?. 420 L 40- 
15-COHP. FORCE AT C 7 - T 1  -211.9 15. 5 7 0 . 9  70 
16-CONDYLE TOTAL TORQUE -641.9 16.  43 5.5 81, 
17-C7-T1 TOTAL TORQUE -0- 0 C 0 874.2 640 



HICx 2573. BETWEEN 2. AND SOMSEC 
3-HSEC AVG. FOR HEAD= 2440 AT 3. MSEC 
3-MSEC AVG. FOR CHEST= 12. A T  4. HSEC 

HINIHllM AT HSEC F A X I  MUM 4T MSEf 
- - ~ ~ - U I - - - - o  - - - - - . I ) - - - -  

1-HEAD ANGO PUSITION 70.0 0 • 156.9 100 • 
2-HEAD ANG. VELOCITY -1029.6 7 8 3885.2 210 
3-HEAD ANG. ACCEC. 06890.5 3 10 9669.4 4. 
4-HEAD RESUL. ACCEL. 1.0 0 • 298-3 3 • 
5-UPPER NECK STOP TORQUE -246.7 10, 54409 32. 
6-COWER NECK STOP TORQUE -0.0 0 • 314.1 47. 
7 - f  D I R o  HEAO CCNT. FORCE -534.8 50 487.9 77 • 
8-X O I R  HEAD C C M .  FORCE -0.0 0 I 3196.5 30 
9-CONDYLE JOINT ANGLE 0.7 1 1. 5 500 320 

lO-C7-T1 JOI NT ANGLE -30.0 0. 7.4 48. 
11-IORCE ALONG NECK -853.5 790 106 1.6 50 
12-SHEAR FORCE AT CONDYLES -323.5 3 • 53.1 3 1. 
13-COHP. FORCE AT CONDYLES -825.7 790 1110.6 4 
14-SHEAR FORCE AT C7-Tl -178.7 88. 87.3 31  l 
1 5-COHPo F O R C E  AT C7-T 1 -823. 5 790 1001o l  5 • 
16-CONOYLE TOTAL TORQUE -320.0 10, 887.2 32. 
17-C?-Tl TOTAL TORQUE -0.0 0, 1003.1 47 • 

HIC= 33880 BETWEEN 2. AND 7oMSEC 
3-MSEC AVG. FOR HEADp 236. AT 50 HSEC 
3-MSEC A V G o  F O R  CHESTS 22 .  AT 58. WSEC 

~ I N I ~ W  A T  MSEC PAXI MUM AT MSEC 
~----NI-------I--o---III-----..------I-~~ 

1-HEAD ANGm POS I T I  ON 70.0 30 243. 0 760 
2-HEAD ANGO VELCCITY -1044.1 1001 4741.4 29 
3-HEAO ANGO ACCEL. -4416.2 40. 8710.L 14 
4-HEAD RESUL. ACCEL . 10 0 0. 24800  6 . 
+UPPER NECK STOP TORQUE -1703.1 1 S o  1125.9 68 
6-COWER NECK STOP TORQUE -0.0 0 • 166 7. 6 55 • 
7-2 OIR.  HEAD CONTO FORCE -388.6 6 • 118.8 350 
8-x OIR. HEAD c a h t .  FORCE -0-0 o . 3885.6 6 .  
9-COkDYl.E J O l  NT ANGLE -38.4 15, 67.3 680 

10-Cf-T l J O I N T  ANGLE -3000 0 • 35.3 560 
11-FORCE ALONG NECK -944.5 120 988.5 6 .  
12-SHEAR FORCE AT CONDYLES -529.5 16. 28, 1 40 
13-COMP. FORCE AT CONOYLES -813.7 12. 1067.7 6 .  
14wSHEAR FORCE AT C7-Tl -5  07.7 16. 64.2 39. 
15-COMP. FORCE AT C7-T1 -898.4 1 2 .  937.3 6 • 
16-CONDYLE TOTAL TORQUE -1792.8 15- 1210.8 68 
L7-C7-T1 TOTAL TCRQUE -0.0 0. 1924.7 55, 



HICs 3511. BETWEEN 0. AND 5aMSEC 
3-HSEC AVG. FUR HEAOs 292. A T  2. MSEC 
3-MSEC AVG* FOR CHESTS 30. A T  46. HSEC 

MINIMUM AT MSEC PAXIHUM AT MSEC 
- - - - - - I ~ O I I I - - U L I I O I I - -  ---------- 

1-HEAO ANG* P O S I T I O N  70.6 8 * 218.0 5 0 e  
2-HEAD ANGe VELECI  TY -1452.5 6 1 e  6050e 9 22 • 
+HE40 ANGm ACCELe -1267be P 58, 14804.2 2- 
4-HEAO RESUL. ACCEL. 1.0 0. 492.5 2. 
5-UPPER NECK STOP TORQUE -347.2 101 120 9.4 30- 
+COWER NECK S70P TORQUE -0- 0 0 - 186 3- 3 42 . 
3-2 O I R  l HEAO CONT* FORCE -766.9 4 • 398.0 44 
8-X D I R ,  HEAD CCNT* FORCE -0,O 0, 50 3 5. b 2 . 
9-CONOYLE JOINT ANGLE -5.6 110 68.7 30. 

10-67-TI JOINT ANGLE -30.0 O 37.7 4 3 .  
11-FORCE ALONG NECK -123 8.9 46, 1258.6 4 
12-SHEAR FORCE A T  CONOYLES -511.0 2 27.5 51. 
13-COMPa FORCE A T  CONDYLES -1242.2 46. 1322.0 4, 
14-SHEAR FORCE AT C7-Tl -322.6 4 l e  154.5 29, 
15-COMP* FORCE AT 6 7 - f l  -1169.0 46, 1194.1 4, 
16-CONDYLE TOTAL TORQUE 0376. 9 10. 1320.4 30, 
17-C7-7'1 TOTAL TORQUE -15. 5 10 01 21 66.5 42. 

H l C z  3927. BETWEEN 2. AND 7oMSEC 
3-MSEC AVG. FOR HEAOs 271. AT 4s MSEC 
3-MSEC AVGe FOR CHESTS 19, AT 64, HSEC 

MINIHLM AT MSEC P A X I  HUM AT YSEC 
*UI I I I I I I - - - . . . IY I I I I I I I - - - - - - - - - - - - -  ------ 

1-HEAD ANGO POSIT1 ON 78.0 O m  231.3 73. 
2-HEAO ANGe VELOCITY  -1588.7 9 9, 41 80.8 24 . 
3-HE A0 'AN Ge ACC EL 03386.6 7 4, 749 0.6 12. 
M E A O  RESUte ACCELe 1.0 0 287.4  5 • 
5-UPPER NECK STCP TORQUE -1122.4 13. 95 0.2 74 
6-COWER NECK STOP TORQUE -0-0 0 e 1055s 3 65. 
7-2 OIR.  HEAO C O M e  FORCE -330.3 5 .  168.0 25 
8-X O I R  . HEAD COkT* FORCE -0.0 0, 3302.6 5-  
9-CONDYLE JOINT ANGLE -31.2 14- 64.1 74, 

10-Cl-Tl JOINT ANGLE -30.0 0 • 26.0 6 5 
t 1-FORCE ALONG NECK -91 1-9 27, 970.2 5 . 
12-SHEAR FORCE ATCCNOYLES -554.2 14, 103 -9  75 
~ ~ - C O M P .  FORCE AT CONOYLES - e a s e s  2 7. 1354.5 5 l 
14-SHEAR FORCE AT C7-T1 -551.6 14- 133.2 74. 
15-COW* FORCE AT C 7 - T I  -894.8 2 7. 917.3 5 
16-CONDYLE TOTAL TORQUE - 1442.6 13, 1279.1 56 
17-Cf-Tl TOTAL TORQUE -0.0 0 • 1910e9 65- 



HIC3 566. BETWEEN 17. AND 10OoWSEC 
3-MSEC AVG. FOR HEAm 70. AT 30, MSEC 
3-HSEC AVG- FOR CHEST, 61. A T  23. Y S E C  

MINIHUH AT MSEC MAXIMUM AT MSEC 
- - -  - - - ~- - - - - - - - - - - - - - - 

1-HEAD ANG. POS 1 TI  ON 
2-HEAD ANG. VELOCITY 
+HEAD ANGm ACCEL. 
4-H € A 0  R ESU t ACCE L l 
FUPPER NECK STOP TORQUE 
6-tOWER NECK STOP TORQUE 
7-2 O I R o  HEAO CONTO FORCE 
8-X D I R  HEAD CGNTo FORCE 
9-CONDYLE JOINT ANGLE 

10-Cf-Tl JOINT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CUNOYLES 
13-COMP, FORCE AT CONORES 
14-SHEAR FORCE AT C7-11 
15-COMP. FORCE AT C7-Ti 
16-CONOY LE TOTAL TORQUE 
17-C7-Tl TOTAL TORQUE 

- - - - - - - - - - 

5 3. 
42. 
370 

0. 
5 40 
6 10 
2 0. 

0 
5 5 ,  
62. 
3 0- 

LOO* 
30m 

100. 
29 
5 4. 
42, 

HIC= 419, BETWEEN 170 AN0 77.MSEC 
3-MSEC AVGm FOR kEAO= 700 AT 30- HSEC 
3-WSEC AVG. FCR CHEST= 61- A T  23. MSEC 

HINIHW AT MSEC MAXIMUM AT HSEC 
---~I--II-----------L-----U--------.I---- 

1-HEAD ANGe POS IT?  ON -7.5 60. 70.0 5. 
2-HEAD ANG* VELOCITY -32440 8 47. 320 7.6 100, 
3-HEAO ANGm ACCECI -2689.9 3 3. 7391.0 6 0 .  
4-HEAD RESUL. 4CCEI.o 1.0 0. 70.4 30 
5-UPPER NECK STCP TORCUE -2497.0 6 0. 44.2 33 
6-LOkER NECK STOP TORQUE -1803.6 7 2- -0.0 0. 
7-2 O I R o  HEAO CCkT* FORCE -960 2 2 L o  859-7 290 
8-X D I R .  HEAD COM. FORCE -0-0 0. 5440.0 280 
9-C CNOY LE J O I  NT ANGLE -4S.3 61. 29 .5  33- 

10-C7-T1 JOINT ANGLE -79.4 7 2. -3  0. 0 0. 
11-FORCE ALONG NECK -956m8 30, 22 70 3 63, 
12-SHEAR FORCE AT CCNOYLES -326 -4  600 422.7 73 
13-COMP. FORCE A T  CCNOYLES -863.4 3 0. 234.8 63 
IeSHEAR FORCE A T  C7-TI -362.6 60, 419-8 72 .  
15-COW. FORCE AT C7-Tl  -1079.0 3 0. 213.8 64. 
16-CONDYLE TOTAL TORQUE -2936.4 6 0 182.9 33. 
17-C?-Tl T O T A L  TOROUE -261 5-6 7 2- - 0.0 0. 



HIC= 430  BETMEEN 70 AN0 87oMSfC 
3-HSEC 4VG0 FOR HEAOs 160 AT 44. HSEC 
3-MSEC AVG. FOR CHESTS 160 AT 140 MSEC 

MINTHUM AT HSEC PAXIMUM AT HSEC 
-------------------..---------*---------------- 

1-HEAD ANGo P O S f  f I ON 
2-HEAO ANGo VELCCf TY 
3-HEAD 4NGm ACCEL. 
4-HEAO RESUC ACCELo 
S-UPPER NECK STOP TORQUE 
6-COWER NECK ST GP TORCUE 
7-2 OIR l HEAO CCNTo FORCE 
8-X DIR l HEAO CCNTe FCRCE 
9-CONDYLE J O I N T  ANGLE 

10-C7-T1 JOINT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CCNDYLES 
13-COHPe FORCE AT CONOYLEI 
1 4 - S H E W  FORCE AT C 7 - T l  
15-CONP. FORCE AT C7-T1 
16-CONDYLE TOTAL TORQUE 
17 4 7 - T  L TOTAL TORQUE 

HI C= 77. BETWEEN 12. AN0 IbOoHSEC 
3-MSEC AVGO FOR HEAD= 200 AT 570 MSEC 
3-HSEC AVGo FOR CHEST= 140  AT 130 MSEC 

MINIHUM AT MSEC PAX1 HUH AT PSEC -------------------.--------.---------------- 
I-HE AD ANG. POS I T 1  ON 
2-HEAO ANGo V E L O C I f Y  
3-HEAO ANGo ACtELo 
4-HE40 RESUL. ACCEL. 
5-UPPER NECK STOP TORCUE 
bLOUER NECK STOP TORQUE 
7-2 DIR- HEAD CONTw FORCE 
8-X OfRo HEAO CONTo FORCE 
9-CONOY LE J O I  NT ANGLE 

1 0 - C 7 - T I  JOINT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CONOYLES 
13-COP?. FORCE AT CONOYLES 
14-SHEAR FORCE AT C 7 - f l  
15-COMP. FORCE AT C 7 - 1 1  
16-CDNOYLE TOTAL TORQUE 
17-C7-f l TOTAL TORQUE 



HIC= 542 .  BETWEEN 17. AN0 8OoHSEC 
3-MSEC AVG. FCR H E A O t  74. A T  30. MSEC 
3-MSEC AVGo FOR CHEST= 61. A T  23. HSEC 

HINIMW AT HSEC FAX1 HUH A T  HSEC 
- - - - - I - I - - I  

1-HEAD ANG- POSITION -13.7 63. 7OeO 8 
2-HEAO ANGo VECCClTY -34 970 1 500 3169.6 1000 
3-HEAD 4NGo ACCELo 02815.5 33, 8005.6 62. 
4-HEAO RESUL* ACCELo 1.0 0 74.6 30* 
5-UPPER NECK STOP TORQUE -3035.8 6 2. 114.3 340 
 COWER NECK STOP TORQUE -2698.4 7 4. -3. o o . 
7-2 O I R .  HEAO CONTo FORCE -136.5 2 1. 798.3 29 
8-X OIR HEAD CCNT. FORCE -0.0 0 • 5403.2 28. 
9-CONOY LE JO I NT ANGLE -48.9 6 3- 36.9 350 

lO-C7-Tt JOINT ANGLE 086.7 75. -30.0 0 • 
11-FORCE ALONG NECK -102 90 8 30 252 .  0 65. 
12-SHEAR FORCE AT CCNDYLES -47509 6 20 497.6 75. 
13-COMP. FORCE AT CONOYLES -926.7 300  266.0 6 40 
14-SHEAR FORCE A T  C7-Tl -507.0 6 20 SO 40 1 75, 
15-COMP. FORCE AT C7-T1 -1150.2 30. 21 3.1 650 
16-COM)YLE TOTAL TORQUE -3153.3 6 20 161.6 3 4 .  
1 7 4 7 - T l  TOTAL TORQUE -2900.0 740 -0.0 0. 

H I C s  534. BETWEEN 15, AND 1OOoHSEC 
3-HSEC 4VG. FOR HEAO= 72. AT 29. MSEC 
3-MSEC AVG. FOR CHEST= 6 2 ,  A T  23. MSEC 

MINIHW AT HSEC PAXIMUM AT MSEC 
----.u-__UII--I------III-...-I--~---~ 

1-HE AD AN G* PO S I T I  CN -8. 1 5 50 143.9 100, 
2-HEAD ANG. VELOCITY -4354.2 450 4484.9 90 • 
3-HEAO ANGo ACCEL; -4547.0 3 30 13670.3 56. 
+HEAD RESULo ACCEL. 00 6 5 4. 73.0 29 
5-UPPf3 NECK STCP TORQUE -2179.1 56. 118.0 100. 
6-LOWER NECK STOP TORQUE -1733.6 6 5 0  -00 0 0 
7-2 DIR* HEAO CONT. FORCE 072.1 2 00 919.5 290 
8-X DIR. HEAO CONTO F O R C E  -0.0 0 533 3.2 28. 
9-CONDYLE J O I N T  ANGLE -42.9 5 60 37. 0 1000 

10-C7-T 1 J O l  NT ANGLE -78.7 6 5, -30.0 0. 
11-FORCE ALONG NECK -781.5 3 0 297.1 59. 
12-SHEAR FORCE A T  CCNOYLES -215.5 5 6. 324 .3  43, 
13-COHP. FORCE AT CONOYLES -675.6 3 00 323.0 57 • 
14-SHEAR FORCE AT C7-Tl -288.9 56. 354.4 65 
15-COMP* F9RCE AT C7-Tl -92 1.9 29. 238.0 5 8 
16-CCNDYLE TOTAL TORQUE -2287.1 56.  194.4 LOO* 
17-Cf- f l  TOTAL TORQUE -1 9090 9 6 5.  61.6 ZOO. 



CRZOHS 03 f 2 

H I 6 1  424. 8ETWEEN 20. AND 37.WSEC 
3-MSEC AVG* FOR HEAD= 71, AT 30. MSEC 
3-YSEC AVG. FGR CHESTS 60. AT 230 MSEC 

M I N I M O W  AT HSEC H A X I  HUH AT HSEC 
---.--.II------.----LII--I-*------~---- 

1-HEAD ANGO PUS I f I ON -11.2 6 30 55 .2  I Q O o  
2-HEAD ANGO VEbCCI fY  -2637- 1 490 269 1- 5 LOO- 
3-HEAD ANGe ACCEta -2245.3 35. 572 9e6 63. 
4-HEAD RESUL. ACCEL. 1. 0 0, 71.9 30- 
5-UPPER NECK STOP TORQUE -1934-3 6 41 72.0 35- 
6-COWER NECK STOP TORQUE -1083e2 7 9. -0.0 0 . 
7-% DIR.  HEAD CONTO FCRCE -88.0 2 0- 941.5  298 
8-X O X R e  HEAD CENT. FORCE -01 0 0 a 553 2.2 288 
9-CONDYLE JOINT ANGLE -5 0e7 64.  22.9 350 

10-Cf-f 1 JOINT ANGLE -80.6 990 -40.0 0, 
11-FORCE ALONG NECK -987.4 3 0. 196.3 6 5 
12-SHEAR FORCE AT CONOYLES -327.6 64. 311.2 44 • 
13-COMP. FORCE AT CCNDYLES -891.7 30e 210.5 65 
14-SHEAR FORCE AT C7-T b -336- 5 64, 317.1 44 
15-COMP. FORCE AT C7-T1 -1 123- 1 29 157.1 65, 
16CO&OYLE TOTAL TORQUE . -2346eO 64. 23 3e5 350 
17-C7-7'1 TOTAL TORQUE -1706.7 790 -0.0 0, 

H l C o  439- BETWEEN 17. AN0 50.HSEC 
3-MSEC AVGe FOR H E A O t  72-  AT 29. HSEC 
3-HSEC AVG. FCR CHESTS 6 1 ,  A T  23- MSEC 

MINIHW AT MSEC PAX1 MUM A T  MSEC 
H I U I ~ - Y - I - - - - - - - - * - - - - - - - ~ - -  

1-HEAO ANG- POSITION 02.3 5 50 139.8 100. 
2-HEAD ANGO V E L O C I T Y  -32 05.5 44. 362 80 7 72 
EHEAD ANGe ACCELa -3969, 5 3 50 9156.7 56 
4-HEAD RE SUL ACCEL La0 0 • 72.7 29 
5-UPPER NECK STCP TORCUE -1140e9 57. 71.4 311, 
6-COWER NECK STOP TORCUE -733.0 42. 16.4 100. 
7-2 O I R *  HEAO CUNT. FORCE - 2  5 6 20. 1039.9 29 
8-X O I R .  HEAO CCh'Te FORCE -00 0 O e  543 1.2 28. 
9-CONOYLE J O I N T  ANGLE -41.5 5 70 2 2 e 9  33. 

10-C7-T 1 JOINT ANGLE -7304 4 3. -26- 0 100. 
11-f ORCE ALONG NECK 07440 7 2 90 1660 1 60- 
12-SHEAR FORCE AT CONDYLES -100.0 S 7, 260.6 42 
13-COMPa FORCE AT CONDYCES -646et 298 181.9 59-  
14-SHEAR FORCE AT C7-71 -179- 5 100. 31 5.5 3 t. 
15-CON?. FORCE A T  C7-Tl 0898.1 29 .  145.2 61 
16-CONDY LE TOTAL TORQUE -1486- 5 5 70 234.3 33 • 
17-C7-T1 TOTAL TORQUE -1433.4 4 2. 704.9 100. 



HIC= 611. BETWEEN 22. AN0 70oHSEC 
3-MSEC AVG- FOR HEAD= 70- AT 31. MSEC 
3-KEC A V G o  FOR CHEST= 6 3 .  AT 23. HSEC 

HINIMVn AT HSEC PAXIMUH AT HSEC - - - - - - - -  0--...* 

1-HEAD ANGe POS IT1  ON 704 5 70 1000 0 00 
2-HEAD APIGe VELOCI TY -4410. 4 44- 3139.2 88 
E H E A O  ANGo ACCEL. -4281.1 33. 8836.2 54. 
4-HEAO RESUL. ACCEL. 00 9 3 7 00 4 3 L o  

5-UPPER NECK STCP TORQUE -2961.9 550 110.2 32. 
6-COWER NECK STOP TORQUE -3123.9 6 5 ,  -0.0 0. 
7-2 01Ro HEAD COW. FORCE -00 0 0 725.2 28- 
8-X D I R o  HEAO CONTO FORCE -0.0 0 522 8.2 27. 
9-CONDYLE JOf NT ANGLE -48.4 5 5- 36.4 32 

10-C7-T1 JOINT ANGLE -59.4 6 50 00 0 0 
11-FORCE ALONG NECK -875.6 30. 235.0 66 
12-SHEAR FORCE AT CONDYLES -389.3 5 40 692.9 65 .  
13-CON?. FORCE AT CONDYLES -787.9 3 0- 204.0 66 
14-SHEAR FORCE AT C7-Tl -3900 1 540 73 0.7 6 5 ,  
15-COHPo FORCE AT C7-TI -9430 0 3 O m  292.3 65. 
16-CONDYLE TOTAL TORQUE -3440 5 5 5- 300.6 32. 
17-C7-11 f OT AL TORQUE -4146.9 6 5. -0.0 0 • 

HIC= 644. BETWEEN 22. AND LOOaMSEC 
3-MSEC AVG. FOR HEAOs 680 A T  31. HSEC 
3-MSEC A V G o  FOR CHEST= 64. AT 23. HSEC 

MINIMUM AT HSEC rwAX1HUH AT YSEC 
- - - - - U I I I I I - - - - - - - - - - - - - - - - L I I I - - - - I  

1-HEAD ANG. POSITION 10.2 50, 172.1 1000 
2-HEAD ANG. VEtQCT TY -511 100 40. 496 8. 7 79 
3-HEAD ANGo ACCEL. -594 1.0 36. 15702. 5 50 
4*EAD RESUL* ACCEL. 00 8 30 68. 7 31s 
5-UPPR NECK STOP TORQUE -2329.2 50 ,  244.4 92. 
6-COWER NECK STOP TORQUE -2094.0 5 7, 2.1 100, 
7-2 O I R .  HEAD CtNTo FORCE 90.0 0 82 8- 8 28. 
8-K O I R o  HEAO CONT. FCRCE -0.0 0- 5198.1 27 
+CONDYLE JOINT ANGLE -43 • 9 50. 44.4 920 

10-C7-T1 JOINT ANGLE -52.1 5 70 70 0 100. 
11-FORCE ALONG NECK -690-0 3 1. 349.3 52 
12-SHEAR FORCE AT CONDYLES -131.9 50.  50 803 38. 
13-COMPo FORCE AT CONDYLES -609.0 3 1. 38 20 7 51. 
14-SHEAR FORCE AT C7-Tl -139.6 5 0 553.2 38 
15-COHP. FORCE AT C7-Tl -762. L 3 0. 269.7 52- 
16-CONDY tE TOTA t TORQUE -2757.5 50- 575.1 92. 
17-C7-Tl TOTAL TORQUE -302 1.4 57, 645.6 LOO. 



H t  C= 1266- BETMEEN 5m AND 15oMSEC 
3-HSEC A V G o  FUR HEAD= 131. AT 8. MSEC 
3-HSEC AVGm FOR CHEST= 23. A T  78. MSEC 

M N I  MW AT MSEC PAXIHUM AT MSEC 
- * - U L l - - - - 4 0 0 0 ~ - - - - ~ - - - - - - - - - - - -  

L-HEAO 4NGm P O S I T  I O N  -30.5 60 70.7 74. 
2-HEAD ANGm VELCCI  TY -1781a3 1009 2835.0 32.  
EHEAD ANGm ACCELm -184408 4 8m 455909 19. 
44iEAO RESULm ACCEtm 00 9 2 • 1 3 3 * 4  8 
S-UPPER NECK STOP TORQUE -55 1.4 19. 347.9 75 
6-LOWER NECK STOP TOACUE -Om0 O m  186-1 6 1- 
7-2 D I R .  HEAO CONTO FORCE -0.0 0 o 3139.7 9e 
8-X D I R m  HEAD C C M m  FORCE -0.0 0 • 627.9 9 • 
9-CQNOY I.€ JOINT ANGLE -79 3 19- 58.7 75. 

LQ-C7-T1 JOf NT 4N6LE -20.0 0. l l e 4  6 1 e  

11-FORCE ALONG NECK 0525.9  19. 2371.9 11 1. 
12-SHEAR FORCE AT CCNOYLES -337.8 19. 60.9 78 
13-COHP* FORCE AT CONORES 4 5 8 * 3  199 232 1.8 110 
14-SHEAR FORCE AT C 7 0 T 1  -3 10. 1 190 118.7 79 0 

15-COMP. FORCE AT C 7 - f l  -515.4 19. 240 4.7 1 1. 
. 16-CONDYLE TOTAL TORQUE -761.4 190 578e8 14- 

17-C7-T 1 TOTAL TORQUE - 2 2 O o O  9 9, 854.0 21- 

H l C =  7621. BETWEEN 0. AND 30mMSEC 
E M S E C  AVG. FCR HEAOs 324. AT 2e HSEC 
3-MSEC A V G m  FCR CHEST= 38, AT 5- MSEC 

HI NI HUH AT ~ S E C  PAX1 MUM AT HSEC 
- - O I - I Q I - - - - - - - - - - - I  

1-HEAO ANGm P O S I T I O N  -300 1 1 • 46.5 180 
2-HEAO ANGm VEtOCXTY -3666.0 2 5 837 9e3 10 
3-HEAD ANGo ACCELm -27463. 1 140 2433 7.0 3 • 
4-HEAD RESUL- ACCEL. 1.0 0. 398.2 2 a 

5-UPPER NECK STQP TORQUE 466.0 3 30 421 5.2 14. 
6-LOWER NECK STOP TORQUE -527.5 12, 1058. 0 32. 
7-Z O I Q m  HEAD COW. FORCE -0.0 0. 4827e9 3 .  
8-X DIR. HEAD CCNTm FORCE -0.0 O m  289 60 7 3. 
9-CONOV CE J 01 NT ANGL E -3- 2 3 3-  108.9 14. 

1Q-Cf-T1 JOINT ANGLE -46 4 13. 36.1 32. 
11-FORCE ALONG NECK -1441.9 2 50 4271.5 5 • 
12-SHEAR FORCE AT CONDYLES -598.5 3 3c 1283.9 14. 
13-60MP. FORCE A T  CONOYLES -1270mL 25, 4044.8 5 .  
16-SHEAR FORCE AT C f - T l  -662.7 3 3- 1 4 5 3 . 2  14- 
15-COMP, FORCE A T  C7-11 -1385.9 2 5m 4090.7 5 • 
16-CONDYLE TOTAL TORQUE -751.8 3 3. 4308.5 14. 
17-C?-Tl TOTAL TORQUE -1165-7 120 241 902 32. 



HIC= 1403. BETWEEN 2. AND 50oHSEC 
3-MSEC 4VG. FOR H E A B  121. AT 4. MSEC 
3-HSEC A V G o  FCR CHEST= 470 A T  110 MSEC 

M I N I M U M  AT HSEC MAXIHW AT HSEC 
--I--UUIIIIIIIIIIIIIIII---------~----- -0-- ------ 

1-HEAD ANG. POSITlGN 
2-HEAD ANGo VELOCITY 
E H E A O  ANG* ACCEL. 
+HEAD RESULo ACCELo 
5-UPPER NECK STOP TORQUE 
6-LOWER NECK STOP TORQUE 
7-2 O I R o  HEAO CCNT. FORCE 
8-X DIR. HEAD CONTo FORCE 
9-CCNDYLE JOINT ANGLE 

1047-T1 JOINT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE A T  CONDYLES 
13-COMP. FORCE AT CONDYLES 
14-SHEAR FORCE AT C7-Tl 
15-COMP. FORCE AT C7-Tl 
16-CONDYLE TOTAL TORQUE 
17-C7-Tl TOTAL TORQUE 

HIC= 4787. BETWEEN 0. AN0 7mHSEC 
3-HSEC AVGe FOR HEAW 310. AT 20 HSEC 
3-HSEC AVGo FOR CHEST= 2 6 .  AT 73- HSEC 

MINI HUH AT MSEC PAXIWUM A T  MSEC 
- - - - - - - - U - - - ~ - I - - ~ -  

1-HEAD ANG* P O S I  T I  ON -300 1 1. 59.6 58 • 
2-HEAD AHGo VELOCITY -2676. 1 770 329 90 9 180 
3-HEAD ANG* ACCELo -43 6 50 0 3 0. 1720 30 4 3. 
4-HEAD RESUt. ACCEL* 1.0 0, 367.7 2 • 
5-UPPER NECK STOP TORQUE -302.9 88. 372. 8 3 1. 
6-LOWER NECK STOP TORQUE -305.6 100. 329.1 49, 
7-2 D l R e  HEAO CONTO FCRCE -0.0 0, 4770 0 3 • 
8 - X  O T R e  HEAD CCNf FORCE -0.0 0 • 954.0 3 • 
9-CONOYLE JOINT ANGLE 7.4 880 59.6 31. 

lO-C7-T1 JOINT ANGLE -32.7 100, 18.0 49. 
11-fORCE ALONG NECK -644.8 120 2582.2 5. 
12-SHEAR FORCE AT CONOYLES -314.3 4 5 0  134.0 99 
13-COMP. FORCE AT CGNDYtE S -571, 7 120 283 90 3 40 
14-SHEAR FORCE AT C 7 - T l  -133.0 3 8- l.21.2 100, 
15-COHP* FORCE AT C7-TI 0635.6 12. 2789- 4 5. 
16-CONDYLE TOTAL TORQUE -517.6 8 80 6 5 9 . 2  31, 
17-C7-Tl TOTAL TORQUE -869.7 9 9. 1003.5 49. 



HZCs 1305, BETYEEN 20 AND 12mHSEC 
3-MSEC AVG* FCR HEAO= 131. AT 5. ~ E C  
3 4 S E C  AVGo FOR CHEST= 23. AT 75, WSEC 

CINIHUM AT HSEC WAX1 MUM AT MSEC 
H-IIYIII---.UI~III--IIIIIQ------DIIO-------OII 

1-HEAD ANGm POSITION -38.3 40 7 0. 6 71. 
2-HEAO ANGa VELCCITY 017960 3 l . O O m  2869.7 30 
3-HEAD ANG* ACCELe -1831.7 16. 4543.6 170 
4-HEAD RESULo ACCELo 1.0 O m  133.3 6 
5-UPPER NECK STOP TORQUE -55 0. 2 17. 344.6  73. 
6-COWER NECK STOP TORQUE -0.0 0 l 183.7 58, 
7-2 D I R  HEAD CONT FORCE -0.0 O m  31 2 7.3 7. 
8-X O I R  HEAD CONTI FORCE -0, 0 0 • 62 5.5 7 
9-CONDY LE JOZM ANGLE -9.3 170 5 8 - 6  73. 

10-C;I-Tl JOI NT ANGLE -20.0 0, 11.3 59 8 

11-FORCE ALONG NECK -5 23.3 17. 234 8.3 9 
- 12-SHEAR FORCE ATCCNOYtES -336e7 17, 59.9 75, 

13-COW0 FORCE AT CONOYLES -656e5 170 230 4.8  9 ,  
14-SHEAR FORCE A T  C F T 1  0309.3 17. 116.8 77 • 
15-COMP. FORCE AT 67-71 -512.7 14, 228 2.2 9. 
16-CONDYLE TOTAL TORQUE -759.5 L 7, 575.2 72. 
17-67-Tl TOTAL TORQUE -218.5 9 7. 854.0 18, 

RNHlOH5abF 
* .  

Hid= 54860 BETWEEN O m  AND 30,MSEC 
3-MSEC AVG* FOR bEA0s 329. AT 2. YSEC 
3-MSEC AVG. FOR CHEST= 35, A T  5. HSEC 

MINIMUM AT cKEC M A X I M U M  AT Y S E C  
- - - - - - U I I I I I I U - - - - U I - - - I ~ I ) I - - . I - ~ I - - U I I - - - -  

1-HEAD ANG. POS f T l  ON -30.1 1. 53.6 46 
2-HEAD ANGm VELOCITY -3181.7 5 4, 1683.0 11. 
3-HEAD A N G e  ACCEL* -23 14 2.4 15. 23944.3 3 .  
4-HEAD RESULo ACCECo 1.0 O m  398.2 2 
5-UPPER NECK STOP TORQUE -401.7 91 29 5 3 . 6  15 
6-COWER NECK STCP TOPQUE -3830 2 12. 11Olm2 32, 
7-2 DfRo HEAO CONT* FORCE -0.0 0 l 482 7.9 3 
8-X CIR HEAD C O M e  FORCE -0,  0 Om 2896m7 3 • 
9-CONDY LE JOl NT ANGLE 0.7 9 1. 9801 15. 

10-C7-11 J O I N T  ANGLE -38.0 13. 36. S 32. 
11-FORCE A L O N G  NECK -11 16.6 25. 433 0. 4 5 .  
12-SHEAR FORCE AT CONDYLES -541.0 3 3, 821.0 15- 
13-COMP. FORCE AT CONDYLES -971.2 2 5- 3823.2 5 ,  
14-SHEAR FORCE AT C7-Tl -6000 3 3 3. 951.0 14. 
15-COklP. FORCE A T  C7-T1 -1072. 5 2 5- 386 7.9 5. 
16-CONDYLE TOTAL TORQUE -609.9 9 1. 3457.9 15. 
170C7-Tl T O T A L  TORQUE -1017.6 76. 2448.1 3 2 .  



HCCs 1288. BETWEEN 5. AND 15,HSEC 
3-HSEC AVG, FOR HEAD= 132. AT 9. MSEC 
~ O H S E C  AVGo FOR CHEST= 28. AT 80, MSEC 

MINI MUM AT MSEC PAXIHUM A T  MSEC -----------------.-------------------- --------- 
1-HEAD ANGo P O S I T I O N  030.6 7. 86. 1 76 
2-HEAD ANG* VELOCITY 01284. 5 1000 285 1.5 35. 
3-HEAD ANGo ACCEL- -2146.1 68, 4382.0 20 • 
+HEAD RESUL* ACCEL* 0.3 77. 134.1 8. 
5-UPPER NECK STOP TORCUE -763.9 2 10 70 6.8 69. 
6-LONER NECK STOP TORCUE -0.0 0 l 315.5 23. 
7-2 CtR HEAO CCNT FORCE -0.0 0, 3136.5 9.' 
8-X D I P  HEAO CCNT FORCE -0.0 O m  627.3 9 
9-CQNOY LE JOINT ANGt E -14.2 2 1. 69.0 69. 

100C7-Tl J O I  NT ANGLE -20.0 0. 17.5 24. 
11-FORCE ALONG NECK -51 30 5 19. 2356a4 110 
12-SHEAR FORCE AT CONOYCES -253.8 2 1, 91.4 69. 
13-COMP* FORCE AT CCNOYLES -44704 190 231 1.6 11 • 
14-SHEAR FORCE AT C7-11 -242.0 2 10 145.7 69, 
15-CGMP, FORCE AT C7-11 -495.4 190 2292.6 11. 
16-CONOYLE TOTAL TORQUE -82 6.4 2 1- 789.0 69. 
17-C7-T1 TOTAL TORQUE -67.4 10 00 520.2 23 

HIC= 7603. BETMEEN O m  AND I7,HSEC 
3-MSEC AVG*  FOR HEAO= 325. A T  2. MSEC 
3-HSEC AVG. FOR CHESTS 390 AT 5 s  HSEC 

MINIMUM AT HSEC PAXIMUM AT YSEC 
-----UIII.I-I.uIII----I------------1.- 

1-HEAD ANGe POSIT! ON -30.1 1 • 52.3 5 6. 
2-HEAD ANGo VELCCITY -3985.4 28- 9005.9  100 
+HEAD ANG* ACCEL* -29872.6 14a 2456 8.2 3. 
+HEAD RESULo ACCEL* 1.0 0 • 398.3 2. 
5-UPPER NECK STOP TORQUE -85 80 5 37, 566 90 6 1 5 .  
6-COWER NECK STOP TORQUE -624.9 13, 1350.1, 38. 
7-2 C I R o  HEAD CONT* FGRCE -0.0 0 • 4820.0 30 
8-X OI?. HEAD CChT. FORCE -0.0 0 2896. 8 3 
9-CONDYLE J O f  NT ANGLE -16.4 3 80 118.1 15. 

10-C7-T1 JOINT ANGLE -50.2 13. 40. 8 38 
11-FORCE ALONG NECK -12 760 9 280 4263.7 5 • 
12-SHEAR FORCE A T  CUNOYCES -460.2 3 8. 1425.0 15. 
13-COW. FORCE AT CQNOYCES -1129.9 28. 4041.4 5 
14-SHEAR FORCE AT C7-11 -519.5 3 80 159 2.0 150 
15-CQflP. FORCE AT C7-T1 -1229. 5 28. 4080.2 5. 
16-COIVOYLE TOTAL TORQUE -960.0 3 70 58 52. 7 15- 
17-C7-T1 TOTAL TCRQUE -80 1.7 13, 1697,2 38 



HZC= 8480. BETUEEN So AND 2SoMSEC 
3-MSEC AVG. FCR H E A O I !  2710 4T 14. MSEC 
3-HSEC AVG. FOR CHEST= 52. A T  11. HSEC 

MINIHW AT MSEC MAXIHUY A f  H S E f  
~ - - ~ - - . - - ~ U Q 1 ~ I I I - - - - - - O O O ~ - - - Q ~ - - - - - O I D O I D -  ------------ 

1-HEAD ANGo PO5 I T I  ON -36.4 5. 440 6 100. 
2-HEAD ANGo VELOCITY - 133401 3 9. 3 5 3 l e 7  61. 
3-HEAO 4NGe ACCEL. -109P5o8 19. 12299.8 13 
4-HEAO RESUL, ACCEL* 0.9 2 a 30902 150 
5-UPPER NECK STOP TORQUE -1118.7 49 • 439 7.5 21. 
6-LONER NECK STOP TORQUE -0349.8 2 1. 400.5 86 
7-2 G 1 R e  HEAD CCIUT. FORCE -0.0 Oo 44070 7 148 
8-X O I R a  HEAD CCNT. FORCE -000 Q • 440 7.7 140 
9-CONOY LE JQI P ~ T  ANGLE -21.1 4 9. 110.2 2 1. 

LO-C7-Tl JOINT ANGLE 9100.3 2 1. 20.6 8 7. 
11-FORCE ALONG NECK -1234mS 42. 49108 2 11 4 

12-SHEAR FORCE AT CONDYLES -520.5 49. 3559.8 2 1 
13-CCMP. FORCE AT CCNOYtES -1108m8 42. 4907.6  11. 
14-SHEAR FORCE AT C P f l  0583.6 5 0. 382 1.9 21 
15-COHP. FORCE AT C7-Tl  012060 8 42. 4596, 9 I f .  
16-CGNOYtE TOTAL TORQUE -15 50 o 4 490 5990-4 21. 
170C7-Tl T OTAL TORQUE -10235.9 2 1 4  1473.6 86 

H l C s  47140 BETWEEN 2. AND 7 a M S E C  
3-HSEC AVG, FCR HEAOs 326- AT 40 MSEC 
3-MSEC 4VGo FGR CHEST= 30. AT 73. HSEC 

MINIMUM AT MSEC MXIHuH AT MSEC 
.1.Io---o----o-...II--.-~---o-----------.- . 

1-HEAD ANG. POSITION -30-3 3 • 66.5 5 1, 
2-HEAO ANGO VELCCITY  -2776.9 6 60 48408 0 21. 
3-HEAD ANG* ACCEC. -8359.8 308 14414.0 5-  
4-HEAO RESULo ACCEL* 0.9 20 386.3 5 • 
5-UPPER NEt K STCP TORQUE -279 4 7 7. 786.1 3 1 
&-LOWER NECK STCP TORQUE -302.1 9 3. 508.9 44. 
7-2 DIR. HEAD CGNT* FORCE -0.0 0- 472 1.8 5.  
8-X OIR HEAO CCNY FORCE -0.0 0. -0.0 0. 
9-CBNOY LE JOINT ANGLE 8 9 770 788 8 318 

lO-C?-TI J O I N T  ANGLE -3 2.5 9 3. 24.0 44. 
11-FORCE ALONG NECK -51 9.6 14. 2263.8 6 .  
12-SHEAR FORCE AT CCNDYLES -359.8 5 4 172.2 92 
1 3 - C O W .  FORCE A T  CCNOYLES -459.6 14. 227 6.1 60 
14-SHEAR FORCE AT C7-T1 -208.6 130 181.5 93. 
15-COW. FORCE AT C7-Tl -503.4 140 21 928 3 be 
16-CONOYLE TOTAL TORQUE -48 2. 9 770 1175.3 31, 
17-C7-Tl TOTAL TORQUE -954.6 9 2 1339.4 44. 



HTC= 931, BETWEEN 00 AND 12,MSEC 
3-HSEC AVG. FGR HEAOs 124 AT 40 MsEC 
3-HSEC AVGo FCR CHEST= 20. AT 93. MSEC 

YI NI HUM AT HS EC MAXIMUM A T  HSEC 
C 1 1 1 1 1 1 . 1 L I ~ . I - - w - - - - - . - - - - - - - - - U I  

1-HEAO ANGo POS I T  I GN -8 1.9 180 33w3 100. 
2-HEAD ANGo VELCCITY -2395.5 11. 1993.5 79 l 
3-HEM ANG* ACCEC* -60 8 80 3 8 80490 4 160 
6-HEAO RESULo ACCELa 0. 7 6 2, 126.9 5. 
5-UPPER NECK STGP TORQUE -2317.3 180 319.2 96 l 
6-LOMER NECK S70P TORQUE -2 200 3 5 30 10107 16- 
7-2 DIP.. HEAD CCM. FORCE -0.0 0. 3131.8 6 .  
8-X OtRo HEAD CCNTo FORCE -0.0 0. 62 6.4 60 . 

9-CONOYLE JOINT ANGLE -5 8.9 1 8. 32.6 96 
1OoC7-Tl j 0 I NT ANGL E -3 2.9 5 30 O m  7 160 
11-FORCE ALONG NECK -318.3 8 50 2229.8 8 l 
12-SHEAR FORCE AT CCNOYLES -751.0 18. 109.1 94. 
13-tUMPm FORCE AT CONOYLES -29404 8 50  2199.5 8 
14-SHEAR FORCE AT C7-T l  -685- 8 170 117,9 95 l 
15-COUP. FORCE AT C7-T1 -35803 8 4. 2148.2 8. 
16-CONDYLE TOTAL TORQUE -272709 180 677.0 96 
17-C7-Tl TOTAL TOROUE -48 2.4 5 3, 71  Om3 16. 

HIC= 11276. eETnEEN 2. AND 5 7 , ~ s ~ ~  
3-MSEC AVGO FOR HEA* 391. AT 35. MSEC 
3-HSEC 4VGo FCR CHESTS 39. AT 360 MSEC 

IrINIMUH AT MSEC PAXIHUH AT ~ S E C  - -  - 0  - - -  
1-HEAD A N G a  PUS I T I  ON -158.9 3 O m  28.1 1000 
2-HEAD ANG. VELCCITY -9315.8 7. 7502.6 52 
3-HEAD ANGo A C C E t a  -45497.5 5 5. 29727.3 11. 
4-HEAD R E S U L *  ACCEL* 1.0 Oo 444.8 35. 
5-UPPER NECK STOP TORQUE -4387.9 1 l a  13.5 100. 
6-COMES NECK STOP TORCUE -8320.7 4 2. 2 3-3 100. 
7-2 O I R .  HEAD CONTm FCRCE -0.0 0 51080 8 2 .  
8-X O I P .  HEAO CCNT. FORCE -0.0 0 l 30650 3 2. 
9-CONDY CE JO1 NT ANGLE -71.3 12. 8- 1 100. 

10-C7-f 1 JOINT ANGt E -105.4 4 2 -9.3 100. 
11-FORCE ALONG NECK -3 66.1 100. 370 2.2 4. 
12-SHEAR FORCE AT CONOYLES -103506 11. 1943. 6 4 1  
13-COW. FORCE AT CCNOYLES -333.6 100, 3589.9 4 
14-SHEAR FORCE A T  C7-Tl -1064,2 11, 21 89.0 410 
15-COMP. FORCE AT C7-Tl -364- 1 1000 3539.3 4 
16-CONOYLE TOTAL TORQUE -4907.7 11. 2 7 3 . 4  100 
17-C7-T1 TOTAL TORQUE -99 1 1.9 4 2. 1110.9 100, 



H I C =  1411. BETkEEN 5. AhD L 2 . M S E C  
3-MSEC AVGe FOR kEAO= 165. A f  8, Y S E C  
EMSEC A V G t  FCR CHEST= 127. AT 3. PSEC 

PINfPUM A T  M S E C  v n x ~ u u u  ,IT ' A C = C  
o - o - ~ o - - - U I I I U - - - - - ~ - - - - - - - - - - -  ---- ------ - ----- - - ---- 

1-HEAO ANG* POSITICN -30 . 6 7, 1 1 . 5  5 1. 
2-HEAG 4NG. VELOCITY  - 5 C O .  7 'P6, 1 3 2 1 * 3  26.  
3-HEAO ANG* ACCEL. -1386.9 33 a 1375. 3 It. 

4-HEAO RESUL. ACCEL.  O m ?  93 • 1 7 ? * 3  ?. 
5-UPPER NECK S T C P  TOQQUE -319.4 16. 132 .5  3 4 .  
6-LOWER NECK STOP TORGUE -128.q 38 .  51. 3 5 1. 
7-2 D IR. HEAD CCNT. FORCE -Q*O 3 .  2 9 1 2 . 7  9 

8-X D I R .  HEAD CtNT.  FORCE -0.0 0. 583 2 .  

9-CONDYLE JOf NT AhGL E 6.4 LO • 4 8 .  1 4C.  
100C7-T l  JOIN7 AhGbE -24.0 39 095 6 2 .  
11-FORCE ALONG NECK -53 .2  15. 626 .1  - 

'; . 
12-SHEAR FORCE AT CCNOYLES -197.8 9. 122.2 ? g .  

13-COMP. FCIRCE AT CONDYLES -46 7 15 6 336.1 $. 

14-SHEAR FORCE AT C 7 - f l  -61.3 1 5 .  45.5 ? E. 
15-COMP. F O R C E  AT 67aP1  -23.2 15. 251.6 C . 
16-CaNOYLE TOTAL TORQUE -425 5 I b e  3 5 4 . 1  39, 
170C7-7'1 TOTAL TORCUE - 2 9 5 . 2  38 . 471. 7 6 1. 

H I  C= 6 0 3 2 -  8nWEEN 2.  AND 7mHSEC 
3-MSEC AVGo FCX HEAOs 387. AT 4. MSEC 
3-HSEC A V G *  FOR CHEST= 300.  AT 5 .  HSEC 

HINIPlllH AT 6 E C  PAXIMUM AT MSEC 
- U U ~ - U I I I I I - - - U I I ~ - - - - - I . . . - - - - . - - - - -  

1-HEAD ANG. POSIT1 ON -30.3 3 • 37.2 41. 
2-HEAO ANG. VELOCITY  -1878.2 5 7. 4350, 4 7. 
3-HEAO ANGo ACCEL* -5904s 6 16. 248660 0 5 
4-HE40 RESULm ACCEL. l e  0 2 • 461.9 5. 
5-UPPER NECK STOP TORCUE -23 50 9 9 2, 4 0 9 - 1  43, 
6-COWER V E C K  S f  OP TORQUE - 2 1  5.0 89. 246, 6 3 1 
7-Z D I R e  HEAO CEhT l FORCE -0.0 O m  470 1. 1 5 m 

8-X BIR - HEAD CCNT l F O R C E  -Om 0 0, 282 0.7 5. 
9 - C C N D Y L E  JOf NT ANGLE 11.3 9 2. 60.9 43 • 

10-C7-T1 JOINT BhGLE -27.6 8 9. 14 .6  31-  
11-FORCE ALDNG NECK -115.1 11. 1648.6 6, 
12-SHEAR FORCE AT C O N D Y L E S  -168.4 30. 8 8 rn 8 14 
13-60MP. FORCE AT CtNOYLEf -119.8 10. 21  1 8.8 5 
14-SHEAR FORCE AT C7-T1 -5 8.2 3 0 .  49.2 6 .  
15-CbMP. FQRCE AT C7-T1 -41.0 11. 6600 6 6. 
16-CONOYtE TOTAL TORQUE -387.2 9 2. 656.0 4 3 
17 -67 -T l  TOTAL TORQUE 5 9 1 . 7  8 8- 1042.4 31. 



HfC= 1069, BETWEEN 2. AND 12,HSEC 
3-MSEC 4VGe FOR HEAOa 123. A T  6, MSEC 
3-MSEC AVG. f @ R  CHESTS 2 7 .  A T  780 HSEC 

MINIMUM AT HSEC PAXIMUM AT MSEC 
- . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

1-HEAD ANG. POSITION -30.0 0. 66.7 70. 
2-HEAO WG- V E L O C I T Y  -1435. 4 1000 273 8.3 30 
3-HEAD ANG* ACCEL. -1845.9 7 2. 3991.5 17. 
+HE40 RESUC. ACCEL* 1.0 0. 124.7 6. 
+UPPER NECK STOP TORQUE -490.3 17. 285.9 71 
6-COMER NECK STGP TORQUE -0.0 0, 122.2 19. 
7-2 D I R e  HEAO CENT* FORCE -0.0 0 l 2898.6 7, 
8-X O I R o  HEAO C C M .  FCRCE -0.0 0 l 579.7 7 4 

9-CONDY t E  JOI NT ANGLE -4.5 17- 5 60 3 72 . 
10-C7-Tl JOINT ANGLE -2 0.0 0. 7.3 19. 
11-FORCE ALONG NECK -477.4 180 210200 9.  
12-SHEAR FORCE AT CONOYLES -297.6 17. 51.6 74. 
13-COMP. FORCE AT CONOYLES 420.1 18. 237 4.5 9. 
14-SHEAR FORCE A T  C7-Tl -276.6 17. 93.0 73 , 
1 F C O W P o  FORCE AT C7-Tl -473.1 18. 20 400 3 9. 
16-CONOY LE TOTAL TORQUE -678.2 17- 504.1 71. 
17-C7-T1 TOTAL TORQUE -68.5 9 8. 756.4 19. 

HIC= 4440. BETWEN 2, AND 67,MSEC 
3-HSEC AVG. FCR HEAD= 1660 AT 50. MSEC 
3-MSEC AVG* FUR CHEST= 34. A T  LO. MSEC 

MINIHM AT HSEC P A X I  HUH AT MSEC 
- - I I I I  ----...---------- ------ -11--11.- 

1-HE A0 ANG* POS I T  I ON -207.0 4 9. -70.0 0. 
&HEAD ANG* VELCCT T Y -6620, 3 2 8. 2127.1 540 
3-HEdO ANG. ACCEL. -0665.1 184 14170.3 500 
4-HEAD RESUL. ACCEL 1.0 0 • 182.9 5 1 
5-UPPER NECK STOP TORCUE -4460.6 3 6. 279.3 18. 
6-LONER NECK STCP TORCUE -7378.2 570 -0.0 0. 
7-2 O I R .  HEAO C C M .  FORCE -0.0 0 l 3335.1 9. 
8-X O I R e  HEAO CCh'To FORCE -0.0 0 l 667.0 90 
9-CONOY LE JO t Nf ANGLE -46. 5 36. 56.0 18. 

LO-C7-T1 JOINT ANGLE -97.5 5 8. -20.0 0, 
11-FORCE 4LONG KECK -747.5 17. 3207.1 10 • 
12-SHEAR FORCE AT CUNOYLES -492.5 3 5. 182 6.0 57. 
13-COMP. FORCE AT CCNOYLES 642.0 17. 3192.8 10. 
14-SHEAR F9RCE AT C7-T1 608 .1  34. 1904. 7 57. 
15-COW. F'3RCE AT C7-Tl -532.4 1 7. 3012.1 10. 
16-CONDYLE TOTAL TORQUE -500 1.6 360 560.0 1 8. 
I7-C7-T 1 TOTAL TCROUE -8647.0 57. 489.3 100- 



HTCs 14009, BETWEEN O a  AND 65 wHSEC 
3-MSEC AVGo FOR H E A P  349- AT 36, MSEC 
3-MSEC 4VGa FOR CHEST= 3 6 .  AT 6 -  MSEC 

HINIHUM A T  MSEC M A X I M U M  AT HSEC -- Y I I U I - - . . . - - - U O I I I ~ I I ) C I I - - . . A . - ~  ----- ----- 
1-HEAD ANG. POS I T I  ON -190.7 5 3, -7 0.0 O m  

2-HEAD ANGa VELGCITY -6552- 5 f a e  3013.3 88 • 
3-HEAO ANGa ACCELe -29179, 5 3. 293 8 3.4 42 
4-HEAD RESULa ACCELe 1.0 0, 448.3 42 
5-UPPER NECK STOP TORQUE -3508.0 2 6- 772eO 99 
6-LOWER NECK STOP TORCUE -9140-0 3 8, 0. 3 86 
7-2 DIRa HEAO C Q M o  FORCE -0. 0 0. 492 l a  9 3a 
8-X C1R.  HEAD CChTo FORCE -1847-6 5. 2953. 1 3. 
+CONOYLE JOINT ANGLE -4 1.6 2 6. 7 0.6 100o 

lQ-C7-T1 JOINT ANGLE 0102. 5 3 8- -16.5 86 a 

11-fORdE ALONG NECK -934.8 4 4 .  3318.0 5. 
12-SHEAR FORCE AT CCNOYLES -255.4 2 5. 2051.5 38- 
13-COW. FORCE AT C O N O M E S  -939-5 43. 331 20 9 5 • 
14mSHEAR FORCE AT C7-f  1 0321.1 25, 2468.0 3 8 a 

1FCCNP. FORCE AT C7-fl -73 5.1 4 3, 3153.1  5 0 

16-CONDY LE TOTAL TORQUE 03983.5 2 6a 122 9.0 99 
17-7-T 1 TOTAL TORQUE -10802.1 3 8. 818.2 85, 

H I C =  1437. BETWEEN 2, AND 1OoMSEC 
3-HSEC AVGa FCR HEAD= 164, AT 60 MSEC 
3-MSEC AVG, FCR CHEST= 23, AT 18. MSEC 

MINIHUH AT HSEC P A X I  HUH AT H SEC 
. ) L I I I U N I I I I I I I I U I I I I  ----------I------- ------- 

1-HE40 ANGe POSITION -21 8.3 49, -70.0 O m  

2-HEAD ANGo VELCCX TY -6667.7 2 6- 2584. 8 58 l 
3-HEAD ANGe ACCEL. -7792.6 16- 8589.5 51- 
4-HEAO RE SUL ACCEL 1.0 0- 171o1 8 
5-UPPFR NECK STOP TORQUE -3165.1 37. 2 2 9 ,  i 16, 
6-COWER NECK STCP TORQUE -4907.2 43- 4- 2 98- 
7-2 D l R ,  HEAD CCNTa FORCE -0-0 0 a 322 3 - 4  8 a 

8-X O I R  HEAD CONT. FORCE -423.8 100 193 4.0 8 
9-CONOY LE JOI  NT ANGL E -39-7  3 7. 53.7 16, 

10-C70T1 JOINT ANGLE -880 4 4 30 -11.1 96 
11-FORCE ALONG NECK -703.1 73. 221  1.7 9a 
12-SHEAR FORCE AT CONDYLES -187.0 5 0. 131 1.9  20- 
13-CUM?. FORCE AT CGNOYLES -70Q.7 73, 2280.8 9. 
14-SHEAR FORCE AT C7- f l  -305.2 5 1- 1468.8 19, 
~ ~ - C O M Q .  FORCE AT  ~ 7 - 1 1  -650-3 4 3, 2075-5 9. 
16-CUNOY L E  TOTAL TORQUE -3639.8 37. 491.9 16 
17-C7-Tl TOTAL TORQUE -6133.1 4 3- 931.8 97. 



H I C x  12624. BETHEEN 30. AN0 47eHSEC 
3-MSEC A V G e  FOR PEAD= 343 A T  42, MSEC 
3-MSEC AVG. FOR CHEST.: 33. AT 60 HSEC 

M I N I  MUM AT MSEC FAXI MUM AT MSEC 
--we--- --.----------------------------- 

1-HEAD ANGo P O S I T I D N  -196. b 
2-HEAD ANG. VELCCITY -8201.0 
3-HEAD ANGm ACCEL. - 16449.2 
4-HEAD RESUC. ACCEte 1.0 
5-UPPER NECK STCP TORQUE -4336.2 
&LOUR NECK STOP TORQUE -818 1.3 
7-2 D I R .  HEAD CONTe FORCE -0.0 
8-X O I R e  HEAO CCNT. FORCE -412.3 
9-CONDYLE JOl NT ANGLE -46.0 

10-C7-Tl JOINT ANGLE -99.8 
11-FORCE ALONG NECK -582.0 
12-SHEAR FORCE A T  CONOYLES -668.0 
13-COHP. FORCE AT CCNOYLES -539.0 
14-SHEAR FORCE A T  C7-T1 -771.6 
15-COMP. FORCE A T  C7-11 -403.4 
16-CONDYLE TOTAL TORQUE 4864.6 
17-C7-T1 TOTAL TCRQUE -9557.2 

HIC= 2842. BETWEEN 12. AND 75eHSEC 
3-MSEC 4VG. FOR HEAOs 175. AT 530 HSEC 
3 - M S E C  A V G e  FGR CHEST= 3 6 ,  A3 11. H S E C  

MINIMU4 AT MSEC CAXIMUV AT MSEC 
- - . U I I - I I I I - . I I ~ - - - ~ - - - ~ L L - - - - - - -  

1-HEAO ANG. POS lTT ON -207,8 8 3, -70.0 O m  

2-HEAD ANGm V E t O C l T Y  06298.5 300 2256.1 550 
3-HEAD ANGe ACCELe -8387.9 6 10 12984.6 52. 
4-HEAO RESULe ACCELe 1.0 0. 197.5 53. 
5-UPPER NECK STOP TORQUE -4588.1 3 8 3 2 0 . 4  19 l 
6-COWER NECK STCP TORQUE -9630.7 6 1. -0.0 O m  

7-2 D f R e  HEAO CCNTe FORCE -0.0 0 333 5.1 90 
8-X O I R m  HEAD CONTe FCRCE -628.7 12, 666.2 9. 
9-CONDY LE J 01 NT ANGLE -47.1 3 9,  57.7 19 • 

lO-C7-T1 JOINT ANGLE -103.9 62.  -20.0 0. 
11-FORCE ALONG NECK -36 2.9 180 3261.8 10. 
12-SHEAR FORCE AT CCNOYLES -53300 3 7. 243 4.2 62. 
13-COMPo FORCE ATCONOYLES -288.6  18. 32636 1 10 6 

14-SHEAR FORCE AT C7-Tl -64 1.0 37. 2564.9 61. 
1S-COMP. FORCE AT C7-71 -2 04.8 180 3061.2 10. 
Ib-CONDYtE TOTAL TORQUE -5135.0 3 8 512.2 19. 
17-C7-Tl TOTAL TORQUE -11009eO 6 1. 0.0 0. 



RNHlOV 5- 6F 

HIC= 10190. BETMEEN 2 .  AND 67eMSEC 
3-MSEC AVG* FOR FEAD= 314. AT 2. MSEC 
3-HSEC AVG. FOR €HEST= 37.  A T  6 -  MSEC 

MINIMUM AT HSEC M A X I  MUM AT HSEC 
- - 1 1 - - - - - - - - - - -  

1-HE AD ANG. POS I Tf ON -193.4 70. -48aO 0 ,  
2-HE40 ANGa VEtLlCIf Y -1465.0 2 Qa 281 90 1 30. 
3-HEAD ANGa ACCEL* -28217.3 3 a 2732 1 -5  27- 
4-HEAD RESUCm ACCEt. 1.0 0, 362.6 3 • 
5-UPPER NECK STOP TORQUE -4325.1 2 80 147.5 14s 
+LOWER NECK STOP TORQUE -8629.9 5 5. -0.0 O m  

7-2 O I R .  HEAO CONTm FORCE -0.0 8. 491 1.8 3 
8-X OIR. HEAD CChTo FORCE -2062.5 9 ,  2947.1 3, 
9-CONDYLE JOINT ANGLE 045.9 2 8. 49.3 14. 

LO-C7-f 1 JOINT ANGLE 0101.2 55 ,  -20.0 0. 
11-FORCE ALONG NECK -560.1 2 2. 372 2. 4 5- 
12-SHEAR FORCE A T  CCNOYLES -738.2 2 8. 2346- 6 56 
13-COMPm FORCE AT CGNOYLES -549.3 2 1. 3597.2 5 • 
14-SHEAR FORCE AT C7-f 1 -86 7.4 2 8. 2204.1 55 
15-COHPe fORCE AT C7-71 0425.7 2 2. 354 0. 2 5. 
16-CONDYLE TOTAL TORQUE -4862.1 2 80 37 8.1 14. 
179C7-Tl TOTAL 1 ORUUE -10011.9 5 5, 0.0 0-  

HICs 2933- BETWEEN 2 .  AND 32.HSEC 
3-MSEC AVGo FOR HEAB 145. AT 54. HSEC 
3-WSEC AVG* FOR CHEST= 34, AT 10. MSEC 

HINIHW AT HSEC M A X I  HUM AT MSEC 
-w-----111116--------sl----.------------w-- 

1-HE AD ANG* POS f T f CN 0214.3 5 1. -70.0 O m  

2-HEAD ANGa VELCCITY -6384.2 30 2583.5 57. 
3-HEAD ANG. ACCEL. -7762. 2 180 12094- 1 53, 
4-flEAO RESUL. ACCELm 1.0 0. 162.2 54 r 

5-UPPER NECK STOP TORQUE -4004a5 5 20 420.4 18. 
6-COWER NECK STOP TORQUE -0309.5 60. -0.0 0 
7-2 D T R .  HEAO CCNT. FGRCE -0.0 0. 333 20 4 9 
8-X O T R m  HEAO CCNT. FORCE -0aQ 0 ,  666. 5 90 
9-CONDYLE J O I N T  4NGLE 4 4 . 2  5 2. 6 1.2 19 

10-C7-Tl J O I N T  ANGLE - 1 O O a 3  6 1. -20-0  0- 
11-FORCE ALONG NECK -824.9 16- 3155- 8 10. 
12-SHEAR FORCE A T  CONDYLES -133e4 3 6 .  176 4.2 60. 
13-COHPm FORCE AT C C N O Y L E S  -110.1 16. 31 51. 8 100 
14-SHEAR FORCE AT C?-Tl -234. 0 3 6 .  1824.5 60 
15-CCHPm FORCE AT C7-Tl -622.4 16. 29 67. 8 10. 
16mCONOYLE TOTAL TOROUE -4110-3 5 2. 497.9 18- 
17-C7-Tl TOTAL TORgUE -858 1.7 60 -0.0 0 . 



HIC= 91080 BETWEEN 32. AND 5OoMSEC 
3-MSEC AVG* FCR HEAD= 325.  AT 2 .  HSEC 
3-MSEC AVG. FOR CHEST= 33. A T  5 .  MSEC 

FINIHUH AT MSEC PAXIHUM AT MSEC - - - - - - - - -  - -  -- ---------.--- 

1-HEAO A N G o  POS ITI CN -191.8 5 40 - 7 O e O  0, 
2-HEAO 4NGo VELCCITY -6797.3 200 2937.7 3 5, 
3-HEAD ANG* A C C E L .  -29043.2 3. 2281 1.1 53 
4-HEAD RESUL ACCEI. 1.0 0. 371.7 43. 
5-UPPER NECK STCP TORCUE -3010.8 2 7, 42 0.4 LOO, 
6-LONER NECK STCP TORQUE -10437,G 4 0 -  4.8 89 
7-2 D I R a  HEAD CCNf FORCE -0.0 0, 492 1.8 3. 
8-X OIR. HEAO CCNT. FORCE -1845.7 5 • 2953 .1  3, 
9-CONDY LE JOI  NT ANGLE -93.3 2 70 61.2 100. 

10-C7-Tl J O I N T  ANGLE 0105.8 4 O e  -10.7 890 
11-FORCE 4 LONG NECK -129 106 4 5 • 3311.3 5 • 
12-SHEAR FORCE A T  C C N O Y L E S  -393.6 27. 1951.6 40 
13-COYPo f ORCE A T  CONDYLES -1348, 8 4 5- 3307.5 5 a 
16-SHEAR FORCE AT C7-T 1 0484.8  2 7. 235 20 2 4 0 .  
15-COMP. FORCE AT C7-Tl -1029.2 45. 31 43.4 5 
16-CCNDYLE TOTAL TORQUE -3930. 2 2 7. 518.2 1000 
17-C7-Tl TOTAL TCRQUE -10828.1. 40. 271.5 89 

I I I C =  2G52.  3EXaEYN 2 .  A U D  7 .  YSEC 
3-?!3EC A V G .  FO9 f i E A C =  2C9 .  AT 4. aSEC 
3-YSZC A V G ,  FCR C?EST= 29, 1 3 .  MSEC 

YISI'?U~l 4 3 S E C  % A I I Y ! J Y  B Y S E C  ------------------------------------------------------------------- 
1-lIEA3 A N G .  ? O S I T I C Y  - 2 2 1 . 3  53. - 7 0 . 0  0. 
2-li!??i!J 4 N C .  73LOCITY - 6 6 4 5 . 7  2 5. 2993.3  74 .  
3-1343 1YG. 3 C C 3 t .  - ? 1 3 6 . 9  6. 7844 .5  3 6 .  
0 - H Z A D  32SOL. ACCEL.  1.3 3 . 237.4 6 .  
S-rJPP?? Y9CX S T ?  TC?c72 - 2 7 1 7 . 2  3 7. 3 5 6 , 8  100. 
6-L2359 4 ? C ?  S " C ?  " O ? < f J ?  - u 3 2 3 . 9  13,  0.Q 100. 
7-2 DI? .  11Z.13 CCX?, FCZC? -3.3 0 3141 .1  7 
4 - X  DI?. H E A D  CCNT.  FCDC? - 1 3 q 2 . 4  9. 2983.0 6. 
9-CON3YLZ J O I J T  AMSLE -36.5 3 7 . 5 9 . 0  100 .  
10-C7-rl J O I S T  A;J( ; iE  -Ei. 9 13. -1Y.9 103. 
11-FCPCZ ALO'IG V S C K  - l ? 3 6 . 4  86. 1 9 3 0 . 9  4. 
12 -SESA?  FO"C9 A T  CCV"  YL2S - 183 .5  51.  1269.8 2 3 .  
1 3 - c o v .  F Q B C S  X X C C - ~ ~ P L Z S  - e z i . 5  q 6 .  2043 .  a 9 .  
l U - S E Z . \ V  '737CS 91 C7-71 - ? 5 4 , a  51 .  1405 .6  19. 
1 5 - C O Y ? .  F O F C ?  AT C 7 - T J  - 8 3 2 . 4  35.  1 8 1 0 . 3  8. 
16-CO! iDYLE TOTAL T O F Q U Z  - 7 1 5 9 . 5  3 7. 715 .7  103 ,  
17-C7-TI  TTTAL T O q Q U Z  - ' ; e 5 2 , 7  1 3 .  7 3 3 . 1  700. 



H I C l  8963. BETWEEN 0. AN0 25eHSEC 
3-HSEC AVGm FCR HEAD= 247. AT 2, MSEC 
3-MSEC AVG* FGR CHEST= 390 AT 60 HSEC 

HINfHUM AT MSEC M A X I  MUM AT HSEC 
- - - - - . - - Q  - - - L I I I I I - - - U - I - -  0---- 

1-HEAD AN G, POS IT  T GN -1 56e8 3 5, -55.6 14. 
2-HEAB ANGo V E L C C I  T Y  -36990 9 2 60 3913. 3 77, 
+HEAD ANGe ACCELo -2768 1.9 150 2299 Lo4 34, 
4-HEAD RE SUCo ACCEL l l o  0 O w  29 5 - 5  2 
5-UPPER NECK STOP TORQUE -3627.4 3 4. 1561.9 15. 
6-CCkER NECK STCP TORQUE -393401 170 a 0.0 0 • 
7-% O I R o  HEAD CCtVT. FORCE -0.0 0. 4859.9 3 • 
8-X OiR HEAD CONTO FORCE -0.0 0 • -0.0 0. 
9 - 6 0 N O Y L E  JOINT ANGLE -42.3 3 4. 8 309 150 

10-C7-T1 JOf NT ANGLE -83.9 170 -20.0 0 • 
11-FORCE ALONG NECK 0709.0 2 70 4050.7 60 
12-SHEAR FORCE AT CONOYCES -5760s 340 1485, 6 16 0 

13-COMPe FORCE AT CGNOYLES -684.5 2 7. 3841.2 6 
14-SHEAR FORCE AT C 7 - T I  -679.8 3 4, 176 0.4 16. 
1S~COMQ~ FORCE AT C7-7'1 -506.3 2 7. 3869.2 6 l 
16-CCNOYLE TOTAL TORQUE -4171.7 3 40 2061.9 15. 
17-C7-1 l TOTAL TORQUE -5450.2 17. 0.0 0 • 

H I C s  1175, BETWEEN 20 AN0 60.HSEC 
3-MSEC AVGo FOR HEAO= 1020 AT 5.  HSEC 
3-MSEC AVGo FOR CHEST= 270 AT 11. MSEC 

I I N I M W  AT HSEC P A X I  HUH AT MSEC 
~ ) . . ) U - I I I I I I I Q P o Q - - - - - - - - - - - - - -  

1-HEAD ANG, PCS I T I  ON -213.4 40 09000 00 
2-HEAD ANG* VELOCTTY -494 9 2 16. 1831.8 88 l 
3-HEAO ANGO ACCEL* -9275.9 100 1050 90 7 370 
4-HEAO RESUL. ACCEL. Oo 7 6 3. 105.2 5 l 
5-UPPER NECK STOP TORQUE -3825.1 37- 68.0 1000 
6-LOMR NECK STCP TORCUE -7416.5 47. - Oo 0 0 
7-2 D I R o  HEAO CONTe FCRCE -0.0 00 3115.8 9 8 

8-X O I R o  HEAD CONTO FCRCE -00 0 0 623.2 8 
+CONOYLE JOINT ANGLE -63.3 370 2 2 . 5  100 l 

10-Cf-TI JOINT ANGLE -970 5 4 70 -2000 1 • 
11-FORCE ALONG NECK -81  1. 1 180 2753.7 10. 
12-SHEAR FORCE AT CONORES -37.5 7 5.  2002, 5 48 
13-COHP. FORCE AT CONDYLES -76009 180 27 0 3.0 10. 
14-SHEAR FORCE AT C 7 - T l  -56*2 360 19660 7 47. 
15-COMP. FORCE AT C7-7'1 06630 2 1 8 0  26 17.4 10- 
16-CONDY tE TOTAL TORQUE -4277.5 3 70 35904 100. 
17-C7-T'l TOTAL TORQUE -889 1. L 47. 3 8 9 8  1 98 



HiCs 12535. BETUEEN 27. AND 45.HSEC 
3-HSEC AVGo f C 8  HEAOt 3870 AT 30. HSEC 
3-MSEC AVGo FOR CHEST= 280 AT 43, MSEC 

MINIMUM AT HSEC PAXIMUM AT HSEC 
- - c . - U ~ - - L I I - - . - - - - - - - - - - - - - - - -  

1-HE AD ANGm POS f T I  ON -2090 1 530 -90.0 0 l 
2-H E A0 ANGo V ELOC I TY -7472.4 8 203 10 2 31. 
3-HEAD ANGe ACCELo -4722 1 m O  4m 35604.8 40 
+HEAO RESULo ACCEL.  0.9 1. 473.2 30. 
5-UPPER NECK STOP TORQUE -1318.3 29. 452.9 97 l 
6-COWER NECK STOP TORQUE -783005 36- 0.8 86 
7-2 OIR. HEAD CONT FORCE -0.0 0 l 5044. 3 40 l 
8-X DIRo HEAD CCM. FORCE -1626.5 5 l 302 60 b 40 m 

9-CONOY CE J O  1 NT ANGLE -44.0 29. 42m3 97 l 
100C7-Tl J O I N T  Ah&€ -99.0 360 -14.9 86 l 
11-FORCE ALONG NECK -745m 3 40. 2394.4 5. 
12-SHEAR FORCE AT CONOYLES -193.8 5 l 1837.3 36 l 
13-COW. FORCE AT CCNOYLES -879.3 40. 2410. b 5 ,  
14-SHEAR FORCE AT C 7 - f l  -73, 8 11, 21 32m7 36, 
15-COW. FORCE AT C7-TI -594.2 400 2244.7 5 • 
16-CONDYLE TOTAL TORQUE -161 1.4 2 90 815.0 97. 
17-C7-f l TOTAL TORQUE 0946 3.7 3 6m 75 102 85 l 

HIC= 1099. BETCEEN 2 .  AND 7 e M S E C  
3-MSEC A V G o  FC8 H E b O =  150. A T  5 ,  ' ISEC 
3-HSEC AVG? F G R  CHEST= 165. AT 5. :4SEC 

PINTMUM AT M S E C  rAxI '4U; l  A T  * A S . C C  
- - I I I u I I I I - I I I I I - - - - - - l - - - - - - - - - - - - - - -  ---------------- - ----- 

1-HEA 0 AN Gm POS I T  I CN -97.3 46 -70.3 C. 
2-HEAO ANG* VELCC I TY -1158.7 17 4a3.9 66 e 

3-HEAO ANG. AGCELo -2651.3 6 1335.3 Z Q *  
4-HEAD RE SUL ACC E L. 0.4 21. 155.1 A .  

5-UPPER YECK STCP TORQUE -334 8 29 % . 6  C I 1 J d *  

6-COWER NECK S T C P  TORQUE - 2 8 3 . 2  43 a C *  1 57,  
7-2 DIR. HEAD CCNTo FCPCE -0.0 3. 2933.4 C • 
8-X O I R .  HEAD CCNT, FCRCE -0.0 G 566 .  7 6 
9-CONDYLE J 01 NT ANGt  E 5 • 4 29 . 2 Q .  t l : C *  

100C7-Tl JOINT ANGLE -31.3 4.3 -17.4 $ 7 ,  
11-FORCE ALONG N E C K  -37.1 13. 715.7 7 .  

12-SHEAR FORCE AT CONDYLES - 4 2 . 5  27 • 83. 9 I ? .  
13-COMP. FORCE AT CONDYLES -35.7 13 312.2 6 .  
14-SHEbR FORCE AT C 7 - T l  - 2 2 . 4  27 31.2 c -. 
15-COMP. FORCE A T  C7-T  1 -9.2 13 2 3 6 .  7 7 .  
16-CONOYLE TOTAL T CRQUE -444 .4  2? • 9 s .  5 12:. 
17-C7-T 1 T O T A L  TGRCUE - 5 C 4 . 5  3 1 .  142.3 C C .  



H f C =  5138. BETMEEN 0. AND 5 o M S E C  
3-HSEC AVG. FCR hEAO= 358. AT 2. MSEC 
3-MSEC AVG. FOR CHEST= 241, AT 30 HSEC 

MINIMUM AT HSEC H A X l Y W  AT YSEC 
- - - - - -- - - - - - - - - - -- - - - - - - - - - - - 

1-HEAD ANG* PQSlTI ON - % t 8 . Z  
2-HEAD ANGm VELCCITY -3182m3 
3-HEAO AHGO ACCELo -2428Qe 1 
+HEAD R E S U t o  ACCEL. 1.0 
5-UPPER NECK STCP TORQUE -654. 7 
6-LOWER NECK S T C P  TORQUE 4 6 2 . 8  
7-2 DIR* H E A O  C O M o  F a R C E  -0.0 
8-X O I R o  HEAO CCFiT. FORCE -18.8 
9-CCNDYtE J O I N T  ANGLE -1 1.1 

10-C7-%1 JOINT  ANGLE -43.0 
11-FORCE ALONG NECK -131.5 
It-SHEAR FORCE A T  CONDYLES -6 1.3 
13-CDHPo FORCE AT CCNDYLES -131-6 
14-SHEAR FORCE AT C7-T l  -14.5 
15-CUM?. FORCE AT C4-Tl -40m7 
16-CONDYLE TOTAL TORQUE -884.0 
17-C7-Tl TOTAL TORQUE -980.6 

HICt  4749. BETWEEN 2. AND 67aHSEC 
3-MSEC AVG. FOR HEA* %75*  AT 580 MSEC 
3-MSEC AVG. FOR CHEST= 34. AT 18. HSEC 

MtNIMUt A T  HSEC P A X I  HUH AT HSEC 
------------.-------OIIII~~I--__--UII------ 

1-HEAO A N G O  POSIT1 ON 0199.3 49 8 -7  0. 0 0 .  
2-HEAO ANGO VELOCITY -6587. 9 2 9. 1934.2 54. 
3-HEAO ANG. ACCEL. -8638.1 18s 13524.  0 36 
4-HEAD RESUL. ACCEL. 1. 0 8 • 193.1 51.  
5-UPPER NECK STOP TORQUE -5005o2 3 6. 282.8 18 
6-LOWER NECK STCP TORQUE -9223.6 58. -0.0 0. 
7-2 OIR. H E A D  COW. FORCE 00.0 0 329 6m 1 10. 
8-X O I R .  HEAD C tN fo  FORCE -0.0 O e  65 9.2 100 
9-CONDYLE JOINT ANGLE -48.8 36. 56.2 18. 

10-Cf- f l  J O I N T  ANGLE -102.7 5 80 -20.0 0 • 
11-fORCE ALONG NECK -674r 9 17. 324 50 3 10.  
12-SHEAR FORCE AT CGNOYLES -633.2 3 5 ,  229 L a 3 58. 
13-COW. FORCE AT CCNOYLE S -5730 5 1 7 0  3230. 9 100 
L+SHEAR FORCE AT 67-TL -751.9 3 5 0  239 60 4 580 
15-COMP. FORCE AT C7-Tl -473.8 170 3047, 9 100 
16-CONDYLE TOTAL TORQUE -5563.6 3 60 56 5.5 18. 
17-C7-Tl TOTAL TORQUE -10605.8 58. -0.0 0. 



RNH 20H 50 6 NR 

H IC~  5618. ~ E T M E E N  0. AND 30.HSEC 
3-MSEC AVG* FOR HEAD= 3 0 2 o A T  2 e m E C  
3-MSEC AVG* FGR CHEST= 35, AT 5. YSEC 

M I N I M U M  AT MSEC MAXIMUM AT HSEC 
- - - - - - -U I - - I I - - - - -  - U - - - H - - -  11----- 

1-HEAO 4NGm PO$ IT1 ON -30.0 0 • 490 6 470 
2-HEAO ANG* VELOCI TY -3500. 8 55, 7716.2 10 • 
3-HEAD ANGO ACCEL* -24510.9 150 22362.3 3 • 
bHEA0  RESUL. ACCEt, 1.0 0 • 368.8 2. 
5-UPPER NECK STOP T ORCUE 458 .3  9 30 3319.1 15. 
6-LOWER NECK STOP TORQUE -463- 4 130 9430 8 330 
7-2 C I R  HEAD CONT FORCE -0.0 0 • 445 5.5 3.  
8-X O I R e  HEAD C O h T a  FORCE -0.0 0. 267 3-3 3 • 
9-CONOY LE JOINT ANGLE -2. 8 9 30 LO20 1 15. 

1 O - C  7-T 1 JOI NT ANGLE -43.1 13. 34.0 33. 
11-FORCE ALONG KECK -1247.7 25, 3087.6 5 • 
12-SHEAR FORCE AT CONDYLES -53404 3 3,  10020 5 15. 
13-COHPa FORCE AT CCNOYt € 5  -1092e7 2 S O  370 7 . 4  5 
14-SHEAR FORCE AT C7-Tl -5 87.4 3 30 1151e6 14. 
1S-COMP* FORCE AT C7-Tl -1206.1 2 50 3726. 0 5 • 
16-CONDYLE TOTAL TORQUE -681.9 9 30 3954.3 15 
l 7 - C f - T I  TOTAL TCROUE -1175.6 7 8- 22 440 3 33 • 

HIC= 4385, BETkEEN 32. AND SO*HSEC 
3-YSEC AVG, FOR HEAOx 275. AT 35. MSEC 
3-MSEC AVG, FCR CHEST= 21. AT S e H S E C  

MlNfMW AT MSEC PAXT MUM AT YSEC 
--------------------YIIIII-------I------------~ 

1-HEAD ANG. POS IT1  ON 1173.8 500 -70.0 00 
2-HEAD AN Ga VELCCI T Y  -45 09.7 140 2672.1 74 • 
3-HEAD ANG. ACCEL. -2077006 4. 19646. 2 490 
+HEAD RESUL. ACCEL. 1-0 0 • 340.7 350 
5-UPPER NECK STOP TORQUE -1645.2 280 132.4 87 
6-COWER NECK STOP TORQUE -4533.6 4 1. 0. 4 100, 
7-2 O I R .  HEAO CCNTe FORCE -0.0 0, 3540.1 3 • 
8-X O I R .  HEAD Caw. FORCE -610.7 5. 2124. 1 3 l 
9-CCNOYLE J O l  NT ANGLE -27.9 2 9. 480 2 87 

10-C7-T1 JOINT ANGLE -86.8 4 20 -16wl  100. 
11-FORCE ALONG NECK 4 5 8 . 1  39. 229 0. 0 5 • 
12-SHEAR FORCE A T  CCNDYtES -98.6 1000 1093. 3 41. 
13-COMP0 FORCE A T  CCNOYLES -416.7 3 9. 2290. 8 5. 
14-SHEAR FORCE A T  C 7 - T l  -90.8 70, 127 2.8 41 
15-COHP. FORCE AT C7-TI  -3 16.5 14. 21 87. 8 5 • 
16-CONDYLE TOTAL TORQUE -1999.6 2 8- 43 3.3 87. 
17-C7-T1 TOTAL TORQUE -5846. L 4 1. 666.5 100. 



H f C =  1835. BETWEEN 2 .  AND 77oMSEC 
3-MSEC AVG, FCR HEAOI 1360 AT 580 MSEC 
+HSEC AVGo FOR CHEST= 230 A T  110 HSEC 

M I N I  HUM A t  MSEC M A X I  HUM AT MSEC 
- . - . 1 I~ -~ .1QIII I .o - - -o - - - - - - - - -  ---I------ 

1-HEAD ANG* PBSITIGN -196.2 9 9 * -70.0 0. 
2-HEbO ANG. VELCCXTY -4926.5 3 20 53 7.4 6 1. 
+HEAD ANGo ACCEL. -5  156.4 2 0. 9844. 4 48 l 
4-HEAD RESUL. ACCELo 100 0 145.3 58 
5-UPPER NECK STCP TORQUE -3193m4 40. 113.1 190 
&LOWER NECK STCP TORCUE -4243.2 6 6 ,  -0.0 Q o  

7-2 DIR. HEAD COFtTo FORCE -0.0 0 l 2374. 9 9 • 
8-X OfRm HEAO CQNT. FORCE -0.0 0. 475.0 9 l 
9-CONDYLE J O I N T  ANGLE -39e8 40 .  4607 200 

L+C7-Tl JOINT ANGLE -85.4 660 -20.0 1 l 
11-FORCE ALONG NECK -338e 5 19. 2257.4 110 
12-SHEAR FORCE AT CONOYLES -474.4 40. 13 480  1 66 
13-COHPo FORCE AT CCNOYLES -288.0 19. 2245.5 Ib* 
1eSHEAR FORCE AT 6 7 - f l  -55  1.7 390 11270 3 66 l 
15-COMP. FORCE AT C 9 e T 1  -212.5 190 2140.1 11. 
16-CONOY LE TOTAL TORQUE -3671.8 40. 326.0 190 
17-C7-T1 T O T A L  TORQUE -527 1.8 66. 00 0 1. 

H I C =  2686. BETWEEN 2. AN0 37.HSEC 
3-NSEC AVGo FOR HEAO- 241. AT 50 MSEC 
3-HSEC A V G o  FOR CHEST- 260 AT 80 MSEC 

H I N l H W  AT MSEC M A X I  MUM AT Y S E C  ----------------- ---------------- -----o 

1-HEAO ANGO PUS I T I  ON -30.4 40 36.0 53 • 
2-HEAO ANGo V E L O C I T Y  -2931.1 6 20 5893.8 15. 
+HEAD ANG. ACCELo -19118.8 18. 1681 304 6 • 
4-HEAD RESULm ACCEL* 0.9 3- 292.5 5 • 
5-UPPER NECK STOP TORQUE -35004 7 00 210 7- 1 19 l 
6-COWR NECK STOP TORQUE 434 .2 :  170 561.1 38. 
7-2 O I R e  HEAD CONT. FORCE -0.0 0. 3529.8 6 ,  
8-X 019-  HEAO CChT* FORCE -00 0 0 l 21 17.9 6 
9-CONOY LE JOI NT ANGLE 4.3 7 0, 9 0 - 7  19 

10-67-7'1 JOINT ANGLE -41.3 17, 25.6 38 
11-FORGE ALONG NECK -845.3 3 00 3010.7 8. 
12-SHEAR FORCE AT CCNOYLEI -4Q9.1 3 8. 69 90 0 19- 
13-CCHP. FORCE AT CCNOYLES -740.0 3 0 292 4.  3 8 l 
14-SHEAR FORCE AT C 7 - f l  -44 5.7 3 90 811.2 19. 
15-COMP. FORCE AT C7-Tl -02 3. 2 3 0 ,  289002 8 l 
16-COM)YLE TOTAL. TORQUE -557.7 3 80 25 51.2 19 
170C7-Tl TOTAL TORQUE -945-7  170 1663.9 3 8. 



HIC= 5790 BETWEEN 50  AND 1 5 o M S E C  
3-NSEC AVGo FCR HEAOI 96, AT 8, MSEC 
3-MSEC AVGo FOR CHEST* 14, AT 79. HSEC 

MINIHUM AT H S E C  P A X I M U Y  4 1  HSEC 
- - - L I I ~ - I I I I I I I I - U - - - Y -  -.)---- --.--.I-- 

1-HEAO ANG, POSXTION -30.7 8 5 6.4 89 
2-HEAD ANGe VELCClTY -97 3.7 L O O ,  197 Oo 0 35, 
3-HEAD A N G m  ACCELo -1752.5 96. 2546.1 21. 
+HEAD R E S U L o  ACCELm O o  5 4 • 97.5 9, 
5-UPPER NECK STOP TORQUE -362.0 2 O m  30 1.6 95. 
6-LOWER NECK STCP TORQUE -0.0 O m  146.3 74. 
7-2 DIQ HEAD CONTo FORCE -0.0 0. 2315.1 1 O m  
8-X D I R m  H E A D  CONTm FORCE -0.0 0 • 463. 0 10 1 

9-CONDYLE JOINT ANGLE 3.5 2 1, 56.9 95 . 
lO-C7-Tl  JOINT ANGLE -20.0 O m  9.0 75. 
11-FORCE ALONG NECK -258.1 2 2, 171 6.2 12. 
12-SHEAR FORCE A T  CONDYLES -208.1 20, 88.8 97. 
13-COMP. FORCE AT CCNOYLES -21907 2 20 1687.7 12. 
14-SHEAR FORCE A T  C7-TI -194.4 2 1, 149.2 980 
15-COHPm FORCE AT C 7 - T l  -260.6 2 2, 1662.1 12. 
16-CONOY LE TOTAL TORCUE -4880 5 200 50 1.2 94, 
l f -C?-T l  TOTAL TORQUE 068.3 10 Oo 639.9 73, 

HICs 576. BETWEEN 2. AN0 7oHSEC 
3-MSEC AVGm fOR HEA* 117. AT 5 .  HSEC 
3-HSEC AVG* FOR CHEST= 8, AT 7. MSEC 

MINI MUM AT MSEC PAX1 HUM A T  MSEC 
- - - - I  -.I*..---------------------- 

1-HEAD ANGm ?CIS [ T I  CN 70.0 5 l 19 1.2 100, 
2-HEAD ANGm VELOCI TY 05.1 48 2438.5 37. 
3-HE40 ANGm ACCEt. -167201 5 4, 2886.5 18 l 
4 - H E A O  RESULm ACCELm O m  7 9 5. 121.8 6. 
5-UPPER NECK STCP TORQUE -586.2 19. 460, 1 89 
6-COWER NECK STCP TORQUE - 0.0 O m  814.2 100, 
7-2 D I R ,  HEAD CCNTm FORCE -197.4 6 61.8 90 
8-X DIRm HEAD CCMm FORCE -0.0 0 19 7 4.3 6 -  
9-COMDY LE J O I N T  ANGLE -18.7 190 52.5 89 

10-Cf-Tl JOINT ANGLE -30.0 0. 21.4 LOO, 
11-fORtE ALONG NECK -390.8 93.  6i3 6.5 7. 
12-SHEAR FORCE A T  CCNOYLES -200.1 7. 62.7 54 8 

13-CGMP. FORCE A T  CONDYLES -382.4 93.  5 39.5 7. 
14-SHE4R FORCE AT C7-Tl -1 83.6 2 0, 64.4 53. 
15-COW. FORCE AT C7-Tl  -375.9 Q 30 5 7 2 . 7  7. . .. 
16-CONDYLE TOTAL f O R Q U E  -637.8 198 Sl2m5 89- 
17-C7-T1 TOTAL TORQUE -0.0 0 • 960.5  100. 



HTC= 42 .  B E T ~ E E N  7. AND ~OO.MSEC 
3-MSEC 4 V G a  FCR HEAD= 160 AT 48. MSEC 
3-HSEC AVG. FOR C H E S T =  14. AT 14. MSEC 

MINIMUM AT HSEC FAXIYUIY AT HSEC 
-OII~IIIIII-I-OII-~IIIIIIIIIIII---------lD-.)----II 

1-HEAD ANG, POS IT1 ON t Zoo  8 3, 70.0 8 6 

2-H EAD AN G* VEL OCI TY -16 57.8 59, 1089.0 10Q. 
3-HEAD ANGa ACCEL. -852.2 4 1. 18489 7 810 
6-HEAD RESUL, ACCEL, 1.0 0. 16.3 48 
5-UPPER NECK STOP TORQUE -786.4 8 40 2 1 . 1 38 
+COWER NECK STCP TORQUE -1448-0 9 5. -0.0 0- 
7-2 DIR. HEAD CONTa FORCE -0.0 0 • 361.3 50. 
8-X O l R o  HEAD CONTa FORCE -8.0 0. t174a 9 38. . 

9-CONOY LE JOINT ANGC E -24.7 8 4. 25.2 3 8 
18-C7-11 J Q I  NT ANGLE -75.6 9 50 -30-0 0, 
11-FORCE ALONG NECK -175.8 4 4, 660 5 89 
12-SHEAR FORCE AT CONOYLES 0.0 0 a 194.4 96 
13-COWP. FORCE AT CCNOYLES -160.2 440 64.7 89, 
149SHEAR FORCE AT C7eV1 0.0 0. 1 B Q m l  95 • 
15-CUMP. FORCE AT C7-f 1 -203.5 4 3 • 66.7 89 
16-CGNOY LE TOTAL TORQUE -848.2 8 4. 450 0 37, 
17-Cf-TL TOTAL TCRQUE -1592.9 95, -0.0 0, 

HICt  1244. BETWEEN 5. AND 12mHSEC 
3-HSEC AVG. FOR HEAD= 141. AT $ 0  MSEC 
3-MSEC AVGI FOR CHEST= 24.  AT 36. MSEC 

MINIMUM A T  HSEC FAXI MUM AT HSEC 
~ - - - U I I - - - - - - - - - - - u - - - - - - - r r  ------- 

1-HEAD ANG. POS I T 1  GN -30.6 7 . 75. 2 72, 
2-HE40 ANGo V E L O C I T Y  -1875.7 10 O m  3080.2 31. 
3-HEAD ANG. ACCECo -196 1 a4 48, 5113.4 19 
4 - H E P O  RESUL. ACCEL, 01 4 6 8 143.0 8. 
SOUPPER NECK STOP TORCUE 0656.8 19. 393.9 74 • 
6-LOWER NECK S T O P  TORQUE -0 ,  0 0. 239.1 200 
7-2 O I R o  HEAO CONTe F O R C E  -0.0 0 0 309 1. 9 9. 
8-x OI?. HEAO COM. FORCE -0.0 0 I 309.2 9 . 
9-CCNOYLE J O I  NT ANGLE -1 102 19. 6 0 - 3  74.  

10-C7-T L JOINT ARCLE - 20.0 0 • 14.2 21. 
11-FORCE ALONG NECK -467.7 19. 195 7.7 II .  
12-SHEAR FORCE AT CONDYLES -387.5 190 53.5 919 • 
13-COHP. FORCE AT CCNOYLE: -408.6 190 1947- 8 10. 
14-SHEAR F O R C E  AT C4- f l  -363.0 19. 110.2 7 8  
15-COMP* FORCE A T  C7-Tl 448.6 190 190 2.9 11. 
16-CONOY LE TOTAL TORQUE -896.6 190 636.2 73, 
170C7-Tl  TOTAL TORQUE -207.2 97. 1535.4 20 • 



H I C l  1301-  BETWEEN 5- AND 15aHSEC 
3-MSEC AVG* FOR HEAO= 124. AT 7, MSEC 
3-HSEC AVGr FCR CHESTS 23, AT 110 HSEC 

MINIM\# AT H S E C  P A X I M U M  AT HSEC 
- - - - - - - - - - - - I  - 

1-HEAD ANG, PUS1 TI ON 
2-HEAD ANGa VELUCITY 
E H E A O  ANG- ACCELa 
4-HEAO RESULa ACCEL 
5-UPPER NECK STOP TORQUE 
6-COWER NECK STOP TORCUE 
7-2 O I R a  HEAO CONTa FORCE 
8-X O I R a  HEAD COW- FORCE 
9-CONOY LE JOI NT ANGLE 

10-C7-T1 301NT ANGLE 
11-F ORCE ALONG NECK 
12-SHEAR FORCE AT CCNOYLES 
13-CCHPm FORCE AT CONDYLES 
14-SHEAR FORCE AT C7-T1 
15-CUMP* FORCE AT C 7 - T l  
16-CCINDY LE TOTAL TORQUE 
I f - C ? - T l  TOTAL TORQUE 

H I C I  3 BETWEEN 50 AND 12mHSEC 
3-HSEC A V G a  FOR H E A b  151. AT 8. MSEC 
~ - M S E C  AVGI FOR CHEST= 2 4 .  A T  75. MSEC 

~ I N I  MUM A T  MSEC MAX I MUM AT HSEC 
--------------.I)--- -------------- 

1-HEAD ANGa PCS IT1 CN -30.6 7, 8 O m  1 72. 
2-HEAO A N G a  VELOCITY -1802.3 100. 323 5 - 4  29, 
3-HE40 ANG- A C C E t a  -1985.9 750 5522-0 18 
+HEAD RESULm ACtELa 0.2 67-  154.4 8 
5-UPPE9 NECK STCP TORQUE -746.1 18, 451.4 7 2. 
6-LOkER NECK STCP TORQUE -0.0 O m  308.9 20. 
7-2 C I R .  HEAO CONT a FORCE -0.0 O m  3055.3 9a 
8-X D1Ra HEAD CCMa FORCE -Om0 00 - 0 - 0  0 • 
+CONOY LE JOI NT ANGL E -13-7  19, 62.2  73, 

lO-C7-TL JOINT ANGLE -20.0 O m  17.3 20. 
11-FORCE ALONG NECK -439-9 1 8- 16 1 5 0  S 10- 
12-SHEAR FORCE A T  CONOYLES -126- 1 19- 5 5 - 0  75 a 

13-COHPa FORCE AT C G N O Y L E S  -382.4 18. 1532.9 10 a 

14-SHEAR FClRCE A T  C7-T1 -404.8 19- 106-  3 76. 
IS-COW?. FORCE A T  C7-71 0 4 1 3 ~ 8  18, 1569. 9 10, 
t6-CONOYLE TOTAL TORQUE -1006.2 18- 713-5  72 • 
17-C7-T1 TOTAL T08QUE -15 8.2 9 6 • 1178.9 20 



H I C =  2671. BETWEEN Oe AN0 82mWSEC 
3-HSEC AVG. FOR HEAD= 122. AT 23. MSEC 
3-HSEC A V G t  FOR CHEST= 41-  AT 12- MSEC 

H I N I H M  AT HSEC PA XI YUH A T  H SEC ---------------------------------------- 
1-HEAD ANG* POSITION -158, f 41. -90.0 O a 

2-HEAD ANGe VEtOCI TY -528 l o 3  3 2. 2467e3 100. 
+HEAD 4NGe ACCELe -7197.6 2 1. 16013e9 39 
6-HEAO RESUL.  ACCELe 1.0 O m  125.4 15 a 

5-UPPER NECK STGP TORQUE -5650.7 39, 250.9 20 l 
6-COWER NECK STCP TORCUE -4779.4 24, -0.0 0 l 
7-2 O I R .  HEAD CONT. FORCE -0.0 O m  3786e3 14. 
8-X D I R e  HEAD COhT* FORCE -Om0 O e  -Qa 0 0 l 
9-CONOY LE J O I  NT ANGLE -51e4 39, 54e8 2 L m  
ld-C7-T1 JOINT ANGLE 087.8 2 4. -20.0 1 • 
11-FORCE ALONG NECK -246- 8 20. 392 0- 4 11, 
It-SHEAR FORCE AT CONOYLES -1096.4 39, 1453, 8 24 
13-CUMPa F O R C E  A T  CENDYtES -183.9 2 0. 387 6e6 I f  • 
14-SHEAR FORCE AT C7-TI -1193.5 39 1626e2 24, 
15-COW. F O R C E  AT C7-TI -94. 1 2Oe 370 104 11. 
16-CONDYLE TOTAL TORQUE -62300 4 3 9e 52 1.5 20 
17-Cf-11 TOT4L TORQUE -6 34 7.7 2 4s 0.0 1. 

H I C t  4714. @&TWEEN 2 ,  AND 7eHSEC 
3-MSEC AVG, FOR HEAOx 326. AT 4, MSEC 
3-WSEC AVG. FOR CHEST= 30, A T  73. YSEC 

IUINIHW AT HSEC M A X I  MUM 4T HSEC ------ - -  - - - - - - -_- - -  ----.....------ 
1-HEAD ANG, PUS I T 1  ON 
2-HEAD ANGe VELOCITY 
3-HEA0 ANG. ACCEL. 
4-HEAO RESULm ACCEL. 
5-UPPER NECK STOP TORQUE 
6-COWER NECK S T C P  TORQUE 
7-2 OIR .  HEAD CfhTo FORCE 
8-X DIR* HEAO CCNT, FORCE 
9-CCNDY CE JOf bT ANGLE 

10-67- f l  J O I N T  ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CONDYLES 
13-COWPm FORCE AT C O N O Y t E S  * 

14-SHEAR FORCE AT Cf-11 
15-COMPa FORCE A T  C7-T1 
16-CONDY t E  TOTAL TORQUE 
17-C7-11 TOTAL TORQUE 



HICz 8063. BETWEEN 0. AND 2SoHSEC 
3-MSEC AVGo FOR HEAD= 247 . AT 2. MSEC 
3-MSEC A V G *  FCR CHEST= 3 9 o A T  6oHSEC 

HINIHLJY AT HSEC P A X I  HUH AT HSEC 
-------------,------------w----------------- 

1-HEAD ANGm POS IT1  CN 0156.8 35. -55.6 14. 
2-HEAD ANG* VELOCITY -7699.9 2 6. 3913.3 77 • 
EHEAO ANGo ACCELm -2748 1.9 150 2297 l o 4  34.  
4-HE40 RESUL* ACCEL. 1.0 0 • 295.5 2 • 
5-UPPER NECK STOP TORQUE -3627.4 3 60 156 1.9 15, 
6-COWER NECK STOP TORQUE -3934.1 17. -0.0 0. 
7-2 DIR HEAD CONTo FORCE -00 0 0. 48 59.9 3 
8-X CIS. HEAD CCNT l FORCE -0.0 0 0 -00 0 0 • 
9-CONDYLE 301 NT ANGLE -42.3 3 40 8 3 . 9  15 

10-C7-T 1 JO l NT ANGLE -83.9 170 920.0 0. 
11-F ORCE ALONG NECK -709.0 27. 40 50.7 6, , .  

12-SHEAR FORCE A T  CCNOYLEZ -576.5 34, 148 5. 6 16. 
13-COMP. FORCE AT CONOYLES -684.5 2 70 384 1.2 6 • 
16-SHEAR FORCE AT C7-TI -679.8 3 40 176 0.4 16 
15-COHP. FORCE AT C 7 - T l  -506.3 2 7 38 69.2 6 
16-CONDYLE TOTAL TORQUE -417 107 3 40 206 1.9 15 
17-Cf-Tl TOT A!. TORQUE -5450.2 I?. 0.0 0 • 

H I C t  1992. 0ETUEEN 0. AN0 30oMSEC 
3-HSEC AVGo FOR HEAD= 128, AT 51. MSEC 
3-MSEC A V G ,  FOR CHEST* 27. A T  9. MSEC 

MINIHW AT WSEC PAX I YUH AT M SEC 
- - - - - - - - - U - - - - - I I - - - - - - - - - - U I I I ~ ~ ~ ~ - - - ~  

1-HEAD ANG. POSITION -215.5 490 -7  O e O  0. 
2-HEAD ANG. VELOCITY -66930 8 2 7. 254 I* 1 55. 
3-HEAD ANG. ACCEL. -8082.1 17. 11630.0 50. 
+HEAD RESULo ACCEL. l a  0 0 • 143.6 51. 
5-UPPER NECK STOP TORCUE -3496.1 37, 2 4 2 . 4  16 
6-COWER NECK STGP TORQUE 05540.9 43. 00 1 96. 
7-2 C I R  HEAO CONTO FCRCE -0.0 0 • 32 74. 4 8 
8-X DIQ HEAD COFtTo FORCE -427.1 11, 1309.8 8 
9-CDNDY L E  JOINT ANGLE -4 1.6 3 70 54.4 17. 

10-C?-Tl JOINT ANGLE -91.0 43. -17.9 96 
11-FORCE ALONG NECK -657.1 16. 25980 9 9 • 
12-SHEAR FORCE AT CONOYLES -137.9 34. 1374.6 20. 
l+COMP. FORCE AT CCNOYLES -568.9 160  2525.1 9.  
l+SHEAR FORCE AT C 7 - T I  -273.5 5 0. 1552.5 20. 
15-COPP* FORCE AT C7-11 -540.2 8 9 .  24508 6 9. 
16-CCNDYLE TOTAL TORQUE -3988.7 3 70 51 0.8 16 
17-C7-T1 TOTAL TORQUE -6836.9 430 808.9 9 5- 



HlC= 2 0 1 1 .  BETWEEN 2. AND 7.MSEC 
3-MSEC AVG. FOR HEAD= 1930  AT 5 e  MSEC 
3-WSEC AVG, FOR CHEST= 22. AT 90 HSEC 

1-HEIO ANG. PQSf T I  CN 
2-HEAD ANG, VELCCI 'W 
3-HEbO ANGe ACCEL. 
4-HEAO RESUL. ACCEL. 
5-UPPER NECK STOP PORCUE 
6-COWER NECK STOP TORQUE 
4-2 D I R  HEAD C C M o  FORCE 
8-X OIRo HEAO CONT. FORCE 
9-CONDYLE JOINT ANGLE 

10-C'I-T1 J 01 NT ANGLE 
11-FORCE ALONG NECK 
12-SHEAR FORCE AT CONOYLES 
13-COMP* FORCE AT CONOYLES 
14-SHEAR FORCE AT C f - f l  
15-COMP* FORCE AT C 7 - T l  
16-CONDYLE TOT A 1  TORQUE 
1 7 - C 7 - t l  TOTAL TORQUE 

H I C =  1523. B E T k E E N  5 .  Ah0 1 2 e U S E C  
3-MSEC AVG. F C R  h E d D =  151 .  AT 7 . ! I S E C  
3-MSEC A V G ,  FOR C H E S T =  25 .  ;IT 77. ''SEC 

C I h I U U M  AT Y S E C  ? ~ X [ ' ~ I J  4 A T  ' , I S E f  
- - - - - - - - - - - - - 

1 -HEAC ANGO P O S I T I C Y  
2 - k E A C  ANC. V E L C C I T Y  
3-HEAC AN Ge ACC E L  
k-HEAO RESUL. ACCEL. 
5-UPPER NECK S T O P  TOPCUE 
6-LOWER NECK S T O P  'OFQUE 
7 - 2  O I R .  HEAD CthT.  FCPCE 
9 - X  D I R .  HEAC CCNT. F C R C E  
9-CONCY L E  JOI kT A h  GL E 

1 0 - C 7 - 1  l J OI N T  A N G L E  
Lb-FORCE ALONG hJECK 
12-SHE4R FORCE AT CCNOYLES 
13-COHP. F O R C E  AT CCYCYLES 
1 4 - S H E 4 R  Fr3RCE A T  C 7 - T l  
15 -COMP.  F O R C E  A T  C 7 - T l  
1 6 - C D M C Y L E  TOTAL TCRUUE 
17-C7-fl TOTAL T C P C L E  

h 
1133 

7 2 ,  
6 5  
18 . 
3 .  
0. 
0. 

1 s .  
P 

w *  

1 4 -  
l a .  
I ?  . 
1 2 .  
17.  
1'3. 
qQ 

7:. 
3 2 .  
17 .  

7 
h C .  
5 c .  
' . 
E m  

L C .  

e C . 
L C .  
q c  , 



HIC= 3362. BEThEEK 2 .  Ah0 27aUSEC 
3-YSEC AVG. FOR hEdD= 194. A T  5 1 .  Y S E C  
3 - P S E C  A V G ,  FGR CHEST= 30. dT 9. USEC 

C I N I C U M  AT M S E C  luAX1: IUY 4 T  Y S E C  
--------------e-- ----------------- ------------------ 

1-HEAC ANG. P O S I T  ICN -211mO 46 -73 0 C a 

2-HEAC ANGm VELGC I f Y  -6914.1  28 3026. 1 5 4  a 

3-HEAC LING- ACCEL. -8284- 2  15 1C721 3 37.  
4-HEAO RESULa ACCEC.  L a 0  3 .  2 1 k . 4  51.  
5-UPPER N E C K  S T C P  T C R C U E  -4412.8 39. 421. 7 17. 
6-COWER NECK STOP T O P C U E  -7359.1 57. -7 ~ S J  ? w e  

f i  

7-2 OIR. HEAO CChT. FORCE -9.0 3 ?015.1  l i. 
8-X DIR- HEAD CONY. F C R C E  -13. r3 13 503.3 1C. 
9-CONCYLE JOINT  AhGLE -46.2 39 61 . 3 17. 

10-C7-11 J O I N T  ANGLE -97.5 57. -25 .3  C 
11-FORCE ALONG hECK -657.9 15. 2893.2 C a  

12-SHEAR FORCE AT CCNDVLES -175.1  9 4 .  1766.1 5 R .  
13-COMP. FORCE AT C C N n Y L E S  -577.5 64. 2901. 3 9 

14-SHEAR FORCE A T  C 7 - T l  -200 8 SC . 1973.4 5 7 .  
15-UIMP. FORCE AT C 7 - T i  -468 .3  6 5 .  2720.3 Q. 

16-CONOYCE TOTAL f GRQUE -4944.5 39 744.2 17, 
l?-C7-T1 TOTAL T C R C t E  -8598 4 57 649.5  $ 5 .  





A P P E N D I X  C 

PEAK MAGNITUDE COMPARISONS 





COMPARISON #1 

C T 9 4 P A R I  SON R F T H E E N  P E 4 K  H A G N I T ~ J ~ F  5 FOR RIJNS A  A N D  R  

I - I W A ~  ArlG. ~ 0 5 ~ .  
? - t w ~ n  ANG. v r t  O C .  
3 - I l T A n  nNG. A r C t  l . 
' I - ~ ~ C A D  RCS. A C C T L .  
5 - C O t l O Y I  5 701' TVRO 
h- t  7 -  T I  STOP TfIRQ, 
7-2 & I t  A n  FnRC.6 

I R - X  I{Fl(r) FORCF 
r ~ - ~ ~ r ~ r ) v ~  r 5  AIIT.I F 

1 0 - z i - r t  APIGIF 

I I - F  Ol<CF A1 nNC N f C K  
1 2 - 5 H r  A4 A r  LOIJOVI  T 
I \ - c I I ' + P .  A T  crlqnvcF 
I +-SI4F A', A T  C 7 -  T  1  
I ' i -( f lWP. AT C l - T I  
16-ZI)FII I .  T(1TI(I T f l I tQ  
17-1- 7- TI rnTfiI TOPQ 

A I S  x 1  R 1 5  XI / A /  15 X K  I n /  IS x n  
G R C A T E R / l E 5 S  G R E A T E R I L F S S  C R E A T E R / L E S 5  G R F A T F R / L  F S S  

I + ) A  ( + ) I )  A /n R / A  I~IAN R T I I A N  A  ( - ) A  I-) R A / R  a/ A  I H A N  / R /  T t i A N  / A /  

0 . 4 4 5  1 7 4 . 9 %  G R E A T E R  5 5 . 5 %  L E S S  
0 . 7 7 2  29.61; G I ? E A T E R  2 2 . 8 %  L r S S  
0 . 6 6 5  5 0 . 3 %  G R F A T E R  3 3 . 5 X  L t S S  
0.997 0.3% G R E A T E R  o . 3 ~  L r s 5  
0.3% 1 5 2 . 5 %  G R F A T E R  6 0 . 4 %  L F S S  
0.0 0 .0% G R C A T E R  1 0 0 . 0 %  L C S S  
9.900 1 1 . 1 2  G R F A T E R  10.01 L E S T  
1 . 0 1 4  1 . 3 0  L F S S  1 .4K  G R E A T F R  
0 . 8 0 8  73.7I G R E 4 T E R  1 9 . 2 2  L E S S  
0.0 O.OX L E S S  9 . 0 %  G R F A T r R  
1 . 0 7 7  7 . 1 7  L E S 5  7.7 1 GRF A T E R  
1 . 3 3 1  2 4 . 9 1  L E 5 5  3 3 . 1 2  C R E A T C R  
1.005 0 . 5 X L r S S  0 . 5 %  G R E A T E R  
1 . 2 0 9  17 .3% L E S S  2 0 . 9  C GRC A  I F R  
1 . 2 e 7  2 2 . 3 %  L E S S  2 n . 7 Z  G n E A T F R  
0 . 5 1 7  9 5 . 4 %  G R E A T F H  4 8 . 8 X  L E C S  
0 - 0  0 . 0 %  G R E A T E R  1 0 0 . 0 %  L F S S  

Ill C 5 h h  4 1 9  1 , 3 5 1  0 . 7 4 0  3 5 . 1 R  G R F A T E R  1 6 . 0 %  L F S S  
i r  ~n ~ - ~ r 5 1  r nvc;. 7  o 10 1,000 1 . 0 0 0  0.0% L F S ~  13-OX G R E ~ I E R  
L I i r  rt 1-M~FI,  A V G  A 1 0 1  1.000 1.000 0 . 0 6  L F ~ C  3.01 G R F A T F R  

100.09 L E S S  
1 5 . 7 %  GREATER 
4 5 . 7 1  G R E A T E R  

0.0% L E S S  
4 0 . 0 9  L E S S  
40 .3% L E  S S  
58.41:  L F S S  

0.03 L F S S  
2 0 - 1 0  L F S S  
1 1 . 2 %  L E S S  
2 3 . 6 2  L E S S  
7 6 . 4 %  L E S S  
2 6 - 3 8  L E S S  
6 4 . 4 %  L E S S  
1 9 . 6 %  L E S S  
3 6 . 3 X  L F S S  
2 9 . V P  L E S S  

0 - O X  G R F A I F H  
1 3 . 6 %  L F 5 S  
31.47; L F S S  
0.01 C R E A T T R  

66.92 G R r  A T r U  
6 7 . 4 %  G K F A F E R  

1 4 0 . 5 1  GRE A I F R  
0.01 G R E A T E R  

25.1 '2  (;RE ATER 
1 Z . 6 K  GRCA TTR 
3 0 . 3 %  G R E A T E I <  

324,479 G R E A T F R  
3 5 .  7% G R F A T L H  

1 8 0 - 9 %  ( ; u F n r r p  
24.'+% G R F A T C R  
5 r . 0 1  G R E A T F  R 
42 .  7 9  G R E A T T P  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  





COMPARISON # 3 

CC'4I 'APl 5f lU UFTWF[ -N  P F A K  M A G F I I T I I I I F S  F O R  R U N S  A  A N 0  R  

I - I I F A O  4NC. I ' I IYN. 
7 - t 4 F A 0  AN(;. V F L f I C .  
3 - I I F A n  ANC.  A(.CFL. 
4 - t I F A D  R F 5 .  ACc i L  . 
5 - C  O N O V I  S T 7 P  l n R Q  
(,- c 7 -  TI ~TIIP T ~ P O .  

o 1-7 t i r  At) F l l l l L t  
I n-x 141-40 FORTF 
cn 

9-T. o t l r r v t  r 5  WILI I 
I D - T  I - T I  AFIGl f 
1  I-Fl1l lC.F A1 ONG N F C K  
I , ' - S ~ ~ T A U  A T  C'PFIDYIT 
I I - C O Y P .  AT  C O N n Y L F  
1 4 - 5 t I F  A9 A  r C.7- 1 l 
i 8 ~ - L n r i p -  A T  C,T-TI  
16-Cl3FJlI. T r l T A l  1ORO 
I I-C. r -  T I  T O T A l  T O R 0  

A  I S  X X  R I S  X 1  / A /  I S  K O  / R /  1% X K  
G I < E A T F R / L F S S  G R E A T E R / L E S S  G R E A T E R / L  E S F  C R t A T E P / L  E 'i'i 

( + I &  l 4 l O  A  / 3 A /  A  T H A N  R TI1AN A ( - 1 4  1 - 1 0  4 / n  D /  A T H A N  / R /  T114N / A /  

5 . 7 %  G R E A T E R  
3 . n ~  C R F A ~ F R  
6 . 4 %  G R F A T E R  
0.3% G R E A T E R  
5 . 7 8  G R F A T E R  
5,AP 1.ESS 
0 . O I  I F S S  
4 . 9 %  I E S S  

2  1 -  41 G R E A T E R  
6 8 . 9 %  G R E A T E P  
26 .31  L F S S  
4 7 . 5 %  1 E S S  
24.7 '4  L F S S  
6-27, L F S S  

2 4 . 8 %  L E S 5  
3 . 2 %  G R F A T E R  
2.92 G R E A T E R  

5.4% L E S S  
3 . 6 5  1 E 5 S  
6 . 0 %  L F S S  - 
0 . 3 X  L E S 5  
5 . 4 1  L E S t  
6 . 7 1  G R E  A  TFR 
0 . 0 1  G R E A T E R  
5 . 2 7  G R E A T F R  

1 7 . 6 %  L E S S  
32.07:  I F S S  
3 5. no G R ~  A TCR 
9 0 . 6 7  G R E A T E R  
3 2 .  7 %  G R F A T E R  

6.67 GRE A T r R  
33. 1 Z  G R E A T F R  

3 .  I f  L F S S  
2.9% L E S S  

t l  I C  3 4 7 5  3 6 7 3  0.9f~( 1 - 6 5 7  5 . 4 t  L t S S  5 .7X  G R F  AT  t R  
'1F A n  3 - V Y F r  AVG. Q 7 7 0  1 . 0 7 4  0 . 9 3 1  7 . 4 1  G R E A T T R  6 . 9 %  I C S S  
C t i E  ST 3 - f i l X I  (, A V G  2 .? 3 0 . q 5 7  1 . 0 4 5  4 - 3 7  L F C t  4.5.C G R F A T r R  

0 . 0 1  L E S S  
2 3 . 7 1  L E S S  
2-97, G R E A T F R  
0 . 0 9  L E S S  

3 2 - 0 1  L E S S  
0 . 0 %  L E S S  
6.7% L E S S  
O . O t  L E S S  

8 7 , A O  L E S S  
2 5 . 0 1  L E S S  

4 - 5 %  G R E 4 T E R  
17.8% G R E A T E R  

5 .2Z  ( H E A T E R  
4 - 7 1  L F S S  
3.RZ G R E A T F R  

3 4 . 9 %  L E S S  
0.0% G R E A T E R  

0 . 0 . t  G R E A T F R  
31-01:  G H E n r c - a  

2.BZ L F S S  
0 .  OX G R E A T E R  

4  7 -  OK CvRF A  TE H 
0 . 0 g  C R E A T F R  
7 . 2 %  G R E A l C R  
0 . 0 %  C R C A T F R  

7 1 8 . 5 %  G R E A T t R  
3 3 - 3 1  G R E A T F I I  

4 . 3 1  L F S S  
15.12 L E S S  

4 - 9 9  L E S S  
4 , 9 %  3 - 4 1  ( .REA lCR L E S S  

5 3 . ( 4  GRE ATE'( 
1 0 0 . 0 1  L F S T  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  





COMPARISON # 5 

1-I4CAQ 4NG. POSN. 
.'-~IFAI) 4 1 4 ~ .  VFI nc . 
I- IF A D  ANT.. A C C F C  . 
i-II~ AI) R T S .  AC(.EL. 
'?-I: OiJnYL 5 T O P  Tf lPO 
6 - C 7 -  T I  \Tn fJ  TflPf). 
I-Z t IEAU FIlHC E  

I 0 - x  I I F ~ ~  F ~ R C I  
3 - C  f l N n Y I  f 5  AY T& C  

I Q - C 7 - T I  AWGLF 
I L - r n l c C  AI I)ri(. ~t C K  
1 7 - S I I I  Arl AT C n N I I Y I  F 
I 1-~1)r1~.  A T  r n P t r ) v t  F 
I ' , - S ~ ~ F A Q  A r c t -  r i 
15-LIIMP. AT L ? - T I  
10-CONI). T 0 1 A I  T O R 0  
17-C 7- T I  TOTAI  T O R 0  

1 5 . I S  1.FSS 
1 4 .  R% G R E A T E R  

2 7 7 . 3 X  GREATER 
1 7 5 . 6 1  G R E A T E R  

7.2L G R E A T F R  
I6 .82  G R E A T E R  
5 1.9% G R F A T E R  
51 .9% G R E A T E R  

1. 57: G P E A T E  R  
5 7 . 9 9  G R E A T E R  
7 1 .  57 G R E A T E R  

12O.OL G R E I T E R  
2 2 . 3 1  G R E A T F R  

2. 1 1  G R E A I F R  
2 1 . 0 1  G R E A T E R  
13.9 'L  G R E A T E R  
1 7 . 5 X  G R E A T E R  

1 8 - 6 2  G R E A T E R  
1 2 . 9 %  I E S S  - 
7 3 - 5 2  I C S S  
6 3 .  I f  L E S S  

6 . 7 %  L F S S  
4 3 - 5 2  c r s s  
3 4 . 2 1  L F S S  
3 4 . 2 1  1 -ESS 

1.51: L F S S  
3 6 . 7 X  L f S S  
I T .  71: L F S S  
54.61 C F S S  
1 8 . 2 P  ILESS 

2.L'S l F S S  
1 7 . 4 1  1  F S S  
1 7 . 2 1  L C $ %  
1 4 . 9 %  L E S S  

111 13 4 7 9 ?  1 7 6 6  7 .  781 0.264 2 7 f l . l Z  G R E A T E R  7 3 - 6 1  L f S 5  
4LAI) 3 - U S F f  AVG. 3 1 0  151  2 . 3 6 6  0 . + 7 3  136.61; G R F A T F R  5 7 . 7 %  C C S 5  
 ti^\^ 3 - r l - i t t ,  A V ~ ;  7 6  7 3  1 . 1 1 3  0 . 0 0 5  1 3 . 0 2  G P E A T t P  1 1 . 5 9  L F S ?  

L E S S  
GREATER 
G R F A T E R  
L E S S  
C E  S S  
GREATER 
L E S S  
L E S S  
C E S S  
GREATER 
GREATER 
L E 5 S  
GREATER 
L F S S  
GREATER 
L F  S S  
G R F A T E R  

1 . 3 2  C R E A T F P  
3 3 . 4 X  L E S S  

5 0.01 7. IY G R F A T E P  CE S  S 
82. OX GREA I f  R 

1OO.OX L E S S  
0 . 0 2  G R F A T F R  
0 - 0 9  GREATER 
0.01 G R E A T E R  

3 8 . 8 %  L E S S  
18.41 L E S S  

7 . 5 1  G R F A T E R  
1 9 . 8 9  L F S S  

1 3 3 . 2 1  G R E A T F E  
lfl.9.x I E S S  
4 7 . 1 1  G R F A I F R  
7 4 . 7 %  L F S S  

NOTE: Positive neck torques are for extension and negat ive  torques are for flexion. 





COMPARISON # 7 

CI;M1141t I 5 0 N  I l F I U F F N  ('EILK E4Af ;N l IUI )E5 FOR R I J N F  A  A N 0  0 

I-IIFAI) ~ N G .  Pnw.  
2-t4FAfl AN<. V r L O C .  
3 - I I F A D  4NC.. 4 C C F t  . 
4 - I t F A n  Q € 5. A(.CFl . 
5 - T  I I N f l Y I  \ T O P  I T I P O  
6 - T 7 -  T I  % T n P  TfIRQ. 

o 1 - I  I I F A O  I OK(.r 
R - x  I l r 4 n  r n R c F  

U3 
9- C  O N D V I  F  5 ANGI I 

10-C  7- T I  nvr.1 F  
1  1-r l l R C F  AC flEIG PIFCK 
1 7 - \ l l r  AR 4 1  C f l t l D Y l  F  
I ~-CII?.IP. A T  r . r l b tnY t  r 
1 4 - S t l C A q  4 1  C . 7 - T I  
I S - (  I I N  F.  A T  C. 1-7 1  
I I,-COUP. 1 0 1 A I  1 I ) R O  
I 7-C 7- T I  I O T A (  T O R 0  

4  I 5  X I  R  I S  XS / A /  IS xr / R /  IS X T  
(;RFATER / L F 5 S  G R E A T E R  / L E S S  G R E A T E R / L E S S  G R E A T E R / L f  SS 

I  I O ' I  A / R  R / A  I t i A N  0 1 H A N  A  1 - 1 4  ( - 1 8  A / R  R/ & T H A N  / R /  T l i A N  / A /  

1 . 7 3 1  4 2 . 2 1  L F S S  
0 . 3 7 0  l 6 4 . 1 Z  6 R E A l F R  
0 . 7 6 4  7 7 0 . 0 R  G R E A T E R  
0 . 3 1 4  2 l f l . l X  G R E A T E R  
0 . 2 1 1  3 7 ' 5 . 0 2  C R F A l E R  
0 . 4 1 7  1 4 0 . 0 %  G R C A T F R  
0 . 7 2 3  3A. 3 1  G R E A T F R  
0. 7 2 3  3 R . 3 2  G R E A l C R  
0.663 4 Q . 4 f  G R E A T E R  
0.607 6 4 . 0 %  G P E A T T R  
1 . 1 2 9  1 1 . 4 2  L E S S  
(2 .570 7 5 . 3 %  G R E A T E R  
1.166 1 4 . 2 %  ~ r s s  
0.51t'~ 9 3 . 9 2  C R F A T C R  
1 .173  1 0 . 9 9  L F S S  
h . 2 6 3  2 t l 0 . 9 1  C r R F A T F R  
6 . 6 4 2  5 5 . 7 X  G R E A T r R  

7 3 - 1 2  G R E A T F R  
6 2 . 2 1  L F S S  
7 3 . 6 1  1 F S S  
6 6 . 6 %  I F q S  
7 R . 9 2  L E S S  
5 0 . 3  I: L F S S  
2 7 . 7 %  L F S F  
2 7 . 1 2  I F S S  
33.1'6 L E S S  
3 3 . 3 %  L F S S  
12.  99 G R F A I C R  
4 3 . 0 %  I t 5 5  
16.61 G R F A T F R  
4 R . 4 1  I C S C  
1 2 . 3 1  G R E A T F R  
7 3 . 7 %  1 F S S  
35.0X I F S S  

t I  I C  7 6 7 1  1 4 0 3  5.432 0 . L R 4  4 4 3 . 2 X  G R E A T F R  81.6% L F S S  
8 F A n  3 - V 5 r ( ,  AV(;, 3 ' 4  1 7 1  2 . 6 7 0  0 . 3 7 3  I h 7 . 0 2  G R F A T C R  6 2 . 7 2  I r S S  

L l l r C T  3-M;Ff A V G  3R 4 7  0 . 8 0 5  1 . 2 3 7  1 9 .  1 %  I ESS 2 3 . 7 1  G R F A T F R  

L E S S  
GREATER 
G R E A T F R  
L E S S  
G R E A T E R  
C C S S  
L E S S  
L E S S  
G R E A T E R  
L F S S  
G R E A T E R  
G R E A T E R  
G R E A T E R  
G R E A T E R  
G R E A T E P  
G R E A T F R  
L E  S  S 

C R E  A  IF ! '  
C F S S  
1 C S S  
GRE A T F R  
L r s s  
G R E A l F R  
G R E A I F I ~  
G S E A I F R  
L E  s 5 
G R E A T t - K  
L E S S  
l E S S  
L E S S  
I F S S  
L E S F  
L F S S  
G R E A T E R  

NOTE: Positive neck torques are for extension and negative torques are for f lexion.  







z c x  x c  Z Z ~ C L Z Z C ~  
U W U  U J W  U W U W U U U U  
C b C  C c  t L C t C C + C  
4 a 4 t n c e ~ ~ 4 4 4 4 4 4 4 c m  
W U L ~ ~ U V I V I Y U & W U J U U W , A  
E C K I U C ~ Y U J U E ~ : ~ ~ ~ ~  
o o u d C ' 3 i ~ U ~ ~ O O o S ~ ~  

Y L .  
9  9 
L?, * 
a 2 
z ;5 : 2 
3 Z 
C C 
L 
6 11 

C 

3 
L7 - 
z 
C 
C 
Z 
?. b 

V 

Y W W  
f- I- S, 

= a .  
LP+E 
F- 

. ' .  
C O O  





. a .  
C O O  





= a  a a = a g ~ a = d  E 5 5  uiir W i U U U U U U U W  
C C C  C +  C C C C C C C C t  
~ ~ e t n a u m m C d 4 u t a d r d  

w W Y Y Y Y w Y W ~ W ~ w W w W w  
C F r n O U *  0 0 @ * 0 C " N d e *  

e e * o s * r * 9 * e * * * e e *  
e m ~ o ~ r  O o - ~ o m c r n n - e *  
o w e  a +  w m - r n - m  r-* 

N 9  M 

r n l ~ P ~ ~ o o o ~ m ~ n m b v r - =  
Ln -e  O N  ~ C . D h F 9 G O  
d m *  mrn I d m o m O e , Q p  

u r n  I I - J l m l * B  
I *  I I I I l l  

I 

= a =  a =  = = & a x  a 
W  u Y U U U W  W  
C C C  C C  C C C C C  C 

~ c u ~ m ~ u ~ ~ ~ u a u ~ ~ ~ c  
u l L u W . n v ~ L ~ v U U ~ ~ w m W  
L L C C P ~ , I A J C ~ L - K C K C L W L  
- C C G ~ I C C ~ I C G C O C ~ E  

n k r u W Y u w b -  W & W p b P Y F W N  
9 a m m e ~ m v ~ g O + n ~ s  m g u  * .  r .  b .  0 .  r *  . +  .t . r 

U - ~ Q O L P P F P ~ ~ O ~ * ~ *  e e e  
- c a m t r - a a h o a + a ~  ~ P L -  

N h h  m - * +  

. . . . . . * . * . . * . .  L . .  

c .  
0 s  i - - 

,,& 
iT - L: 
C i Y  
O > Q  

I .  

C C L' 
z z z  
a e u  

C C C  
e c 4  
* = $  - * - 
L ;. L 







COMPAHI SON # 1 9 

A  1s XT n 1 5  x?: / A /  I S  X K  1 1 3 1  15 X %  
G R E A T E R  / L E S S  C R F A T E R / L C  S S  G R E A T F R / l  E S S  G R E A T E R / L E  5 5  

1 4 ) n  ( * ) R  A / r ~  I) / A r t i n ~  13 T I ~ A F S  n ( - - ) a  I - B R  A / R  R/ A W A N  /n/ V I ~ A N  / A /  

0 
1470  

> h 7 G R  
419 

4 0 
0 

5405 
i o n  I 

3 0 
0 

37'*3 
1735 
3530 
7 0  52 
3 5 6 7  

109 
0 

0.0x C E S S  
112.2% G R E A T F R  

9.9% G R F A T E R  
2.0% G R E A T F R  

*****X G R F A T F R  
0.02 G R E A T C R  
8.9Z L E S S  

173.2g G R E A T F R  
8 7.01 C R E A T E  R  

0.0% L F S S  
11 .41  I E S S  
14.31  G R E A T F R  

7.71 L F S S  
ZO.2X G R E A T E R  
I 1. hX I - E S T  

5 5 0 .  3% G H E A T t R  
0.OZ G R F A T C R  

0 .0% G R F A I E R  -190  
5 2 . 9 %  L F S S  -6552  

9 .0b  L C S S  -29  179 
2.02 C C C S  0 

9'.8'L I F S S  -3 508  
1OO.OI I f S S  - 9 1 4 0  

9 .83  G R E A T E R  0 
63.42 C E S 5  -1847 
45. 0 %  L F C 5  -41  

O . O C  G R F A T F R  -102 
12. 8 1  G R F A T F R  -934  
1 2 - 5 7  I F S S  -255  

R.4'X G R E A T E R  -939 
1b.RC C f - S S  - 3 7 1  
13. 11: G P E A I F R  -735  
84.6'1: C F S S  -398  3 

100.07; L F S S  - 10802  

I I l C  14003  I2624  1. I l C  0.901 11 .0% G R E A T E R  9.9Z L F S S  
i t  A l )  3 - " I \ f C  AVC, .  343 343 1.017 0 .983  1-7.g G R E A T F R  1-7.L I F S S  
CIITST ~ - M \ E T .  a v ~  3 6 33 1.0Q1 0.917 9.1K G R F A T F R  H . 3 K  L C 5 5  

3.0% I - E f S  
20 .1% L E S S  
77.4% G R E A T E R  

0.0% L E S S  
19. 1% L E S S  
1 1 - 7 1  G R E A r E R  

0.01 L E S S  
348.11  CRC A T E R  

9.6R L E S S  
2.79 G R E A T E R  

60-6g G R E A T E R  
61.89  L E S S  
74.3% G R E A T E R  
5 8 . 4 X  L E S S  
82.2% G R E A T E R  
18.1% L E S S  
1 3.0% G R E A T E R  

3 .  l d  ( ;REATtR 
2 5 . 2 8  GRFA I F K  
43.6% I F S S  

0.0% G R E A T F P  
23.61 G R E A T f  R  
10.5X L E S S  

0.09 G R E A  1 F l l  
7 7 - 7 8  L F S S  
LO. 6 %  G R F  A  TCK 

2 - G Y  1 E S S  
37.7I 1 E S S  

16 I. (1% G R E A T F P  
47.6% L E F S  

140,  32 G R E A I E P  
45.1% L E C S  
2 2 - 1 1  G S f  A I E N  
11.51  L E C S  

NOTE: Positive neck torques are  for extension and negative torques a r e  for flexion. 



a IZK & . y u a  b: cra 
i U'U L U U U  &, UJY 
C C C  C C C C  C C C  

m m u v ~ a a m m < u c u ~ a w u ~  
~ m u m Y u ~ m W W u W m u ~ W w  
u ~ ~ ~ a ~ u ~ a s a ~ ~ c c u a a  
d d U d O U i d C U O U d O d O U  

P O k 7 0 0 Q C O Q C P N N m W - C  
ON9  9 w  u P V V e O m O Q  
N ~ S  urn I  l F u g 9 M o g  
I Q E Y  J b  I I l l  l n m  

I 1  I /  I I  

= a  E L Z E :  a 
WW u w L L  u 
r c c c c  c 

a s g  c c K K Z ~ E ~  
& L L Y  LL u & L . U J L h u d u  
C C C  C b C b C t C  

~ ~ ~ u c ~ c m ~ ~ ~ a ~ u u u m  
m V 1 ~ w W v , W m L . w ~ L L u u u W m  
W ~ ~ U P L L Z ~ ~ & K C ~ S & ~ W  
d d c G c ~ G d G - c G c e U c d  

c c c  

u e 9  
W C k  
P C  .c 

. v .  
C O C  











COMPARISON # 26 

I - I I K A P  At lG.  i 'O5V-  
7 - 1 1 F A 0  4Flf;. V F t  OC. 
? - t ~ r ~ r )  AN(;. A c c r L .  
 IF nn R F ~ .  nee F L  . 
5-cnonvt r r c l r *  r lmo 
6-1 7 -  i 1  STOP TrIRCJ. 

o 7-2  HI AI) r clrc!.r 
F!-x l l r nn  F n n r r  

cn '1-r f l N 0 Y L  f 5 ANGl  
I '1-T 7 - 1 1  AMC,LF 
I I - F ~ R C E  AL~IWG F IFCK 
I ? - S I I T A R  AT  Cf lNL lY l  E 
1  I - C  I IYP .  AT CONDY L F  
~(*-c,III AQ A T  r 7- I i 
15-(.(1YP. A T  C 7 - T I  
I rt-r n ~ n .  r o r n t  I I I R ~  
I 7-r 7- 11 T ~ I T A L  i r l l l a  

A 1 s  x x  n I S  xx / A /  IS x x  / n /  IS xr 
G R E A T F R  / L F S S  (;RE A T F R / L E  S S  G R E A T E R / L E S S  G R E 4 T F R I L E S S  

( * ) a  A 1f5 n/n  T I ~ F J  R T ~ I A N  A ( - ) A  ( - ) n  n/n R / A  IHAN / R /  TIIAN / A /  

0.0 
I. I C C  
1  - C 4 8  
C - 9 4 7  
O . S A 8  
0 -0 
I . C 1 2  
1 . 0 1 2  
0.996 
0 -0 
C.S8R 
G.797 
0.9fl8 
0.795 
0.900 
@.')9C 
0.0 

l E 5 5  0.0X G R E A T E R  
G R F A T E R  9 . l X  L F S \  
G R F A T F R  4.(>1! t T S S  
I i s 5  5 . 6 %  G R E A T E R  
1 F C C  1 . 3 1  G R C A T E R  
L r S S  0.0% CUE A  TFR 
G R E A T E R  1 . 2 8  L F 5 5  
G R E A T E R  1 .2% L F S F  
l F S S  0.47: G R E A T F R  
L F 5 5  0.02 G R E 4 T E R  
L F S 5  1 . 2 %  G R E A T E R  
t E S 5  2 5 . 5 %  G P E A  T C R  
L E S S  1 .2% G R E 4 T F R  
I F 5 S  2 5 .  0 1  GRF A  I T R  
L E S S  1 . 2 X  G R F A T F R  
L E S S  1.0% G R E A T E R  
G R E A T F R  1OO.OY L t S ' i  

t f l C  4460 4743 0.935 1.010 6.51 L E S S  7 . 0 1  G R E A T F R  
~IFAI) * - Y S I  c nvr;. I , ,  I 7 5  0 . ~ 3 ~ ~ 9  1.054 5 - 1 1  L F ~ S  5 . 4 %  G R C ~ T F R  
L I I ~ ~ T  I - V S F C  A V G  3 4  3 4  I.ClOC 1.600 O.ObLF55 0.01 G R F 4 T F R  

3.9X G R E A T E R  
O . 5 I  G R E A l F R  
0.31 C R E A I F R  
O .O t  L E S S  

10.9% L F S S  
2 0 . 0 %  L E S S  

0.0% L E S S  
0.0% L E S S  
4 - 7 2  I E S S  
5.1% L E S S  

10-81 G R E A T E R  
2 2 - 2 1  L E S S  
1 1 . 9 X  G R E A T F R  
1 9 , l X  L E S S  
12.4% G R E A T E R  
10*11; L E S S  
1 8 . 5 9  L E S S  

L E S S  
l E S 5  
1 r S S  
GRE A I F R  
G R E A  T r R  
G R F  A  T E K  
G R F A T F R  
G R r A l F R  
G R F A  TLR 
'RE4 I F R  
L F S S  
G R E A T E R  
l E S S  
G R E A  1 F R  
l E S S  
G R F A r e R  
GHE A 1 FR 

NOTE: Pos i t i ve  neck torques a r e  f o r  extension and negat ive torques a r e  f o r  f l e x i o n .  







Vi 
CC V: 
Y Lu- 

x K ~ Z  a x x  m Z C  
LU L Y i i i L  k L u U  ii! Liu 
C C C C  C C C  C  +I-  
a v ~ a a e ~ a e e e ~ m a m a <  
U J W V I W U U & 4 W  W u ' m l P u U V i u ' u  
z ~ u z a z w g e i r w u ~ ~ ~ u ~ ~  
O d I U C Q d G C C d d I G J C O  

& a  P! = a x  ,z 
u I& u U L ' U  U 
C C C C C  C 

~ u u m & e e m w ~ m c a a m e e ~  
m U u L 4 ~ m w m ~ e U u u V i u m m  
u e ~ u l ~ u a u ~ w a a a ~ ~ a u l w  
d L $ G d d d C i d - O 0 O d 0 d d  

W W w Y W w W ~ C Y C ~ W Y w w w  
O + ~ O ~ O ~ o ~ o u u * R 3 r o  

9 9  9 1 o * o o i d d d o d d d d 4 d d d  + *  e b 0 O m U i N m n  + m - - m m ~  

U N  * 0 O d + G U i * 9  
O N  a r- 0 4 Q d h n 0  

? 4 ? 9 4 9 ? 9 ? ? 7 7 ? ? ? ? 9  
O o 0 0 ~ 0 0 0 t - 0 0 0 - Q N O  

V) 
YLr 
X LUX 
i C 

m - \  - x 
u Z 

\ + e  
u < =  
\ YIC 

CL 
L1 



0 - ~ 0 - ~ 0 0 0 m Q - - 0 N ~ ~  
m - * r - O C O  
I - L n Q . u 2 0 9 Q  

I ~ m  I I 31 1 1 - 1 -  - I  N I I  I 
I 

a 
m  Lu 
cn c 

h L a m m V i m m V i m m v , m m v m w m m  
X d C  W m m w , ( h ~ m m m m V V m m m m V i  

L Y ~ W u L L L u u d w L - W L . b L L L  z z z  C d d d I - 4 d d d d - d d d d d  

C =  M W W M W M U W W W W Y U W C F H  
O C C  C C O W @ m N * m P C + C C O * -  , . , . . , . . . . .  1 1 . 1 . .  2 - N - S + ~ P G O ~ ~ N F ~ - ~ P  

c * g r n ~ m a m c ~ ~ * c ~ m * ~ ~  

c a a  
U U W  
t C C- 
C u a 
LLUU 
~ c a  
C C I :  

v w . c  
.9 - R' . . .  
C d N  
w n t r  
F - 



z z a g  = a  I = 
LL' LLiU&'U L L L  u LL 
C C C C C  C C  L C  

Y i i  
9 9 
L C '  Ln 
e r v, 

> C r W  t 2 "" 
\ 

u r V C Z  
3 7 - L d  
C c C  = 
U. e 4 + 
C li u - < E 
L U 





COMPARISON # 33 

I - I I F A D  ANG. PrIC,N, 
7 - I t C A D  AIJC. V f  I O C .  
3- I IFAI )  ANT.. n C r T 1  . 
4 - t1F  A l l  R F  5. A ( . t  F1  . 
5-T.OPlflY 1 5 T  OP T1IRO 
h-T. I -  11 5 T l l P  TI IPQ.  
7 7-7 I i F A I )  I I )R(  F 
w r l - X  t l r 4 0  F r l R T t  
N O - C ' I N D Y I  I 5  AbIC.1 I 
I 0-C 7 -  11 AN(.I t 
1 1 - F I I R C F  4 1  IlPIC F1FC.K 
I r-vw ~ 9  A T  C l l r l n Y I  I 
I 1-cnurB. A T  r l l N n Y t  r 
1 4 - S H i  A!, AT C  7- T l  
15-LOMP.  A 1  L I - T 1  
1 6 - C O N n .  1'1 r A l  T f l R O  
17-r 7- 11 TOT41  TORG 

C T t l l ' A l l  l CCIN RETWEFEJ PF A K  M A f . N i  T t I O E S  FOR R U N S  A  A N D  O  

4 1s x z  8 15 X 1  / A /  I S  X Z  / I ) /  1s X %  
G R E A T E R / L € S S  G R E A T E R / t . E F S  G R E A T E R / L E S S  G R E A T  E R / C E S S  

( + 1 4  ( ~ I R  A / D  n/ A T11AN 8 TI4AN A  ( - ) a  4 - ) R  A I R  n/ A T I t A N  / 0 /  l H A N  / A /  

0.01 L F S S  
110, L7 G R E A T E R  
27 1,5X G R F A T E P  
3 4 0 . 0 Z  G R E A T E R  
* * * + * 9  G R E A T E R  

0 - 0 %  C  f -SS  
1 4 7 . 5 2  G R E A T E R  
3 6  1 - 2 9  G R E A T E R  

6 2 .  I X  G R E A T E R  
0.0X L F S F  

54  7. hX G R F A T E R  
1 3 2 . 0 1  G R E A T E R  
5 4 5 . 1 1  G R E A T E R  
13 1, 51 G R F A T  F R  
4 1 R . 9 K  G R E A T E R  
194.51 G R F A I F R  

0.01: L F S S  

0. O'C 
5 2 . 4 5  
7 3 . 1 x  
7 7 . 3  1: 
9 2 - 5 7 ,  

0-  0 1  
59.6d 
7 0 .  T R  
3n. 3 L 

0 . 0 %  
84.61 
5 6 . 9 2  
84.5 1 
5h,B'(:  
fl0.7'11 
6 f . - O Z  

0. O K  

G R E A I F R  
L F 5 S  
L F S S  
L r F S  
I F S S  
GRC A  TCR 
L E T S  
t r s s  
L F  S f  
G R E A T E R  
L F F S  
L E S S  
t E S S  
I ES'i  
bF S <  
L F S S  
G R F  A  11-H 

H I C  4  10 4 q.7444 0 . 1 Q 3  8 7 4 . 4 2  G R E A T E R  8 3 - 7 1 :  t f  5 S  
t I F A D  1 - t S C F I  A V 6 .  7 0 l h  4 , 3 1 5  0 , 2 2 0  3 3 7 . 5 1  G R F A l h R  7 7 .  I 2  b F 5 S  
L l h t q T  3 - ? 4 < F L  A V 6  h 1 1 4  4 . 3 5 1  3.270 7 3 5 .  7'1: ( ;REATFR 77.0 'Z L F T T  

G R E A T E R  
G R F A T E R  
G R F A T E R  
L E S S  
G R E A T E R  
G R E A T E R  
G R E A T E R  
C.ESS 
G R E A T E R  
G R E A T E R  
G R E A T F H  
G R E A T E R  
C R E A I E R  
G R E A T E R  
G R F  A T E R  
GRE A T F R  
G R E A T E R  

100.01 L E S S  
60.51 L E S S  
7 0 . 6 T  L E S S  

0 . 0 %  G R F A T E R  
7 4 . 9 1  L E S S  
5 1 . 6 1  I E S S  

100.03 L E S S  
0 . 0 2  C R E A T F 9  

5 5 . 4 %  L E S S  
16-11 L E S S  
01 -91  L E S S  

100,01 L E S %  
8 8 - 5 1  L E S S  
9 8 . 4 %  L E S S  
8 l . b f  L E S S  
7 2 . 3 1  L E S S  
4 3 . 1 %  L E S C  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f a r  f l e x i o n .  







COMPARISON # 36 

CCMl 'API  5llY R l ' T W F T - N  I 'E DK M A C N I T I J O F S  F l I R  RIJNS A AN13 H 

I - I I~AIB ANG. P n w .  
7-,4FAD AtJG. VFLIIC.. 
3-1if fir$(,. ~ C C T L .  
'1-tlF A D  H f  5. A(.CF L  . 
5-CONIIYL STOP T f l P O  
(3 -C7-  T I  'iT'11' TI'PO. 

0 I-.! l l F 4 n  i ' ) I < f . i  LR- )r I I ~ A ~ )  FI)R( r 
m 0-r nrlnvt r r \r.l(;l r 
I J-C f -  T l  A@J';I f 
1 1 - r n n t r  A I O N ~ .  rrrr: 
I 7-s11i  AR n T  ( ~ , t : n v l  F 
I ~ - C O H P .  A T  c o r l o v l  r 
14-5111 11" AT C 7 -  I l 
15-LfIr l l ' .  A T  (, 7 - 1  I 
I h-CONI). I C I I A l  1'1110 
1 1 - C  7- 1) l r l T I \ I  TIIHC. 

A I S  X r !  H I S  X 2  / A /  I S  X t  / O /  I 5  X Z  
C R E  ATCR / L F S S  GRF& TER / L F  S S  G R E A T E R / L E S S  C R E A T E R t L E  5 5  

( + ) a  c + , n  n/n I) / A II~AN R TII~(N A I - ) A  1 -10 AIR n/ A r t t  AN / R /  THAN / A /  

t r s s  
G P F A T C R  
G P F A T E R  
G R E A T E R  
G R T 4 T E R  
GRCA T F  R 
G R E A T E R  
C P C A T C R  
C R C A T F R  
G R F A T E R  
G R F A T F R  
L E S S  
C P F A T F  R  
G R F A T F R  
(;RE& T  F R 
G H C 4 T C P  
G R E A T E R  

1 1 . 5 L  C R F  t TFR 0 
21-61 L E S 5  - 1 4 5 2  
4 1 . 2 ~  ~ r s r  - 1 2 6 7  I 
4 9 . 6 1  L E S C  0 

6 . 9 %  LESS - 3 4 7  
10.5C L T S 5  0 
7 0 . 2 9  l f t S  - 7 6 6  
2 2 . ~ ~  L F S ~  0 

7.07;  I E  5 S  - 5 
6.4X I F S S  -30 

21.5Z L f S S  - 1 Z l f l  
2 - 2 1  G R F A T F R  -511 

1 9 . 2 3  L F S S  -12+2 
5 8 - 4 1 !  I r 5 S  - 3 2 2  
71.5Z L F S q  -1169 

8 . 3 9  L F S X  - 3 7 6  
10.91: L F S S  - 15 

1'1 C 3 5 1 1  3 3 8 8  1 3 . 9 6 5  3 . 6 1  G P F A T E P  3.52 L F q S  
111 4n ~ - M \ I - c  L V C .  7 2 I .  1 0-non 2 3 - 7 7  G P ~ A T ~ R  IQ.~'C ~ ~ 5 5  
~ . I I ~ S T  i - t j ~ ; r c  A V C  3 0  2 7  I. 3h4 0. I 3 6 . 4 1  G P F A T E R  26. r 1  L F C Z  

L E S S  
G R E A T F R  
G R E A T F R  
L E S S  
L E S S  
L E S S  
G R E A T F R  
L E S S  
L E S S  
ILFSS 
C3l E A T E R  
I - E S S  
GREATER 
L E S S  
GREATER 
L E S S  
G R E A I E R  

0.0% C R E A T E 0  
2 f l . 1 3  I F S S  
65. 1Z L r S S  

0.01 G R E A T F P  
3 3 0 . 5 g  G R E A T E R  

0 . 0 8  G R E A I F R  
6 9 . 3 1  L E S S  
0,OI C R F A I F Q  

5 R 5 -  7 %  GRE A T E H  
0 , O I  G R E A I F R  

7 3 - 8 %  L F C S  
3.4% G R E A T E P  

3 6 . 5 %  L E S S  
5 7 . 4 1  G R E A T E R  
2 3 . 1 %  L E S S  

3 7  5.71 C R F A  TFP 
IOO.OY L E S S  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



xw-. 
4 a 

m 4 \  - eL 
w 2 

S K U  a c K K z a c i ~  
U U W  u W W A u uLLu 
C b t  C C C  b- C t C C  
4 e 4 m < m e m e Y d f l e V C < e  
u W W m L L m u m u v W * u u 3 W L L  
~ a c c u . x u z ~ z ~ a u . ~ ~ a z ~  
o c o d c - o - O d c d c d C C c  

. * lr, . Y L L L L  C C  



J ~ D  d I ~ O P ~ ~ C N N L ~  
m a -  N ~ n - s - ~ u a a e  
~'~?y~?~-u$=Peu-0 . ,  . . @ . . I  

O ~ ~ O - O C Q ~ N N ~ N Y N - ~  
d 

P K C :  
ULL Lb 
C C  t 
4 < C  
'U LL LL 
a u a  
c c c  
" C P M  
m (\: C. 

a * .  

E : z, * - 
QScD 
Q C m  
- * l -  

0 . .  

C O O  



c c a  c a z  a z ~ a ~ c c  
lx u W L W U U U J W W  
rr; C C t  t C C  t C t - C C C C  

I& m e u c ~ e ~ e m m a ~ c c u ~ c  
X d E  L e u u U L e L L L m l c & u W L ~ u J u  

~ c ~ u u . z ~ a u w ~ c z a a a ~  
w z z  d i : c u d ~ ~ c I , c ~ c c O O C  
-?s  Y ~ p V W U W ~ W W W W H H W W M W  
C 4 C  O C 9 Q O O ~ ~ O O ~ 9 U O V ~ C  

LL * . ~ D . I . . * I . ~ . * . ~ P  

Q F J N C O N J M O U 7 U - U h C Q  
: = v a n  r , ~  L - ~ r h i c q  - P O - +  r i  M F d C Q b  

h~ c r - c  - N  - 4 

~ ~ - C C + - F - ~ - - ~ - N ~ C -  
a W d h N  N U S  -U'CC-+dh - F C F Q  C C  m U F V d Y k  
D hni .?h r " - J V X F  - h 

e * ' 0  * Y L L  O C  
* 3 d 3 E f  L , l i  C L K  

v.,L,-; - , U i i  r r c C  Z f i l  
C > d < C  , I Z i C C C C - d ,  

= c  r ~ a z z ~ u u ~ c c  . . r t - L C -  ,i c C 
g g ~ v v + ~ i ~ ~ ? d c r b t - ~ C  
- - Z L  u - 4 C < C C < - C  
< < Q Y i  C Z ,  

t r c a * - u r  * Q .  .- CECCCr~LLCcU<CCLtt 
c < e e 7 i - - z l Y L , z u ~ z ,  
= = = q C +  ""'==-c~ 
- - - , J C - x J I : I m U m c U U  
l ' l l l l l l l l i l l l l l ~  

- ~ . ~ ~ C O - - - O - N * Q U <  

C-38 
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Y v l  

V) 

M V ,  
x u - .  

d c 
m -. \ 

O ~ ~ O m ~ O 0 - 0 * O m m S 0 m  
m m -  L *  N C ~ N O O O O ~  
1m.16 a m  I r h i V l d U ! ~ ~ n ~  

7s yep I - I I - I l l ,  I d - 2  

a d a  
L L L Y  
+ C C  
a c e  
U' I LL: 
c = L  
C C C  

W Y H  
E P -  . . .  
P C i  
9 0 2 
m - 

C m N  
u c ,- - Q .- 

. a .  
O C C  

L 

2 
t - -  
C C C  
Z l  I 
3-+ 
U L ' J  

! - I - +  
Q C C 





COMPARISON # 42 

CCMPARITOFI  f lCTWFTN I 'KAK M A G N l l U I I F C  FOR R U N S  A A N D  n 

A I S  x x  n I S  x x  / A /  IS XIX: /n/ I S  X'L 
G R F A T € R / L F S S  G R E A T C R / L E S S  G R E A T E R / L E S S  G R E 4 T E R / L E  F S  

I I * I 0  4/13 0 A  T i l 4 N  f l  Tt14N A  ( - 1 4  ( - 1 8  A / R  0 /  * T H A N  /R/ THAN / A /  

I - I I F A n  A V G .  P f l \ V .  
: -~IFAO &tiG. v r i  O C .  
3-t1TAl) & P I G .  ACCFI  . 
f e - ~ ~ ~ ~ n  ~ { t  5. A C X I I  . 
5 - r o r 1 n f t  5  TOP T O R Q  
& - T I -  T I  ST I IP  T r 9 0 .  

n 1-7 HEAD F l l l l l  C b 9-x  ~ t r ~ n  roucF - 9 - C  OVDY I F \  ANCI F 
10-C 7 - 1 1  AYc.1 F 
I I - F I I R C F  ALIIIJG FII CK 
I ?-SIIF A". AT L0CI:)YI F  
I 3-CI~MP. AT rnttovc F 
I 4 - s l i r ~ z  A T  c 7- TI 
15-CnMP. AT C 7 - T I  
Ih-CVfJ l ) .  111741 T  f ) R Q  
1 7 - C 7 -  T I  7 0 1 A I  T n K Q  

2 ?R 
46'73 

8 7 + 0  
2 4 5  
7  22 
9  7 n  
1 4 4  

3 8 7 0  
5'1 
L 't 

990 
9 

1 0 7 0  
l f l  

9 3 5  
10 ft 5 
1 9 7 0  

1 .C14  
O . R 3 0  
0. R 5 7  
1.1 T 3  
I. 3 1 6  
1 . 0 7 9  
I. I 6 7  
(I. 84') 
1 . 0 7 q  
1 . 0 5 3  
0 . 9 f l 0  

1 1 . 1 7 2  
0 . 9 9 5  
7 . 4 0 0  
a. sno 
1 . 7 7 3  
C *  ' 26  7 

1.4% 1  E S S  
1 2 . 4 8  G R E A T E R  
1 6 . 7 %  C R F A T F R  
1 4 .  RPI L  F 5 C  
7 4 . 0 9  L E S S  

7 - 7 2  I CSS 
1 4 .  3% L F 5 S  
1 7 - 9 7  C R F A T F R  

7 .32  L C S S  
5.01: I ESS 
2.OX C R E A T F R  

9 1 - 6 7 ;  L E S S  
1 . 5 f  C R F A T E R  

86.571 1 f SS 
7.0% G R E A T E R  

1 n . 3 ~  t ~ s s  
3 .47 ,  G R E A T F R  

1 . 4 2  G K E A l F R  
1 L . O T  L T S 5  
1 4 - 3 ' 4  I C S S  
L 7 . 3 t  C R C A T E R  
3 1 - 6 7  f;R€&TFR 

7.9 b CPE A  TFR 
lh. 7 %  G R F A T T R  
1 5 - 1 6  L C S S  

7.9 7 C I I E A  TFR 
5.3K G R F A T E R  
7 . 0 7  L l  5 C  

* + * 4 9  2 CREA TER 
1 .5Z  L F S S  

640. OX G R r  A  TER 
2 . 0 %  L F 5 5  

2?,3% G P E A T F R  
3 . 3 X  L F S S  

t i  I C 1 1  3 9 2 7  0 . P 4 5  1 - 1 8 4  1 5 . S X t F S S  ln. ~1 C R F A T  FR 
A 3 -  V 3 3 7 1  C.8GC I 3  I'.OC I F S S  I h . 3 7 ,  G P F A I E R  
C l l f F T  I - M S ! (  AVG I fl 1 3  0 . q 4 7  1 . 0 5 6  5.7b L i 5 5  5 - 6 2  G R E A T r R  

L E S S  
L E S S  
L E S S  
L E S S  
G R E A l  ER 
L E S S  
GREATER 
L E  SS 
GREATER 
L F S S  
L E S S  
T2l E  A TER 
L F  S S  
GREATER 
L E S S  
G R E A T E R  
L E S S  

0.01 C R C A T E H  
4 . 0 1  GHEA TFR 
0. 7 9  GREA TE P 
0.01 G R E A T F R  

11.01 L E S S  
0 , O Z  GRE A I E R  

1 5 . 1 I  L E S S  
0.0: GREATER 
6 - 0 1  L E S S  
0.0x G R E A l t R  
1.41 G H E A T I R  

9 . 5 1  L E S S  
11- 1 9  G R E A I L R  

4.6% L E S S  
4 . 2 4  C R F A T E R  
9.61 L F S S  
O.OX G R F A T C H  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and n e g a t i v e  torques a r e  for f l e x i o n .  



COMPARISON # 43 

CIIYPAP I S n N  n F T W f  F N  P E A K  M4;Nl T l l f l F S  FOR R U N 5  A  ANI) R 

A  I t  X X  R I S  X 1  / A /  I S  Xg I @ /  1 5  X g  
G R r n r F R  / L E S S  GRC:ATFR/LE S S  G R E A T E R / L E S S  GREAT E R / L E C 5  

t * ) I (  I t t R  A / O  R / 4  T H 4 N  R T I I A N  A  A 1 8  H/ A  T H A N  /R/ T H A N  / A /  c - ~ n  1- la  

G R E A T E R  
C.REATFR 
G R E A T r R  
G R E A T E R  
L E S S  
GRFAT F R  
G R F 4 T F R  
t CSS 
k F S S  
I F S S  
L C  S S  
L  F S S  
6 F S S  
1 E S S  
6 € 5 5  
GREAT tH 
G R F A I F P  

6 0 . 5 2  L F S S  
2 5 . n ~  I F S S  
3 7 . 4  1  L t S S  

1 - 1 1  I f - S S  
0 . 8 %  6 R E A  TEH 

1 0 0 . 0 %  L E S S  
9 . 5 9  L E S S  
1 . 9 X  C H E A T E R  
0 . 0 3  G R E A I E R  
0 , 0 1  G R E A T E R  

1 8 . 2 %  GRF A T E R  
1 9 . b X  G R E A T t H  
15. 7 2  G R E A T E R  

0 . 5 1  G R F A l F R  
8 - 2 2  > P F A T E R  
0 . 3 %  6 F S F  

100.01 L E S S  

L E S S  
G R E A l E R  
GREATER 
h E  S S  
CE S S  
L E  Z S  
L E S S  
L E S S  
t.ESS 
L F S S  
L E S S  
L E  S S  
L E S S  
L E S S  
L E S S  
L E S S  
t E S S  

GRF A  TF R  
l k \ S  
I F F S  
GRF A T F R  
GRC A 1 F f t  
CRF A  TFR 
C R E A I E R  
CRr A I F R  
(;RE ATERs 
GRF A  r F R  
GRF A TES? 
GREATER 
GHCA TEH 
GRL A  TE 8 
GRF A  TE ( 
GIZEA TFR 
G R E A T E R  

NOTE: P o s i t i v e  neck l;oraques are for- extension and negative torques are for flexion. 



c a a  c ~ a  a = =  cc ccz 
U U k  Y L U  L * U  u L u ,  
+I-+ cci-  c t c  t- c c  
a ~ e m c a u v - l ~ e ~ m c v - l v ~ 4  
L ' ~ L v U L u w - ~ & u W b ' l Y L ~ ~ L ~  
% a c w a a a ~ ~ a a c c ~ a ~ u c c  
~ C ~ d C ~ ~ d o ~ ~ r C d I C O  

W * v-l 

L $ v-l - x u  5 " 4 "  
\ 

u - g  
u + -  
O Q  C3 

. * .  
- 0 -  





< < a  
U' u u 
u a o  
c e c  

I . .  



COMPARISON #47 

CONPARISOM B E l U f F N  PFAK MAC-NITIIDT-S F n R  R U N S  A A N n  fl 

A =  RHZOI t5 .2F  A N D  B= RHZOt15.2NH 

A I S  X% D I S  X K  / A /  1% X X  / I \ /  I C  X Z 
GREATER / L E S S  G R C A T F R / L E  SS C R F A K E R / L t 5 5  G P F  Z T  L R / L t  S S  

l + ) A  ( + I 8  A/O B / A  T t iAN 8 T H A N  A ( - ) A  ( - I n  A I S  O/A T i l A N  /R/ l l l ? t . l  / 4 /  

1-t4EAO ANG. POSN. 
2 -HEAD ANG. VELOC. 
3- t lEAD ANG. ACCEL. 
4 - t lEAD RES. A G C E L r  
5-CONOYL STOP T O R 0  
6 - C 7 - T I  S l O P  VCJRO. 
7-Z I1 € 4 0  FORCE 
8-X lIEI\D FORCE 

a 9-CONDYL ES ANGLE 
10-C 7- r l  ANCL E 
11-f f lRCE A L n N C  NECK 
12-SHEAQ AT C n N D V L E  
13-COMP. A T  CONDYLE 
14-St1EAR A T  C 7 - T l  
15-CMtP. A T  C r - T I  
16-cor1n.  i ~ T A L  TORO 
17-6  7-  T l  TOTAL TCiHQ 

GREATER 
G R E A T E R  
GREATER 
L E S S  
GREATER 
G R E A T €  R 
GREATER 
GREATER 
G R E A T E R  
G R E A T E R  
GREATER 
L E S S  
GREATER 
GREATER 
GREAT ER 
GHEA TEH 
GREATER 

8 3 . 7 1  L E S S  - 3 0  
5 4 - 0 g  l .ESS - 1 7 5 1  
56.71: L E S S  -1 8 4 4  
2 9 . 2 1  G R E A T E R  0 
61.9X L F S S  - 5 5 1  
72.1 O L F S S  0 

7 - O f  L E S S  0 
7.03 L E S S  0 

1 8 . 1 %  L E S S  - 7 
9 5 . 6 %  L F S S  - 20 
73.61 L E S S  - 5  25 

1 0 0 . 7 %  GREA ~ E R  - 3 3 7  
6 5 - 3 %  L E S S  - 4 5 8  
6 l . 7 X  L E S S  - 3 1 0  
8 9 . 1 %  L F S S  -5 15 
3fJ.OK L E S S  - 7 6 1  
4 4 . 0 1  L E S S  - 2 20 

t l  I C 1266 1 4 1 1  0 . 8 9 7  1.115 L0,3X L E S S  11.5% G R t  4 l F R  
HEAO 3-MSEC AVG. 1 3 1  1 6 5  0.7'34 1.260 2 0 . 6 1  L E S S  26-01 G R E A T F R  
C I i E  SC 3-MSEC 4 V G  23 1 2 7  0.101 5 . 5 2 2  8L.92 L E S S  4 5 1 . 2 %  G R E 4 l E R  

L E S S  
GRF ATER 
GHF A TER 
L E S S  
GHF ATER 
L E S  5 
L E  5 5 
L E S S  
GREATER 
L E S S  
GREATER 
(;RE ATClt  
GREATER 
GREATER 
G R E A T E P  
GHE A T  EK 
L E S S  

0. 7 7  G K I  A TFR 
r l . ' J ;  L E  s 5  
,14.13r C t - ' 5 5  

0-0C I .R t  A T t K  
42.11:  L E S 5  

0. ( I V  I ;QrA lFR 
0 . 3 2  GRFATFR 
t l . t l r  t ; l t F A T t R  

1 0 0 . O L  L t 5 5  
10-3: C R t  A I t  R 
89-91 L F Y q  
41.4r L E ' i t  
0 ' > - @ 4  L F S S  
q 0 . 2 f  L F Y S  
9 5 . 5 K  I F 5 S  
4 . r . l Y  L E S S  
3 4 . 2 X  G R F A r E U  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques are for f l e x i o n .  





COMPARISON # 49 

l-llr \ P I G .  I 'PYW. 
? - t c F n n  hrlr.. VFL oc.  
3 - I I F f i P  Ahl(,. A C C T L .  
dt - l t r f iL> 11r %. A (  ( r i  - 
Ti-G ONDY 1 CTi1P T r l  l l Q  
f,-: 7-  T I  CT l l f r  TCIRC). 

O I - I  I l l -hl)  F"l1t.t 
Lq-x t l F A r r  F n R C F  
03 ')-CClElT)YI i %  ANCILT 
I 0-2 7- TI APlr;t F 
1 1 - 1  U R C F  AI n:Ic NI CK 
I 2- 5 t i r  A*  A T  [ , q r m Y t  r 
1 \-C I1'1P. A T  ( I l N I ) V L  F  
1 4 - C I t C A P  AT C 7 - T I  
1 ')-2f laI f ' .  AT  C 7 - 1 1  
L(.-COI.II). r r l r f i l  r r lnc 
1 7 - C  7 -  T I  I l l  1 4 1  T O P 0  

A 1 5  XX. 1) 1 5  X 3  / A /  I S  X Z  /I)/ I S  X %  
G P F A T F Q  /LF';S T . I \ C A T F R / L F  S S  G R E A T E R I L E t S  G R F A T  F R / I  F C F  

t I ( + ) n  rr / I S  11 / A THAN R TIIAN A I-IA 1 - B R  ~ / n  R/ A T H A N  / D /  I H A N  / A /  

1 7 - 9 %  I F S S  2 1 ~  n r  G R ~ A I F R  
O , R %  G R E A T E R  0.91 L E S S  
4. I T  G R E A T F R  3 . 9 Z  L F S S  
0 . 5 7  L E S 5  0 . 5 7  G R F A T F R  

50.9% l F S S  103.21 G R E A T F R  
4 1 - 0 %  8 F S S  69-58 GRE A 1 C R  

0 .1% G R F A T C R  O.L% L F S C  
0. 17: G R E A T  TI? 0.1 X L F C S  

1 4 . 9 2  I F S S  1 7 . 5 1  G R E A T E R  
3 4 . 3 1  1 FqS 5 3 - 5  2 G R F A T E R  

0- 7C G R E A T F R  0 . 7 R  l F S S  
33.4% 1 F S S  50. 1 1  (;RE A T C R  
0.4% C P F A T E R  0.41:  L F t S  

1 8 - 5 1  L E S S  22 .  T X  G R F A T F P  
0. 54 (;PEAT E P  0.5 % C F S q  

26.67. I E S 5  36.3E G H C A r  FR 
6 4 - 2 1  G R F A T L  R 39.1  it l F S C  

I I I C  1 3 h h  l 2 P R  0 . 5 8 3  1 - 0 1 7  6 . I Z  I E C F  1. 7'F G RC A T F R  
l t f  Arb J - w X T C  A V G -  1 I 1  1 ? 2  0.9'42 I .OOR 0 .RZ  t F F S  0 .M G R F A T F R  
 tit 5 r  4 - v ~ ~  L A V G  7 3 ? q  0 . P 1 1  1 . 7 1 7  17.97; l F S 5  Z 1 . 7 Y  G P F  A T E R  

L E S S  
G R E A T E R  
L E S S  
L E S S  
L E S S  
L E S S  
L E S S  
L E S S  
L e s s  
L E S S  
G R E A T E R  
G R E A T E R  
G R E A T E R  
G R E A T E R  
G R E A T E R  
L E S S  
G R E A T E R  

(;RE A T E  
1.F C  S 
G R F A  11: 
(;HE A TE 
G R E A T t i  
GRE A Itl- 
G R E  A 7 1 i  
GRF A  T F  
G R F A T I i  
GRF A l F  
C E  S  S 
L E S S  
L E S S  
b E S  S 
CE S  '5 
C . R F A I I z  
hE S 

NOTE: P o s i t i v e  neck torqtkes a r e  f o r  ex tens ion  and nega t i ve  torques are f o r  f l e x i o n .  



COMPARI SON # 50 

I- ~ c r  nn A rlG. r l o  SN . 
? - t I r A v  ANC.. VFI o r .  
3 - t i F A l )  4NG. A C C F L  . 
4 - I F A 0  R f C .  A C C F L .  
5 - C n N D V l  T T h P  I O U Q  
h - r 7 -  TI C T n P  irjrta. 

0 7 - 1  l lC41)  fnR( ,F  
b 9 - X  t I F \ I )  FO I tCF  

9-c CI~JI)YI r < APJGI r 
10-C 7- T I  4YC.I C 
1 I-r (IRCF At I'NG N F C K  
I 2- CIIF AR A T  r nrlnvl r 
I 1-1 oriP. A T  C ' ) P I I ~  L F 
1 4 - \ t l F A R  A r  C  1-11 
1 5 - ( n q 1 ' .  A T  ( 7 - 1 1  
1 6 - C ~ J N ~ .  rn rn l  r n R c J  
1 7 - 1  7 -  1 1  T I ) I A l  T O R 0  

A =  R I I ? O V l i . ? t ~  A Y D  O =  R I - 7 O V l . Z F  

A IS x z  n 1 5  x z  / A /  IS x 1  / B /  IS x-z , 
G R F A T C P  / L C C S  G R F A T F R / I  F S S  G R E A V F R I L E C S  G R C - A T E R I I  € 5 5  

( + ) A  A/I\ n /n TI~AN n TI~AIJ A ( - ) A  ( - 1 1 3  A / R  RIA r ta f i~  /n/ IIIAN I n /  , 

0.0% 
17.7% 
1 7 . 2 X  
12. R': 
3 3 . 6 2  
0.0% 
0. lo! 
0.11 
n.5.r 
0.0% 
1-62 
3 . 5 1  
I. 3 X  
4 .4K  
1.5X 

1 2 . 5 ?  
0.0% 

1 E S S  
L F S S  
G R F A T E R  
G R E A T F R  
I F S S  
L E S S  
G R E A T  E P  
G R E A T E R  
l E S S  
I F 5 5  
G R E A T E R  
G R E A T E R  
GREA T E I <  
G P F A T E R  
G R E A T E R  
G R F A T C R  
G R E A T E P  

0.09 GRC A  I E R  
21.52 S RF A T F R  
1 4 . 7 X  l F S S  
1 1 . 3 %  L F C S  
50.5% G R E A r E R  
0.0C G R E A  TFR 
0.11 I F S S  
0-13 L E S S  
9. 3 Z  G R F A T E R  
O.0X G R F A T F R  
1.61 l r S S  
3.4 t 1 F ' 5 S  
1.34 L E S S  
4 . 2 K  L F S S  
1.50 L F t C  

11. I L I F S S  
100-09 1 ~ 5 %  

I l l C  4 4 ' t n  2 9 3 3  1 . 5 1 4  0.661 5 1 . 4 %  G U E A T F R  33 .9  t L F C S  
+ F A 0  3 - M \ f z C  AVG. 166 1 4 5  1 . 1 4 5  0 . R 7 3  1 4 . 5 Z  G R F A T F l l  1 7 - 7 1  1  F X S  
(,l it Y T  3-MCFC A V G  3 4  3 4  I .OOC 1.090 0.01 L E S S  0.01 G P F A T F R  

C E  S S  
G R E A T F R  
GRE A T F R  
1 F  S S  
G R E A T E R  
L E S S  
L E S S  
L E S S  
G R E A T E R  
L E S S  
C E  S S  
G R E A T E R  
L E S  S  
G R E A V E R  
L F S S  
G R E  A V E R  
G R E A T E R  

1;REATli  
L E S S  
L E S S  
G R E  AT t i ,  
L E S S  
(;RE 4 TI:, 
GRF TE, 
GR r A T r:, 
L E S S  
GUF A TF. 
G R F  A 71:. 
L E Y 5  
GRE A  TI! 
I ~ E S S  
G R E f i T  i 
k - E S S  
L E S  S  

NOTE: P o s i t i v e  neck torques a r e  f o r  sx tens ion  and nega t i ve  to rques  a r e  f o r  f l e x i o n .  



- " E 
E a 

a a a a a z x c c  
fl uiu w u u  L W  W & L a  W L S L  

I m r c  c c e  C b  C + C t  L C L  

~ P + N C ~ U Y P ~ O  U N = ~ N U . . +  - m ~ '  
c 4 0 C - r O N C P . N C N C S O m c  N - N  
\ 0 0 V O V b C K V ~ U V O ~ ~ C d D  C O N  







a  a a a a  
u L ' L L u u u L L ' w  
C C C C C + C C  

w ~ : < ~ m u m c w c a m c m e m a  
m m ~ v ~ w W m W m W & ' w W V : W V : W  
~ u ~ ~ ~ e u a w c a u ~ u c ~ z  
d d E d d U d O d O C d O d 0 d O  

r c o o e ~ o o h 4 ~ 0 9 0 a ~ 9  
C O P  U F  r N e m Q - 6 - 0 1  
- V , C  4P. 3 1 15 1 * l  m Q Q  
I f f 0  -I* I  I I I d L ?  

I h '  I t  1 I 
I 

. . .  
Q N P  
m o  
4 - 

0 . .  

c o -  

. . .  
N N C  

. * * c  0 

# L S 4 1 K G  - - , L & - = c  i 
V , L i * =  d 
C L L L  C U L L .  
C > C C t .  d L Z L  . . .  
C L ~ C ~ W - U L V , ~  
Z Z Z L  v L <  
C 4 4 C -  C C d  

t - e < > -  

= k & * c + -  C b  
- , - = U L Y X L I ;  

1 1  l l l l l l l l  
- ~ m , - s . o - c o o  

C-53 - 





COMPARISON # 5 6  

C C Y P A R I S I I F I  RETWFEPJ P F A K  M A r . N I T I J n F S  F l l R  R U N S  A ANI )  R 

I-11rnn &FIG. I'OSN. 
2 - I IF  A1) AFIC.. V F L I I C .  
i - l l t A l >  AN(,. A C C F I  . 

/ t - l l r A r )  ~b S. nrc FL. 
5-C ll1JI)Y L  5  T O P  I f l P O  
r , - z  7 -  TI %TOP T o r Q .  

o 1 - Z  I I C A I )  T n R (  F 
&, R - X  I l r r \ n  F f l R T F  
cn I - r r I F i n v t  F \  AFI(.I F 

lo-: 7- TL AN(,[ C 
I 1 - F O R C F  A4 Dtlr ,  N F C U  
1 7 - 5 t l f  Au A T  C n N P Y l  b 
I )-COMP. AT r o N I > V l  E 
L ~ - C I K  AR nr r 7-TI 
I 5 - L O M P .  A T  L 7 - T I  
16-CCIPJI). T l l I A l  T(1PQ 
I 7-r 7 -  11 r r ~  TAI inuo  

A =  R " l l i L O I I 5 .  6 C - J  A N D  l i =  R b 2 0 H 5 . 2 F - 3  

A  I S  X %  O I F  XI.; / A /  I S  X 2  /8 /  I S  X I  
G R F n T F l < / l E S S  C R C A T E R / L F  S T  G R E A T E R / l . F t S  GREAT ER/L  t 5! 

1 4 ) n  ( + ) n  A /I) R /  A IIIAN o TIIAN A ( - ) A  ( - 1 1 3  A / * \  RIA THAN I n /  T H A N  / A /  

3 6 . 2 2  1 F S S  
l o 9 . 2 T  ' P F A l E R  
5 h 0 . 4 g  G R E A T F R  
2 0 0 . 0 1  G R E A T E R  
5 3 8 . 6 ~  G R E A T E R  
2R 3 . 5 g  G R F A T  F R  

5 2 . 5 %  G R E A T E R  
35  7 . 4 1  G R E A T E R  

5 9 . 4 Z  G R E A T F R  
LR2.Z' I :  G R F A T F P  

7 5 . 4 X  C R F A T F R  
6 f l 7 . 2 1  G R E A T E R  

73. 3% G R E A T E R  
4 4 3  - 7 %  G H F A T t - I ?  

7 3 . 3 1  G P E A T F R  
4 2 9 . 0 2  G R E A T E R  
1 6 0 . 0 X  G R F A T E R  

G P C A  I F R  - 3 0  
L F \ S  - 2 9 3 1  
1 F C S  -191 l f l  
I E C F  0 
l F C S  - 3 5 0  
L F  S S  - 4 3 4  
I f S 5  0 
L C F S  0 
L F S S  G 
L F S S  -4  1 
L E S S  - 8 4 5  
L  E S S  -409 
L F S S  - 7 4 0  
1 1 5 5  - 445 
I F 5 S  -8 2 3  
L E S S  - 5 5 7  
l F S F  - 9 4  5 

Ill(. 2 h R 6  C I C  4 - 6 3 ?  0 . 2 1 6  3 6 3 . 9 Z  G R E A T E R  1 8 . 4 1  L F S F  
l A 3 -  A  2 4 1  C 6  2 . 5 l C  0 . 3 9 8  151.O'X G R E A T E R  60.77: I F S S  
I 'IF S T  3-t.ixrc A V C  2 6 1 4  1 . ~ 5 7  0 . 5 3 8  0 5 . 7 1  G R F A T F R  ~ ( B , Z K  L r \ t  

L F 5 S  
G R F A T C R  
G H C A T F R  
L F S S  
L E S S  
G R E A T E R  
I F S S  
L F S S  
L E S S  
G R F A T E R  
G R E A T E R  
CRF A T E R  
G R F A T E P  
GRE A T E R  
G R E A T E R  
GRF A T E R  
G R E A T E R  

I . O X  G R F A T t  
h h - 8 t  L E S S  
9 0 . B X  LFS' i  
0.02 G R F A T f  
3 . 3 %  CHF 4 1 4  

IOO-Q'I: L F S S  
0 . 0 %  G R F A I I  
o.oz GRI ~ r 4  
0.0% C R L A T ~  

51 .h 'X  I C T S  
6 9 . 5 2  L F S 5  
49.11: I F q S  
7 0 . 3 X  L E S S  
5 6 . 4 Z  I E S S  
6 8 . 3 %  L l  S S  
12 .4X  L E S S  
92.8% L F t S  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  to rques  a r e  f o r  f l e x i o n .  



~a a a a a ~ ~ a a a o :  
W L U  iL: LL ~ L Y W U U W U ,  
b C  C C  C C C C C C C  
< u m c m m m a ~ a ~ c u - a d ~  

0 ' * 3 d 0 0 0 h 0 ~ P m 0 ~ - 0  
I h Q U  iP I ~ ~ m m - 3 . o ~  
I C E  rn I @ I * J r l n b M  

a g c z a a z c ~ ~ a  E u c z  
U u W Y I L Y ~ t b W U u W  LU L W W  
C C P C L C I - C * ~ t  C  C C C  
e ~ c ~ c c u c e a u ~ ~ m < ~ ~  
u ~ u u J U w u & L t b t b r n U ~ L t b ~  
C g O ~ C a C 5 0 E E k a u C L ~ C  
~ ~ O ~ C C O C C ~ C d U i ~ C C ~  



COMPARISON # 58 

(.CMPARI SI1N f 3 F T H E t N  I 'FAK M A G N I  T l l n F S  FOR RIJNS A  A N P  D 

A  I S  X'G 8 I S  X K  / A /  I S  X l  /D/ I S  X %  
G a F A T F 4  / L E T S  G R i  A T F R / L F 5 S  C R E A T F R / L F S S  G R F A T E R / L Z  S i  

I (*Ill f i /n  I I / A  Tt1AN R  TltAt-4 A  ( - ) A  ( - ) I 3  A  I B D/ A  T H A N  / R /  T t i A N  / A /  

L  F S S  
L E S S  
G R E A T E R  
L E S S  
L E S S  
L E S S  
L E S S  
G R F A T E  R 
L  E 5 S  
L E S S  
G R E A T E R  
I E S S  
G R E A T F R  
1 E S S  
L E S S  
L E S S  
L E S S  

l l . O Z  G R F A T E R  
2 - 8 1  GRE A TFR 

1 0 . 7 X  L F S S  
1 . 2 1  G R E A T E R  

9 2 . 2 1  C R E A T F R  
2 2 4 . 0 2  G R E A T E R  

1 4 . 4 %  G R E A T E R  
0.1 'Z L E S S  

1R. 8 1  G R E A T E R  
3 5 5 . 3 2  ;RE A T F R  

0.11 L E S C  
20 .1  9 6 R E  ATER 

0 . l K  L F S S  
53.07 G R E A T E R  

0 . 3 8  G R F A T F R  
17. 7 f  CRE A TFR 

9 . 9 2  G R E A T E R  

lllr 5 6 4  5 1 4  6 . S R 3  1 ,OIR 1 . 7 1  L F S S  1 . 8 2  G R F A l F R  
t I F A I I  3 - M 5 f z L  AVG. 1 1 6  1 1 7  O . o q 1  1 . 0 0 9  0.91 L E S 5  0.9'1: G R F A T F R  
C t l t  51  3 - l I \ t  C AVG 8 R 1 . O D C  1.0OO 0.0% t F S 5  0 . 0 X  G R E A T E R  

0.0% L E S S  
19.69 1.ESS 

R. 3Z L F S S  
0101 L E S S  

2 0 , 7 %  L E S S  
0.0% L E S S  
0.2% G R E A T F R  
0.02 L C S S  

2 9 . 4 9  L E S S  
0.0% L E S S  

46 .3% L E S S  
2 4 . 0 1  C R E A r E R  
5 2 . 7 1  L E S S  
3 3.89 GREATER 
43,bX L E S S  
0.61 C H E A T E R  
0.0% L E S S  

0 .0% G R e A l Z  
24.4% G R F A T ?  

9 , L Z  G R F A T 3  
0.01 G R E A l f  

3 6 - 1 2  GHE ATE 
0 . 0 %  G R F A T f  
0.2% L E S S  
0.01 G R E A r f  

4 1 .  TO G R F A I E  
0 . 0 4  G R l  A T ?  

8 6 - 1 1  G R E A T 6  
19.31; L E S S  

1 1 1 . 4 2  (;RFATI 
25 .3X  I E S C  
7  7 . 4 1  G R F A T E  

0 .6% L E S S  
0 .02  G R F A T E  

NOTE: P o s i t i v e  neck t o r q u e s  a r e  f o r  e x t e n s i o n  and negat . i ve  t o r q u e s  a r e  f o r  f l e x i o n .  



C 0 0 
5 0 C  
G O O  

0 . .  

01- 

.7 u c  
h 0 C  
O O C  



COMPARl SON # 60 

CTMI'AR I SON n F T W l  F N  P r  LK MAGPJITtJIIC 5 FOR R U N S  A AN!) f l  

A I S  X X  fl I S  X% / A /  I S  X% /0/  I S  X : 
G R F b T E P / C F S S  C . R F b T F R / L F t \  G R E b t E R / I  F S S  GRCATER/ I .C  i 

A  I + ) P  A/I1 R / A  THAN R T I i A N  A  ( - ) A  ( - 1 8  A /  R I)/ A T H A N  / R /  T H A N  / A /  

I - t l E A n  AN(;. I ' f lSN, 
7 - 1 i r ~ 1 )  JINC. V F I ~ C .  
3 - I I T A l )  ANG. A C C F l  . 
4 - I I F A r )  P r f .  A C C F l  . 
5-CCl1II)YI 5101'  TORC 
6-1 7 -  T I  5  1f IP TORO. 

Cl  T-7 I i F A D  Fr lRCC 
& 9-X H F A r I  TI>Rl-F 

+:. n r d n y i  F s Arrr;t E 
l O - C 7 - T I  Abrr.1 f 
1 1 - F ~ P C T  AIOVG r I r c K  
17-'itlt AR AT CI IN I )Y I  F 
I 3-COHP. A r C~INIIYLF 
14-7111 A!' AT C 7 - T I  
IS-CI1MP. AT G I - T I  
I h-C ON(). TOTAL T 0 R $  
I 7 - 1  7 -  TI T ~ I  T ~ I  T r l R n  

0.01 G R E A T E P  
35. 21: (;PEA TER 
h 7 . 8 1  1 E S 5  
2 7 . 1 %  I . F S S  
7 4 . 6 2  G R F A T F R  

0 . 0 %  G R F A T F R  
5 . 9 1  L F S S  
5.91 I F S S  
4 . 8 2  G R E A T E R  
0.03 G R E A T E R  

2 6 . 0 2  I E S S  
9 6 .  7 8  L E t S  
2 7 .  32 L F S S  
9 3 .  BX L E S S  
2 3 . 5 X  I .ESS 

3.4T G R E A T E R  
7 4 . 5 1  G R E A T E R  

100.0z L F S f  
7 6 - 0 1  L r s s  

7 1 0 .  f l l  G R E A T E R  
3 7 . 1 %  G R E A  r E R  
19.7 L L F \ S  

l 0 0 . O t  L E S S  
6.2? C R F A T E R  
6 . 7 2  G R F A T F R  
4 . 6 %  I F 5 5  

100.01 L F S S  
3 5 . 2 %  GRF A T E R  

*****T G R T A T F R  
37.51: S R F A T E R  

****ax G R E A T E R  
30. 7 %  G R f A T E R  

3.7X L E S 5  
4 2 . 7 1  1 t%5 

H I  I: l 2 b b  4 4 4 0  0 . 2 8 5  3 . 5 0 7  7 1 . 5 %  L E S S  2 5 0 . 7 K  C R F A T F R  
I 1 v 1 3 1  1 6 6  0 . 7 0 5  1 . 7 6 7  2 1 - 1 1  I F S S  26. 7 2  G R E A T C R  
C I i F  7 1  3 - M 5 F C  AVC 2 3 34 0.676 l . 4 r R  3 2 . 4 1  L E S S  4 7 . 8 %  C H E A l f R  

8 5 . 3 %  C E S S  
7 3 - 1 7 :  L F S S  
78 .71  L E S S  

0.0x L E S S  
6 7 - 6 3  L E S S  

100,OK L F t S  
0 . 0 2  L F S S  
0 .09  L E S S  

8 4 . 3 2  L F S S  
7 9 - 5 Y :  L E S S  
2 9 . 6 %  LESS 
3 1 - 4 %  L E S S  
2 8 - 6 9  L E S S  
4 9 . 0 9  L E T S  

3 - 2 1  L E S S  
8 4 . 8 1  L E S S  
97.51: C F S 5  

G R C A T  
GRC A T  
GRFA T 

(;RE A r 
G R F A  T 
GRF A r x  
GREA 1 
CRE A T 
C.RF 4 r 
GRF A  r. 
GRE A T 
GREA r 
G R I  A  1 
CRE A  r 
GRF A  T 

GRE A  r 
GRF A r 

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



m e -  m e  c m ~ m ~ u m c m  
c m u  F C m u u m G 5 O C  
\ - w O d ~ 0 0 0 o u m ~ ~ 0 c i r  
4 r e r e r t r o * r * ~ r ~ t r n  

o O O O o O C o O O ~ ~ - ~ d o O  

Y W  < C m m < C m ~ a < < v ~ C m C < C  
X d E  W L ' A ~ k & m m W W w P W m L W W  

c ~ i ~ g a u u C S a a b & ~ a a C  
V C Z  C C d d C C d d C G G , C d C C 2  



COMPARISON # 62 

C T F I P A R I  U)N H F T H I  CN P F A K  t1A;FJI TIJI)ES FOR R lJNS A A N D  0 

I - I I F A n  APIC,. P f l 5 N .  
/ - t I F A r )  AN(;. VC I I1C. 
1-IIFAI) ANG. n r r F L .  
4-11f A 0  R C 5 .  AC(.EI . 
5-CONnYL C  T l l P  TI lRQ 
h-r 7 -  Y T ~ P  rring. 

O 7-7 L l T A l l  FOl'CE 
+ x  I l F n n  F r m r r  

- 7 - C n N n Y I  F ' i  An1C.I F  
I (I-'_ 7 -  T I  ANGL F 
I i - r n ~ r r  ALOVG N r  CK 
17 -S t tF  A ?  AT CI'NDYI T 
13 -Cf l f lP .  4 1  CONOYI  F 
1 4 - S I I F  A7 A7 C . 7 - T I  
15-T. I Ir lP. AT  C 7 - 1 1  
1 6 - C n N o .  T I I T A L  T n P Q  
1 7 - r  7- T I  T n l  A l  7 f l R Q  

A  1 5  K 1  f3 I S  X l  / A /  I S  X 1  / R /  1 s  X t 
G R F A T E R  / L E T S  G R E A T E R / L E  S 5  G R E A T E R / L E S S  G R E A T  E R / L E  ; 

f + ) A  ( +  I F  4 / n  n/n TII~Y R r t ~ h r y  A ( - ) A  ( - 1 1 3  A /  H n/ A TIIAN / R /  T H A N  / A /  

G R E A T E R  
GRC A T E R  
I E S S  
L E S S  
G R F A T E R  
G P F A T T R  
L F S S  
I CSS 
G R E A T F R  
G R E A T  F R  
L F S S  
L E S S  
l F S T  
I F S S  
l CSS 
GREA I E R  
G R F A T E R  

1 0 0 . O Z  l F S S  
72 .  7 C  l C S S  

286.61 G R T A T F R  
4 3 . 0 1  G R E A T E R  
6 7 . 5 7  I t S S  

100. OC L T S S  
7.6% G P F A T F R  
7.6% 6 R E  A TER 

1 7 . 9 %  L F S S  
1 0 0 . 0 %  L F X S  

31. 5Z GRF A T C R  
* * * + e x  G R E A T E R  

3 3 . 1 1  G R F A T F R  
6 5 5 . 6 7  GRE A T C R  

2 8 . R 1  G R C A T C R  
3 6 . 7 %  L F S 5  

100 .OK 1 F 5 S  

t l  l C  5 1 9  1 0 3 5  0 . 3 L f  3 . 1 6 9  6 n - 4 %  l E S S  2 1 6 . 9 2  G R F A T F R  
I I F l \ n  3-MCI'C AVG. qh 1 7 6  0.706 1 - 6 1 7  7 9 - 4 1  1 F S 5  4 1 . 7 7  G R E A T E R  
t t i t  C T  3 - ~ t r  C. AV(; 1 4  1 3  0.03s 1 . 6 4 3  3 9 . 1 K L F t S  66 .  T t  G R E A T F R  

I E S S  
L F  S S  
L E S S  
L E S S  
L E S S  
L E S S  
L E S S  
L F  S  S 
L F S S  
L E S S  
L F  S S  
L E S S  
L E S S  
L E S S  
GR E A T  ER 
L E S S  
L E S S  

5 1 9 . 5 1  G R E A T  
4 0 6 . 0 1  G R E A T  
1 9 4 - 2 9  CRE A r 1  

0.01; G R F A F  
782.2% G R E A r  

O.OX G R E A  r 
0.07 G R F A T  
0.0% C R F h r  
0-oz G R E A T  

32 7. O f  GRE A T  
3 1 . 2 9  GREA r 

1 2 8 . 0 %  G R E A T  
3 1 - 1 %  C R E 4 T  

1 8 3 . 8 8  G R E A C  
18*5% L E S S  

6 5 1 - 6 3  G R E A r  
* * * * + X  G R E A T  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



.. .. 
K u d \  - < 
L-\\ 
- a  

LUZ 
N C 1  
c a x  
\ 'd b 

K 
0 

a a a s ~  
L L i W W U J '  
t C h C P  

m m m m m m m ~ m m u u ~ c a ~ v ~  
m m m v ~ m m v 7 m ~ V ) u w w W U l P m  
W U L W U W Y W U W ~  a z ~ a ~ ~  
d d d d 4 d d d - J S C O O C d d  

Y P f W Y Y Y W Y C Y Y Y Y W Y C W  
m o o o r - * o o o e ~ ~ e ~ e ~ 3 y  

# . * * . e . . * . , * * . * *  
N m m O Q o o O o ~ s * ~ 0 0 t % m  
C m  + O  O O n m d f - P a r - 6  

3 -  m m -  

+ 9 9  m -  N & d m . ? * m N  
d m =  @ *  O \ t U ~ O C O Q  

1 .  

~ ~ - O I O O O O ~ O O O O V ~ ~  
d 

m o o  m a  C ~ P S Q - ~ N  
FUIN I.Q + * 9 b 0 3 + 9  
r C C O N O ? O O J Q - F @ 6 N d  

I . , * * .  . I I * P * * . . .  

O O b O 0 0 0 0 0 C - U r * N b 0  

I.' 9 e 
L C  F 

' i4": 
O C -  

LL; 

-I 
> 
t 
z 
C 
, . " 
C 
< 



COMPARI SON # 64 

CC'41BAR I VIP4 O F T W F C N  I ' F A K  MA;N I IU I )ES  FOR R U N 5  A A N D  0 

1-I IF Al) ANG. I'IISY. 
Z - I I F A ~  A r iC .  v r t  o c .  
4-+I1 A D  AbIG. A1.i I I . 
'1-ItF A D  R E  5. 4 I  C F I  . 
5 - c o v n ~ t  < T I N '  I ~ ) R ( J  
6-r 7 -  TI \ T r ) p  TVTO.  

o 7-7 t I t A I )  F ' l I < ( F  ' A-M l l F A l >  FOf!CF 
Ol 

9- C ~ I ~ J D Y  L F c r\61(.1 F 
1 0 - ' ,  1 - 7 1  A l JGLF  
I 1-1 OP CF nr rlrrc, FIFCK 
l ? - \ I I r A R  AT  ClII'II>YI F  
I 3-CO!IIB. A T  C r i Y f ) Y I  F  
14-5111 A? AT C . 7 - 1 1  
15-,0'lP. A T  L 7 - T I  
I h-C f lNn .  T ' l l A l  l ~ 1 l ' O  
I 7 - r  7- TI rn TAI TOPI) 

A  I S  X1: t3 I S  XT / A /  I 5  X f  /8 /  1 %  X :, 
G R F A T F F / L E 5 5  ( ;RFAr f .R/ I  F S S  G R E A T E U / L t 5 S  G R E A T  E R / L F  C 

4 + ) A  ( t ) n  A / Q  R /  A IIIAN n THAN A ( - ) A  1-111 AIR I) /  n r t l n ~  / R /  T ~ I A N  / A /  

6 - 0 2  I E S S  
6 . ? I  L F S S  

1 0 . 8 C  L F S S  
6 . 7 2  L F S S  
I 1.6% I r s s  
72.2I L r 5 s  

1 - 5 7  G R F A T F R  
1 0 3 . 1 %  G R F A T F R  

2 . 7 2  L F S S  
L 9 . 7 X  L E S S  
2 1 . 7 1  G P . F A T t R  
1 3 .  AX G R E A T E R  
1 9 . 2 1  G R E A T E R  

7 .7% G P F A T F A  
7 1 .  1% G R E A I  F R  

9 . 0 %  I E S S  
1 7. 5 1  L f  S f  

6 . 4 %  G R E A T E R  
7. 1 9  GI 'F  A  T F R  

17. 1 %  G R F A  T F R  
7 . 7 1  G R E A T E R  

1 3 . 1 X  G H E A T F R  
2 0 . 5 1  G R F A  I F R  

1 . 5 1  L F S S  
5 0 . 8 %  I F S S  

2 . 7 1  G R E A T E R  
2 4 . 6 7  C R F A T E R  
1 7 - 5 1  L F S S  
17 .2  1: C F S S  
16.1 Z L E S S  

7 . 3 %  L F S S  
1 7 . 4 T  L F t S  
7.9Z G H F A T t K  

2 1 . 7 g  G R E A T F R  

tl I C 1 7 h h  1 7 ' 1 4  1 . C l R  0 .9R3  1.92 ( ;HEATER 1 - 7 2  l F 5 S  
I 3 - 4 5  A  1 3  1 4 1  0.92s 1 . 0 7 6  7 - l X  l E S S  7.67; G R F A T F R  
:II~ <T 3 - * + \ 1  r, A V G  7 1 1 4  c.s'in 1 . 0 4 3  4 . 7 2  1.1 s s  4 . 3 ~  GRI- A T F R  

0 - 3 1  L E S S  
5 .0X  L E S S  
5.3% L E S S  
O.0R L E S S  

16-OK L E S S  
O.OP: LESS 
0 . 0 %  L E S S  
0 . 0 %  L E S S  

3 4 . A 7  L E S S  
O.OX L E S S  

1 2 . 4 %  G R E A T E R  
1 2 - R 1  L E S S  
1 2 . 2 X  G R E A T E R  
1 4 . 6 %  L E S S  
1 4 . 9 %  G R E A T E R  
15.1t; L E S S  

6 . 2 K  G R F A T E R  

GRC A  r 
GRC AT;  
GRF A 1 
G R F  A  T 
G R F A T  
GRL A  r, 
G R F  A r, 
G R F  AT. 
(.KF A  1 
G R F  A TI 
L F S S  , 
G R F  4 T 
t E < 5  
<;RE & r 
L F  5  5 
I.RC A  I 
l E S %  ' 

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



COMPARISON #65 

CI'MPA!? I SIIN R F T W F F N  I ' F A K  HAC.NIl I l I )F5 FOR R U N S  A  I \ N D  0 

A 1 s  x 7  n a 5  x a  / A /  I S  x1: / R /  15 x?: 
~ ~ t c : n r f ; ~  I ~ F S S  GREATEU/ I  E S S  G R E A T I E R / C E S C  G R E A T E R / C C  s; 

t i t l o  ~ / n  rr / A T l inrJ  n THAN A ( - ) A  I -  4/13 I\/ A THAN /FI/ T H A N  / A /  

G R E A T F R  
CREA TER 
C R E A T E  R 
G R E A T E R  
G R E A T E R  
G R E A T E R  
I .FSS 
I . F S S  
G R E A T E R  
G P F A T  ER 
l E S S  
1 F S S  
l F S S  
I F S S  
I E S S  
G R E A T  ER 
G R F A T C R  

6 - 5 9 :  I F S S  
9. l ' b  L  F S S  

1 5 . 9 C  L F S S  
4 . 8 %  1 6 5 %  

1 3 . 3  C L F S S  
2 h . 3 Z  C F S S  

1 . 5 1  G R E A T E R  
5 2 . 3 ?  C R E A T E R  

4 . f39  1 F S S  
2 6 .  3 X  LkS' i  
21.  8 %  G R F A T F R  
I .hZ G R E A T E R  

20 .4X  G R t  A  T  ER  
3 . 7 Z  G R F A T F R  

21.6T G P F A T F R  
I 5 . 9 L  L E S S  
25 .OL  L [ S S  

I l l$ 126f,  1 3 0 1  0 . ? 7 ?  1 - 0 2 0  2. 7 3  L F S S  2.8% G R F A T  ER 
I F A D  3 - M S > I  ( A V G -  1 3 1  1 7 4  1 - C 5 6  0 . 9 6 7  5 -  6'3. G R C A T F R  5 - 3  1 L F S S  

L l l l Z T  3 - Y C t f  \ V C  ? 3 71 I . f l O C  1 . 0 0 0  0 . 0 2 t F S S  O.0.C G P F A T E R  

0.01: CE S S  
0 - 5  g G R F A T F R  
0 . 4 %  G R C A T C H  
0,OK L E S S  

2 4 . 2 1  G R E A T t R  
0 - 0 %  P E S S  
0.01: L E S S  
0.0% L E S S  

2 8 4 - 2 9 :  G R F A T E R  
0.0% L E S S  
12.5% L E S S  
23 .OC G R E A T F R  
12.01 L F S S  
2 3 . 3 %  G R E A T E R  
14.0I: L E S S  
2 4 - 6 1  G R F A T F R  
13.0% b F S S  

0 - 0 1  (;RCATI 
0 - 5 K  I F C S  
0 - 4 0  I E S S  
0.02 GRE A l l  

1 9 - 5 2  I E S S  
O.OX GRE A l l  
0.0% GRF A T (  
0,ox G a F n r l  

7 4 . 0 2  I E q S  
0.01 G R F A  Tt 

1 % -  3% GI71 A  1i 
1 8 . 7 %  L E S S  
1 3- 7% GItF A  T I  
LR.90 l F S S  
1 6 . 2 1  G R E A I l  
1 9 - 6 %  L E S S  
15,0% C R r  A T t  

NOTE: P o s i t i v e  neck torques a r e  f o r  ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



COMPAR I SON # 66 

I - I l F A n  AN(;. f 'TISN. 
~ - I I F A O  ~ N G .  VFI nc.  
3-HFAO ANG, A( c i i  . 
4 - t l r ~ n  R E  S .  A (  (.EL. 
5-( ONDY L  < T O P  TOP0 
6 - L 7 -  T I  STOI' TnRcl.  

0 7-7 I I F A D  ff1RC.F- 
&, R - X  t I F h 0  FOKCC 
UI +COPIIIYL f 5 APJGI r 

LO-, 7 -  T I  ANGL E  
11- rn~r t  b L n N C  N F C K  
12-s t11  A? A T  c r l r t I w L c  
13-C I l ' lP .  A 1  CONOYI F  
1 4 - S I t t A v  h l  C 7 - T I  
15-CflMP. AT  C 7 - T l  
I 6 - C P l l n .  7 0 1  A1 rf lRCJ 
1  7-Z 7 -  T I  T O T A l  T O R 0  

4  I S  K% R I S  X X  / A /  1 5  X %  / 0 /  I S  X X  
G R C A T E R  / L F S S  GRFA TER /I.€ S 5  C R E A T E R / L E S S  C R r A T  E R / L I  S S  

A 1 1 1 n  n /n  131 A I I I A N  B T t I 4 N  A  ( - ) A  1 - 1 8  A / O  R/  A  r l l A N  / 8 /  T H A N  / A /  

nc 
3 7 3 5  
" 5 2 7  

1 5 4  
4 5  l 
TOR 

3 0  5 5 
0 

6  Z 
1 7  

1 6  1 5  
5 5  

1 6 7 2  
1 0 6  

1 5 6 s  
7 1 3  

11 7 n  

C.  PO '  
0.A99 
0 . 8 7 6  
0. F h 4  
0 . 7 7 1  
0 . 6 0 Z  
r . o 2 e  
0.0 
0 . 9 4 4  
0.655 
1  . 4 h F  
I . I C 1  
1  .*i? 2 
1 . 1 1 7  
1 - 4 h P  
O . R I  I 
0.774 

l C S S  
L  F S S  
l E S S  
C  E S 5  
l FSS 
1 F S S  
G R E A T F R  
G R F A T C R  
l F S S  
L  ESS 
G R E A  TC R  
C R E A T E  R  
GREA T F  R  
G P E A T F  P  
G P F A T C  R 
1 C S S  
L F S S  

1 3 - 3 7  G R E A  I E R  
1 2 . 5 %  G R E A T E R  
2 1 . 1 1  G R f  A T E R  
1 5 . 7 Z  G R F A T E R  
2 9 .  7 C G R F A  T F R  
66. O K  C R F A  7 F R  

2 . 7 %  L F S 5  
100.09 C F S S  
6.0% G R E A T E R  

5 1 . 8 %  G R F A T E R  
31 .9% L r s s  
9 . 7 X  1 F 5 S  

29.7I L F S S  
1 0 . 4 ~  L r c s  
3 1 . 9 %  I F S S  
23. 3 1  GRC AT FR 
311.09 G R E A T F R  

IZIC 1 ~ 6 h  1 3 3 6  n . s r , ~  1.055 5 - 2 2  I E S S  5.5Y SRF- A I E R  
I I F f i f )  3 - Y \ f ( :  AVG.  1 3 1  1 5 1  0 - R h f ?  1 - 1 5 3  1 3 - 2 1  I F S S  1 5 - 3 1  G R E A T F R  
LIIT S T  T - M ~ I - C  A V C ,  ' 3 7 4  c . 9 ~ ~  1 .043  4.2: LESS 4 . 3 %  G R F A T F R  

L E S S  
L E S S  
L F S S  
L E S S  
L E S S  
C E S S  
L E S S  
L E S S  
C E S S  
L E  S  s 
G R E A T E R  
L F  S S  
G R E A T E R  
L E S S  
GREATER 
LE s s  
GREATER 

G R f  A T E  
G R C A  rrl 
GRF 4 TF: 
GRF A r F  
G R C A I F  
GRE A T l  
(.R F A  1 I: 
GRF A T I  . 
GI* F n T 1: 
GHC A  TE, 
L E S S  
GRF A  T T  
L E S 5  
GRE A TI: 
L E S S  
GRE A  I F  
( € 5 5  

NOTE: P o s i t i v e  neck torqnes a r e  f o r  ex tens ion  and nega t i ve  torques are f o r  f l e x i o n .  



COMPARISON # 6 7  

1 - 1 I v 4 i )  AN ;. T ' O S L .  
2-HF'A;) F W : .  Vr:l.<N:. 
r - r l r - n ~ ,  At);. A(-(:TI.. 
s - a v n n  P C ; .  AI:c!:I., 
' i -CONPYI. STOP T')l;c,! 
G-(-7--1 : ;YI~I '  r 2 n D .  
7-2 ar<nn rdortc:l: 

' $ 3 - I f  lIr?&rl V 0 P c - E  
~ ~ ~ - t r r t ~ ~ r y ~ . l r r ;  P NI:I E 

1 ) - C 7 - T  1 A'4CI.E 
I 1  -PnISI'r! Al.nNI: NECK 
I L - S I I R ~  13 n'r c - o ~ l n ~ ~ .  F 
1 3 - C O I : D .  A f (:06I>YI.E: 
1'8-SIIFhR AP ( ' { - T I  
15-C: f IP l ' .  AT' f - 7 - T  1 
1 lr-SOPI'.  P ' IT4I .  TnRQ 
1.7-(T7-T 1 T 3 T A  I. TOP() 

IOPlYfiRISON BETWEEN P E A K  
A =  RN20V5.2F 

A  I S  X% 
G P E A T E R / L E S S  

THAN B  
0.0% L E S S  

16.3% L E S S  
2 4 - 8 1  GREATER 
27.4% GREATER 
15.2% GREATER 

100.0% L E S S  
1.9% GREATYR 

189.1% L E S S  
2.9% CREATER 
0 - 0 s  L E S S  

23.4% GREATER 
32.8% GREATER 
21.6% (;REAPER 
22.7% GREATER 
2 2 . 9 %  GREATER 
9.6% C R E A T E R  

3 Q . 5 %  L E S S  

0.449 122.9% GREATER 
0.771 29.7% G R E A T E R  
0,794 2 5 -  9% CREATER 

I A G N I T i l D E S  FOR RUNS A AND R 
AND n =  R H 2 0 V 5 . 4 F  

R I S  X *  
G P E A T E R / L E S S  

THAN A  
0.0% GREATER 

19.5% GREATER 
17.9% L E S S  
2 i . s ~  r.ess 
13.2% L E S S  
0.0% GREATER 
1 . 8 %  L E S S  

96.4% GREATER 
2.9% L E S S  
0.0% GREATER 

19.0% L E S S  
24.7% 1 . E S S  
17.8% L E S S  
18.5X L e s s  
18-6% L E S S  

8-8% L E S S  
6 5 . 3 s  GREATER 

55.1% L E S S  
22.9% L E S S  
20.6% L E S S  

/A/ I S  XX 
G R E A T E R / L E S S  

THAN / B /  
3.9% L E S S  
1. 1% L E S S  
7.2% G R E A T E R  
8,0% L E S S  

27- 6% G R E A T E R  
33.2% G R E A T E R  
0.0% L E S S  

100.0% L E S S  
11.8% G R E A T E R  
7.1% G R E A T E R  

13.8% G R E A T E R  
257.11 G R E A T E R  

12.8% G R E A T E R  
122.3% C R E A T E R  

1. 4% L E S S  
25.UX G R E A T E R  
26.5% G R E A T E R  

/n/ I S  x x  
G R R A T E R J L E S S  

THAN / A /  
4.1% C R E A T E P  
1.1% CREATER 
6.7% L E S S  
0.0% GREATEP 

21.6s L E S S  
24.9% L E S S  
0.0% GREATER 
0.0% G R E A T E P  

1 0 . 5 %  L e s s  
6.7% L E S S  

12. 1% L E S S  
72.0% L E S S  
11.4% L E S S  
55.0% L E S S  

1.51 GREATER 
20. 3% L E S S  
2O,9% L E S S  

NOTE: P o s i t i v e  neck torques a r e  for ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  



COMPARISON # 68 

I - I I F A n  A Y : .  P:)SN. 
>-FIEAI) !IN(:. VELOC.  
3-HEAD AN';. AC('I?L. 
11-IIl?AI) D E S .  ACCEL. 
r ~ - c n N n Y t .  S T O P  T ~ R Q  
6 - C 7 - T  1 S T O P  TOR(). 
7-7.  I I S 4 P  FORCP 

& 9 - X  HEAD I.I)P(IE 
4 ')-COIT7YI.T?!; AY1;T.R 

1')-C7-T 1 AttT.1.R 
1 1 - F V R C E  A L O N G  NEl'K 
1 2 - S H E A R  m r  r o N n r 1 , R  
1 I - C O ' I P .  A'P r0NCBYL.E 
1 '4 -S I fEAP AT C 7 - T I  
1 ' i - f - r ) f lP -  A T  C 7 - T l  
I h - C O N P .  TOTAL TOPQ 
I I - C 7 - T I  ' I ' jTAI. T O R Q  

HI<' ' l s f l o  2011  
FITAD 1 - ' I S E r  A V G .  166 1 9 1  
T I I F S T  I -MT;E('  A V G  3 4 2 2 

OIIPARCSON BETWEEN P E A K  n A G N T T I l D E S  FOR RUNS A  AND D 
A =  R H 2 0 V 5 . 2 P  AND R =  PR20V5.8F 

A I S  X% 
C R E A T E R / L E S S  

THAN R 
0.0% L E S S  

21.2% L E S S  
74.6% CHEATER 
12.4% L E S S  
25.2% GREATER 

100.0% L E S S  
5 . 0 %  CREATER 

73.5% L E S S  
4.9% GREATER 
0.0% L E S S  

56.6% GREATER 
92.0% CR EATER 
50.6% GREATER 
33.2% GREATER 
57,476 CREATER 

8.7% GREATER 
41.81 L e s s  

n I S  x x  
GREAT ER/I.ESS 

THAN L 
0.0% 1;REATER 

2 6  - 9 %  GREATER 
42.7% L E S S  
1 4.2% GREATER 
20.1% L E S S  

0.0% GREATER 
4.8% L E S S  

277.0% GREATER 
4.6% L e s s  
0.0% GREATRR 

36.2% L E S S  
29.6% L E S S  
33.6% L e s s  
24.9% L E S S  
3 6 - 4 s  L E S S  

8.0% L E S S  
9 1.4% GREATER 

0.453 120.0% GREATER 54.7% L E S S  
1. 163 14.0% L E S S  16.3% GREATER 
0.647 54.5% GREATER 35.3% L E S S  

/A/  I S  X %  
G R E A T E R / L B S S  

THAN /R/ 
6. 0% L E S S  
0.5% L E S S  

12.9% G R E A T E R  
0.0% L E S S  

5 3 .  1% G R E A T t R  
63.9% G R E A T E R  

0.0% L E S S  
100.0% L E S S  

22.0% G R E A T E R  
12.6% G R E A T E R  
9.7% L E S S  

140.0% G R E A T E R  
23. 3% L E S S  

121.0% G R E A T E R  
31.5% L E S S  
48.1% G R E A T E B  
45.6% GREATER 

/8/ K S  X %  
G R E A T E R / L E S S  

TIIAN /A/ 
6 . 3 %  G R E A T E P  
0.5% G R E A T E n  

11.5% L E S S  
0. OX GREATEI(  

34.7% L E S S  
39.0% L E S S  

0.0% GREATER 
0.0% G R E A T E P  

18.1% L E S S  
11.2% L E S S  
10.8% G R E A T E F  
58. 3% L E S S  
30. 4% G R E A T E F  
54 -  OX L E S S  
46.0% GREATEV 
32.5% L E S S  
31.3% L E S S  

NOTE: P o s i t i v e  neck torques a r e  for ex tens ion  and nega t i ve  torques a r e  f o r  f l e x i o n .  





a - J ~ * U H S O ~ C O V . C C ~ L ? H G  
V) ry clr)o;q if. I W ~ c l m m - a n  

5 * - I P I D  m I o m e m m ~ ~  
, 'n I t I I I I I I I  
a x - I I  

C) 
C N 
c T a a  a C L X ,  o 0: Y 
- r  VJ U L  iii C -  J d i- 

C: v, c r  c r c  - -  - c F- 



a a  r can 

C C  C r C  r 
C < . - C Z J < < V ~ L ~ P L ~ ~ ~ T L - V  
.L- / & L , - L . - - * & v L  L - f l t r L ' w -  

C - % A ~ - L ~ - % - Z ~ - L & -  ~ a -  
+ - - - 4 d - L F d * Z 4 d 4 - d d -  



~ a a  Y a a  a a a 
U U U  w U &  ill I2 u 
C C C  C C C  C C C 
e a a m v ? c v ? m ~ ~ ~ w a m c ~ e  
U & , w m m w m m m u J u v ? U J * & , N &  
5 $ 5 5 2 5 5 5 5 5 5 5 5 5 8 5 8  

C C V  .- 4 F 
ff - 
d 

. . . c .  gLuL C C  
* ~ - i , a a  L-, I= 
7 C L U C ~  L. L > > - - C =  
v,Uk;cC , Z C 2 - c P - C  
C L C "  C G L C  Z Z  1 1  
= > = < c  L L Z L C C C F h - ,  

= L a r C + ~ ~ o , d a c  . . . . c = r  b C 

Z Z Z &  V L < C d d < < + C  
4 C 4 C d  C C -  

% - C < ~ - L u w  * n  I . +  
C C C C S C ~ C - ~ U ~ ~ C C S ~  
caec..- I , = z  I c , z ~ r z  I 
* L L U O C  C L = = - z C t -  
- i = I U ~ . h X i c > - L n L i L r , ~ C - ' c ~  

1 1 ' 1 1 1 1 1 1 1 1 1 ~ 1 1 ~ ~  
- c  - C u S F C r C - \  U P -  

C - 7 1  "'"-" 





APPENDIX D 

(SUMMARY) 

CALCOMP PLOTS O F  

SIMULATION RESULTS 





CALCOMP PLOTS OF SIMULATION RESULTS 

S i x t y - f i v e  computer  s i m u l a t i o n s  were made i n  t h i s  s t u d y .  Dynamic 

responses  f o r  d i f f e r e n t  i m p a c t  s i t u a t i o n s  were c o n t r a s t e d  by  t a b u l a r  

compar ison  o f  t h e  peak magn i t udes  o f  seventeen response  v a r i a b l  es 

(Append ix  C) and by  Calcomp p l o t s  o f  t h e  response  v a r i a b l e s .  S i n c e  t h e r e  

a r e  1071 p l o t s  t o t a l  -- 1 7  response  v a r i a b l e s  f o r  each o f  63 compar isons  

between r u n s  -- t h e  unab r i dged  Appendix D i s  n o t  an  i n t e g r a l  p a r t  o f  t h i s  

r e p o r t . *  Ra the r ,  o n l y  t h e  p l o t s  f o r  he lmet /no-he lmet  compar isons  f o r  

t h e  f o u r  b a s e l i n e  i m p a c t  c o n f i g u r a t i o n s  a r e  i n c l u d e d  h e r e .  These f o u r  

s e t s  o f  p l o t s  a r e  as f o l l o w s :  

P l o t  No. Parameter  V a r i a t i o n / R u n  C o n d i t i o n s  

he lmet  v s .  no he lme t  f o r  head - t ruck  
base1 i ne c o n d i t i o n s  

he lmet  v s .  no he lme t  f o r  c h e s t - t r u c k  
base1 i n e  c o n d i t i o n s  

he lme t  v s ,  no he lme t  f o r  30" r o a d  
b a s e l i n e  c o n d i t i o n s  

he lme t  v s .  no he lme t  f o r  70" r o a d  
base1 i n e  c o n d i t i o n s  

Base1 i n e  c o n d i t i o n s  a r e  d e s c r i b e d  i n  Tab l  e  3-1 and t h e  impac t  

o r i e n t a t i o n s  f o r  t h e  f o u r  b a s e l i n e s  a r e  i l l u s t r a t e d  i n  F i g u r e s  3-1 

t h r o u g h  3-4, a l l  o f  wh i ch  a r e  i n c l u d e d  he re .  A l s o  i n c l u d e d  h e r e  a r e  

Tabl es 5-6 and 5-7 f ~ o m  S e c t i o n  5. T a b l e  5 - 7  d e s c r i b e s  t h e  seventeen 

dynamic response  v a r i a b l e s  i n c l u d e d  i n  each s e t  o f  p l o t s .  T a b l e  5-6 

l i s t s  and d e s c r i b e s  a l l  p l o t -  and t a b u l a r - c o m p a r i s o n s  made f o r  p a i r s  o f  

s i m u l a t i o n s .  

* A  copy  o f  Appendix D may be o b t a i n e d  f r om t h e  a u t h o r s  a t  t h e  Highway 
S a f e t y  Research I n s t i t u t e ,  U n i v e r s i t y  o f  M i ch igan ,  Ann A r b o r ,  
M i c h i g a n  48103, 





F i g u r e  3-1 . B a s i c  C o n f i g u r a t i o n  f o r  Head-Truck Impacts 



Figure 3 - 2 .  Basic C o n f i g u r a t i o n  for Chest-Truck Impaczs 





Figure 3-4. Basic C o n f i g u r a t i o n  f o r  70' Zoad Impacts 

D-8 



TABLE 5-7 

OYNAMIC RESPONSE VARIABLES IN PLOTS 
AND COMPARISONS 

No. - Variable ( u n i t s )  S i g n  Convention 

Head Angular Position (deg 1. counterclockwise fo r  increase 

Head Angular Velocity (deg/sec) counterc1ockwise i f  posi t ive  
? 

Head Angular Acceleration [rad/secL) counterclockwise i f  posit ive 

Head Resul t an t  Accel era t ion (.g ' s )  magnitude a t  C G  

Upper Neck Torque (.w/o muscl e)(in-1 b )  pos i t ive  for  extension, 
negative for  f lexion 

Lower Neck Torque (w/o muscle)(.in-lb) posi t ive  fo r  extension, 
negative fo r  f lexion 

Vertical Component of Head (Chest) f r i c t i o n  force for  truck,  
Contact Force (1 b )  normal force fo r  road 
Horizontal Component of Head [Chest) f r i c t i o n  force  fo r  road, 
Contact Force (.l b )  normal force for  truck 

Condyles Jo in t  Angle [deg) 

C7-T1 Jo in t  Angle (deg) 

Force A1 ong Neck (1 b 

posi t ive  fo r  extension, 
negative for  f lexion 

posi t ive  fo r  extension, 
negative for  f l  exion 

posi t ive  fo r  compression, 
negative for  elongation 

Neck Shear Force a t  Condyl es (1 b )  pos i t ive  forward, normal 
t o  neck l i n e  

Neck Compression Force a t  Condyl es ( 1  b )  posi t ive  toward to r so ,  
along neck 1 ine 

Neck Shear Force a t  C7-Tl (1 b )  pos i t ive  rearward, normal 
t o  neck l i n e  

Neck Compression Force a t  C7-TI (1 b )  posi t ive  toward head, 
along neck 1 ine 

Total Upper Neck Torque 
( includes muscl e )  [in-1 b )  

Total Lower Meck Torque 
( includes muscle) [ in -1  6 )  

posit ive fo r  extension, 
negative for  f lexion 
posi t ive  for  extension, 
negative for  f7 exion 

NOTE: upper neck jo in t  = condyles 
lower neck j o in t  = C7-TI 



TABLE 5-6 

PLOTS AbID COMPARISONS (page 1 of 4 )  

Plot or 
Compari son 
Number ** Comparison R u n  Nos. 

t 
Parameter Variation/Run Conditions 

no helmet (ches t - t ruc  k basel i ne) 
helmet (chest- truck basel ine)  

no helmet (head-truck base1 i ne) 
helmet (head-truck base1 ine)  
head-truck angle = 20" (no helmet) 
head-truck angle = 40" (no helmet) 
no helmet (30' road basel ine)  
helmet (30" road base1 ine )  
no helmet ( C F N H  = . 2 )  
helmet (CFH = - 2 )  

CFNH = .5 (no helmet) 
CFNH = - 2  ( n o  helmet) 
no helmet ( C F N H  = . 6 )  
helmet (CFH = . 6 )  

C F H  = . 2  (helmet) 
CFH = .6 (helmet) 

100 deg/sec (helmet) 
0 deglsee (helmet)  
100 deg/sec (no helmet) 
0 deg/sec (no helmet) 

no helmet (0 deg/sec) 
helmet (0 deg/sec) 
head-road angle = 30" (helmet) 
head-road angle = 60' (helmet) 
head-read angle = 30" (no helmet) 
head-road angle = 60" (no helmet) 
no helmet (head-road angle = 60") 
helmet (head-road angle = G O 0 )  

50% MT (no helmet) 
10% MT (no helmet) 
no helmet (70'  road baseline) 
helmet (70" road baseline) 
CFNH = . 6  (no helmet) 
C F N H  = . 2  (no helmet) 



T a b l e  5-5 (Page 2  o f  4 )  
P l o t  o r  
Comparison 
Number ** Comparison 

t 
Run Nos. Parameter  V a r i a t i o n / R u n  C o n d i t i o n s  

34 CFH = . 2  ( h e l m e t )  
3 6 CFH = .6 ( h e l m e t )  

3 5  no he lmet  (CFNH = .6 )  
3 6 he lme t  (CFH = .6 )  

3 7  no he lmet  (CFNH = .2 )  
3 4 he lme t  ( C F H  = .2 )  

3 5  head-road a n g l e  = 70" (no he lme t )  
4 5  head-road a n g l e  = 30" (no h e l m e t )  

no he lmet  (head-road a n g l e  = 90" )  
he lme t  (head-road a n g l e  = 90")  

100 deg/sec (he lme t )  
0  deg/sec (he lme t )  

50% MT (no h e l m e t )  
10% MT (no h e l m e t )  

no he lmet  (10 rnph) 
he lme t  (1  0  mph) 

no he lme t  (1  0  mph) 
he lmet  ( 1 0  mph) 

no he lmet  (10 mph) 
he lme t  ( 1 0  mph) 

no he lmet  (1  0  mph) 
he lmet  ( 1  0  mph) 

20 mph ( h e l m e t )  
1 0  mph ( h e l m e t )  

20 mph (he lmet )  
1 0  mph ( h e l m e t )  

20 rnph ( h e l m e t )  
1 0  mph ( h e l m e t )  

20 mph ( h e l m e t )  
1 0  mph ( h e l m e t )  

no he lmet  ( 1  0% MT) 
he lme t  (1 0% MT) 

no he lmet  (10% MT) 
he lmet  (1  0% MT) 

no he lmet  (10% MT) 
he lme t  (1 0% MT) 

no he lmet  (10% MT) 
he lmet  (1  0% MT) 



P l o t  o r  
Comparison 
Number ** 

Table  5-6 (Page 3 o f  4 )  

Run Nos. 
+ 

Parameter  Var ia t ion/Run Condi t ions  Comparison 

CFH = . 2  ( h e l m e t )  
CFFf = 1 . O  ( h e l m e t )  

CFH = . 2  ( h e l m e t )  
CFH = 1 , 0  ( h e l m e t )  

helmet has helmet mass 
helmet hzs no mass 

no helmet ( h e a d - t r u c k  a n g l e  = 40') 
helmet ( h e a d - t r u c k  a n g l e  = 40') 

no helmet (head back 1 0 " )  
helmet (head back 1 0 " )  

head forward 20' ( h e l m e t )  
head forward 40' ( h e l m e t )  

head forward 20' ( h e l m e t )  
head back 1 Q0 ( h e l m e t )  

s t a n d a r d  body mass ( h e l m e t ,  h o r i z o n t a l  ) 
body mass =- 0 ( h e l m e t ,  h o r i z o n t a l  ) 

s t a n d a r d  body mass ( h e l m e t ,  v e r t i c a l  ) 
body mass = 0 ( h e l m e t ,  v e r t i c a l  ) 

50% MT ( h e l m e t )  
10% MT (he lmet )  

50% MT ( h e l m e t )  
10% MT ( h e l m e t )  

50% MT ( h e l m e t )  
10% MT ( h e l m e t )  

50% MT ( h e l m e t )  
10% MT ( h e l m e t )  

head forward 40' ( h e l m e t )  
head back 1 O 0  (he lmet )  

no helmet (70' r o a d ,  3 - f t  d r o p )  
helmet (70' r o a d ,  3 - f t  d r o p )  

6 - f t  d r o p  ( h e l m e t ,  70' r o a d )  
3 - f t  d rop  ( h e l m e t ,  70' r o a d )  

no helmet (30' r o a d ,  3 - f t  d r o p )  
helmet (30" r o a d ,  3 - f t  d r o p )  

6 - f t  d rop  ( h e l m e t ,  30' r o a d )  
3 - f t  d rop  ( h e l m e t ,  30' r o a d )  

50% MT ( 1 0  mph) 
10% ( 1 0  mph) 

50% MT ( 1 0  mph) 
10% MT (1 0 mph) 



Table  5-6 (Page 4 o f  4 )  
P l o t  o r  
Comparison 
Number ** Comparison R u n .  Nos. 

f 
Parameter Var ia t ion/Run Condi t ions  

30" road ( h e l m e t ,  6 - f t  d r o p )  
70" road ( h e l m e t ,  6 - f t  d r o p )  
30" road (no helmet ,  6 - f t  d r o p )  
70" road (no helmet ,  6 - f t  d r o p )  

30" road (he lmet ,  3 - f t  d r o p )  
70" road ( h e l m e t , .  3 - f t  d r o p )  

30" road (no helmet ,  3 - f t  d r o p )  
70" road (no helmet ,  3 - f t  d r o p )  
CFH = . 2  (he lmet ,  30" r o a d )  
C F H  = . I  ( h e l m e t ,  30" r o a d )  
CFH = . 2  ( h e l m e t ,  30" r o a d )  
CFH = .3 ( h e l m e t ,  30" r o a d )  

CFH = . 2  ( h e l m e t ,  30' r o a d )  
CFH = 0. ( h e l m e t ,  30" r o a d )  

CFH = . 2  ( h e l m e t ,  70" r o a d )  
CFH = .4  ( h e l m e t ,  70' r o a d )  

CFH = . 2  ( h e l m e t ,  70" r o a d )  
CFH = .8 ( h e l m e t ,  70" r o a d )  

head-road a n g l e  = 70' ( h e l m e t )  
head-road a n g l e  = 90' ( h e l m e t )  
helmet has helmet mass 
helmet has ,no mass 
helmet has helmet mass 
helmet has no mass 
CFH = . 2  (helmet ,  70" r o a d )  
CFH = 0 .  (he lmet ,  70° r o a d )  

NOTES : 
* Helmet/no helmet comparisons f o r  t h e  f o u r  base1 i n e  c o n f i g u r a t i o n s  o f  t h e  

b a s i c  run m a t r i x  a r e  made i n  p l o t s  1 ,  2,  4 ,  and 18. 
t CFH = c o e f f i c i e n t  o f  f r i c t i o n  f o r  helmet ,  CFNH = c o e f f i c i e n t  o f  f r i c t i o n  

f o r  no helmet ; MT = muscle  t e n s i o n .  
- Reference numbers 1 1 ,  1 6 ,  and 24 were n o t  used .  

A-8 t a b u l a t i o n s  f o r  peak v a l u e s  were made f o r  r e f e r e n c e  numbers 64 through 
68 and 72,  b u t  t h c r e  a r e  no p l o t s .  

** Tabula r  comparisons  ( A - B  t a b u l a t i o n s )  a r e  found in Appendix C and p l o t s  a r e  
i n  Appendix D .  Comparison/Plot  numbers re fe renced  in t h e  t e x t  a r e  bracketed 
C I .  



1 -HERO ANGULRR POS I P I ON 
HERD IMPACT - 20 MPH - RIGID TRUCK 
- 50% MT. , CFH=. 1 CFNH=. 3 

NOm --- 

i 
i 

/ 
t 

/ 
i 

I 
I 0.01 0.G2 0.03 0.m 0.05 0.08 0.07 0.48 0.09 0.10 

TIME ISECONOSI 



HERD 
2-HERD ANGULRR VELOCITY 

IMPACT - 20 MPH - R I G I D  TRUCK 
50% MT , . CFH=. 1 CFNH=. 3 

BACK 



3-HERD RNGULRR ACCELERRT I ON 
HERD IMPACT - 20 MPH - RIGID TRUCK BACK 

50% MT . , CFH=. 1 CFNH=. 3 
NO tiam 

lWDOT, =- 

-18606 I 
0.0 0.01 0.M 0.W 0.W 0.S 0.08 0.07 0.08 0.M 0.10 

TIME [SEWN03 



'4-HERD RESULTANT ACCELERRT I ON 
HERD IMPACT - 20 MPH - RIGID TRUCK BACK 

50% MT . , CFH= .1 CFNH=. 3 
NOtlElJm 



5-UPPER NECK 
HERO IMPRCT - 20 

Cnm/ MT 

JOINT STOP TORQUE 
MPH - RIGID TRUCK BRCK 
CFH=. 1 CFNH=. 3 

-1B00,O I 
0.00 0.01 0.02 0.03 0 0 . 0  0.08 0.07 0.0% 0.09 0.10 

TIME (SEWNDSI 



6-LOWER NECK JOINT STOP TORQUE 
HERO IMPRCT - 20 MPH - RIGID TRUCK BRCK 

50% MT . , CFH=. 1 CFNH=. 3 - NO Ham --- 



7-TANG. HERO CONTACT FORCE 
HERO IMPACT - 20 MPH - R I G I D  TRUCK BRCK 

50% MT. , CFH=. 1 CFNH=. 3 
- N O M  -m 



8-NORM. HERD CONTRCT FORCE 
HERD IMPACT - 20 MPH - RIGID TRUCK BACK 

50% MT. . CFH=. 1 CFNH=. 3 



9-UPPER NECK JOINT ANGLE 
HERO IMPRCT - 20 MPH - RIGID TRUCK BACK 

50% M f  . , CFH=. 1 CFNH=. 3 

-so.oo-t 1 
0.W 0.01 0.02 0.09 0.01 0.05 0.08 0.0'7 0.M 0.M 0.10 

TIME (SECONOSI 



10-LOWER NECK JOINT ANGLE 
HERD IMPACT - 20 MPH - R I G I D  TRUCK BRCK 

50% MT. , CFH=. 1 CFNH=. 3 



1 1-FORCE ALONG NECK 
HERO IMPACT - 20 MPH - RIGID TRUCK BRCK 

50% MT. . CFH=. I CFNH=. 3 
-NOmnET -m 

1w.o 

-1arxl.o ! I 
0.m 0.01 0.02 0 . a  0.w 0.05 0.06 0.07 0.1 0 . 0  0.10 

T IME (SEC13NOSl 



12-SHERR FORCE AT CONDYLES 
HERO IMPRCT - 20 MPH - RIGID TRUCK BACK 

50% MT. , CFH=. 1 CFNH=. 3 

-100(1*0 4 o.a 0.01 0.02 0.a o.or 0.0s o.#r 0.07 o.oe 0.a 0.10 
TIME tSEC13NDsl 



13-COMP, FORCE AT CONDYLES 
HERO IMPRCT - 20 MPH - R I G I D  TRUCK 8 R C K  

50% MT. , CFH=, 1 CFNH=. 3 
NO Hann 
Ha)ln 

-1eoo.o.l 4 
0.00 0.01 0.02 0.03 0.W 0.S 0.08 0.07 0.06 0.09 0.10 

TIME (SECONDS) 



14-SHERR FORCE AT C7 
HERO IMPRCT - 20 MPH - RIGID TRUCK BACK 

50% MT . . CFH=. 1 CFNH=. 3 



15-COMP. FORCE AT C7 
HERO IMPRCT - 20 MPH - alelo TRUCK BRCK 

50% MT . , CFH=. 1 CFNH=. 3 
-HOHQ)(II  
-Hum 



16-UPPER NECK TOTAL JOINT TORQUE 
HERO IMPACT - 20 MPH - RIGID  TRUCK BflCK 

SOX MT. , CFH=. 1 CFNH=. 3 
-NOtElm 



17-LOWER NECK TOTRL JOINT TORQUE 
HERO IMPRCT - 20 MPH - RIGID TRUCK BRCK 

50% MT. , CFH=. 1 CFNH=. 3 





1 -HERO ANGULRR PQS 1 T I ON 
CHEST IMPACT - 20 MPH - RIGID TRUCK BACK 

5Q% MT.. CF=.3S 



2-HERD ANGULAR VELOCITY 
CHEST IMPACT - 20 MPH - RIGID TRUCK BACK 

50% MT., CF=.35 - NO HRnn .---- mutn 

-9100.0 4 4 
0.00 0.a O.W a , w  a.os 0.10 0.12 o . i r  0.16 0 .1% o.a 

TIME (SECONOSI 



3-HERD RNGULRR RCCELERRP I ON 
CHEST IMPRCT - 20 MBH - RIGIO f RUCK BRCK 

50% M f . ,  CF=.3§ 
NO HELMET ---.- 

'"t 



.TANT RCCELERFIT I ON 
MPH - R I G I D  TRUCK BRCK 

ao*'y - 50% MT., CFs.35 
NO H n r # r  

-16.004 I 
0.00 0.02 0.M 0.M 0.08 0.10 0.12 0.14 0.16 0.18 0.20 

TIME (SECONOSI 



- m . o  J i 
0.00 0.a 0.w o . ~  0 .  0.10 0.12 0.14 0.18 0.111 0.20 

TIME [SECONOSI 



6-LOWER NECK J O I N T  STOP TORQUE 
CHEST IMPFlCT --.. - 20 ..- MPH == RI_G_ID TRUCK BACK 

-2lw.04 I 
0.00 0.02 0.W 0.a 0.00 0.10 0.12 0.19 0.18 0.18 0.M 

T IHE (SECONOSI 



7-TRNG. CHEST CQNTRCT FORCE 
CHEST IMPRCT - 20 MPH - RIGID TRUCK BACK 

itw.0 50% MT., CF=.3S ----- T - NO taIl€r 
HanET 



8-NORM. CHEST CONTRCT FORCE 
CHEST I M P K T  - 20 MPH - R I G I D  TRUCK BRCK 

50% MT., CF=.35 
--.-- nnt#t 

- * O r  

i 
O.W) 0.02 0.m 0.08 0.00 0.10 0.12 o.ir 0.16 0.1s 0.20 

TIME (SECONOSI 



CHEST 

I 
0 0.02 0.011 0.08 0 . 0  0.10 0.12 0.14 0.16 0.1 0.a  

T IHE (SECONOSI 



10-LOWER NECK J O I N T  ANGLE 
CHEST IMPRCT - 20 MPH - R I G I D  TRUCK 8RCK 

50% MT., CF=,35 
----- "**T - 

NOmxT 
HELnn 



1 1-FORCE RLONG NECK 
CHEST IMPRCT - 20 MPH - RIGIQ TRUCK BRCK 

SO% MT. , CF=. 35 



so. e 

V50.0(  

#0. m 

no. oc 

180. W 

- 
2 W.oc - 
W 

0.N 3 
k 

a 
5 -so.oa 
x 
v, 

-1sa.w 

-no. w 

-380. w 

-450.00 

-w. 00 
0 

12-SHERR FORCE RT CONOYLES 
CHEST IMPRCT - 20 MPH - R I G 1 0  TRUCK BRCK 
- 50% MT. , CF=. 35 
----- N o m  

Ham 

I 3 0.02 0.a 0.06 0 0.10 0.12 0.14 0.16 0.18 0.20 

TIME [SECONOSI 



13-COMP, FORCE A T  CONOYLES 
CHEST I M P A C T  - 20 MPH - RIGID TRUCK BACK 

50% Mf., CF=.35 
----- "'O? - No nQnn 

Hal4cr 

-loro.0-l I 
0.00 0.02 0.011 0 . a  0.m 0.10 0 0.1'4 0.1s 0.18 0.20 

T IHC (SECONOSI 



14-SHERR FORCE AT C7 
CHEST IMPRCT - 20 MPH - RIGID TRUCK BRCK 

50% MT. , CF=. 35 
.---- "7 - NO HfMT 

M 



15-COMP. FORGE FIT C7 
CHEST IMPRCT - 20 MPH - RIGID TRUCK BACK 

50% MT,, CF=.35 

-1120.0 
OjOO 0.~02 0.bu 0.bs 0.~08 0.'10 0.~12 0.'lu 0.~16 0.~18 0 . k ~  

TIME (SECONOSI 



16-UPPER NECK TOTAL JOINT TORQUE 
CHEST IMPRCT - 20 MPH - R I G I D  TRUCK BACK 

3000.0 50% MT., CFz.35 
NO nam ----- Hano 

-4200.04 4 
0.00 0.02 0.0'4 0.04 0.08 0.10 0.12 0.14 0.18 0.18 0.20 

TIME (SECONOSI 



17-LOWER NECK TOTRL JOINS TORQUE 
CHESS IMPRCT - 20 MPH - R I G I D  TRUCK BRCK 

50% MT., CF1.35 





1-HEAD ANGULRR POSITION 
ROAD IMPACT - 20 MPH-6 FP. HGT. 
30 DEG , 50% MT, CFH=. 2 CFNH=. 6 

Nom ---- 
80.00 



2-HERD ANGULRR VELOC I TY 
ROAD IMPACT - 20 MPH-6 Fl .  HGT, 
30 DEG, 50% MT , CFH=. 2 CFNH=. 6 

-Notm.m 
----tE!.m 

9m 



3-HERD ANGULRR RCCRERAP I ON 
RORO IMPRCT - 20 MPH-6 FT. HGT. 
30 UEG, 50% MY, CFH=. 2 CFNH=. 6 

-35000 I 
0,OO 0-01 0-01 0.03 0.W 0.05 O.# 0.07 0-08 0.09 0.10 

TIME (SECONOSI 



4-HERO RESULTRNT ACCELERATION 
ROAD IMPACT - 20 MPH-6 FT. HGT. 
30 OEG, 50% MT, CFHz.2 CFNH=. 6 "'*T -No" ---- mm 

F 
soo.00 . "'"I 

TIME (SECONDS1 



5-UPPER NECK JOINT STOP TORQUE 
RORO IMPACT - 20 MPH-6 FT, HGT, 
30 OEG, 50% MP, CFH=.2 CFNH=.6 



6-LOWER NECK JOINT STOP TORQUE 
RORO IMPRCT - 20 MPH-6 FT, HGT. 
30 UEG, 50% MT, CFH=, 2 CFNH=. 6 

-Manam --- Nun 

I 
0.00 0.01 0.m O*o9 O*OL 0.05 0.W 0.07 0.W 0.09 0.10 

TIME (SECOND3 



7-NORM. HERD CONTACT FORCE 
ROAD IMPACT - 20 MPH-6 FT. HGT, 
30 DEG, 50% MI', CFH=. 2 CFNH=. 6 

---- 
='"" -*- 



&TANG. HERO CONTACT FORCE 
RORD IMPRCT - 20 MPH-6 FT. HGT, 
30 DEG, 50% MT, CFH=. 2 CFNH=, 6 



9-UPPER NECK JOINT ANGLE 
ROAD IMPACT - 20 MPH-6 FT. HGT, 
30 OEG, 50% MT, CFH=. 2 CFNH=. 6 

-NOnanO 

-10.00 o!m 0.01 o.cn o.m 0.m o.ia o.a o.m o.a o.a 0.10 
I 

TIME (SECDNOSI 



10-LOWER NECK JOINT RNGLE 
RORD IMPRCT - 20 MPH-6 FT. HGT. 
30 DEG, 50% MT, CFH=. 2 CFNH= ,6 

W.OO ""I 



11-FORCE RLONG NECK 
ROAD IMPRCT - 20 MPH-6 FT. HGT. 
30 DEG, 50% MT, CFH=. 2 CFNH=. 6 



12-SHERR FORCE AT CONDYLES 
ROAD IMPRCT - 20 MPH-6 FT. HGT. 
30 OEG, 50% MT, CFH=. 2 CFNH=. 6 

-lm.oi I 
0.00 0.01 0.02 0.m ObW Ob05 0.01) 0.07 0.m 0.08 0.10 

TIME (SEWN031 



13-CUMP. FORCE R f  CONDYLES 
ROaO IMPRCT - 20 MPH-6 FT. HCT. 
30 DEG, 50% MT , CFH=, 2 CFNH=. 6 

H 1 H m m  





15-COMP. FORCE AT C7 
RORO IMPACT - 20 MPH-6 FT. HGT. 
30 OEG, 50% MT, CFH=. 2 CFNH=. 6 









1 -HERD RNGULRR PUS1 P ION 
ROAD IMPFlCT - 20 MPH-6 FT. HGT. 
70 OEG, SOX MT, CFHz.2. CFNti=.G 

-SQO.OO I 
0.00 0.01 0.02 0.05 0.W 0.0s 0.W 0.01 0.00 0.06 0.10 

TIME [SECONOSI 



2-tlERO ANGULRR VELOCITY 
ROAD IMPACT - 20 MPtl-6 FT, HGT. 
70 UEG, 50% MT, CFHP.2, CFNH=.6 

N O M  



3-HEF10 ANGULRR RCGELERRT ION 
RURO IMPRCT - 20 MPH-6 FT, HGT, 
70 OEG, 50% MT, CFH=, 2, CFNH=, 6 

-HbtELm 
-t€lm 



U-HERO RESULTANT ACCELERRT I ON 
ROFIU IMPRCT - 20 MPH-6 F7. HGT. 
70 OEG, SO% MT, CFW. 2, CFNH=. 6 

rn8.i -"" -m 







7-NORM. HERB CONf ACT FORCE 
ROAO IMPACT - 20 MPH-6 FT, HGT, 

- 70 UEG, 50% MT , CFH=, 2, CFNH=. 6 
----- NO mu#r 

ttanET 



8-TRNG. HERO CONTACT FORCE 
ROAD IMPACT - 20 MPH-6 FT, HGT, 
70 DEG, 50% MI,, CFH=, 2, CFNH=. 6 

-3000.0 ! 1 
0.00 0.01 0.02 0.03 0.w 0.05 0.03 0.07 0.98 0.09 0.10 

T I  ME (SECONOSI 



1 
0.00 0.01 0.02 0.03 0.N 0.05 0.06 0.07 0.08 0.09 0.10 

TIME (SECONOSI 



NECK JOINT - 20 MPH-6 
M i ,  CFHz.2, 



11-FORCE ALONG NECK 
RORQ IMPACT - 20 MPH-6 FT. HGP. 

350a.o- 

3100.0 

2700.0 

2300.0 

lgW.0- 

p 1SW.0-• 
1 

3 llW.0-. 
iz 
x 
8 700.0- 
Z 

300.0-• 

-100.0-~ 

-500.0 -- 

-800.0 -. 

-1300.0 i 
0,OO 

TIME ISECONDS? 

70 DEG, 50% MT, CFH=. 2, CFNH=. 6 - NO H€LH€r --- H E L H ~  

-- I", : : 
I 1  : /  
I I 
i 1 

I 

I 

I I 

I 
; 
/ 
I 
I 

i j  
I 

I 
I 
I 

I 

I 

-- 

-. 

I 

1 L: 

I 
0.01 0.02 0.03 0.N 0.05 0.08 0.07 0.08 0.09 0.10 

I 

I' 

j 

1 
I 
1 

1 

,! 



12-SHERR FORCE RT CONDYLES 
RORO IMPRCT - 20 MPH-6 FT, HGT. 
70 UEG, 50% MT , CFH=. 2, CFNH=. 6 

NoHum ---- 





-1100.0-l I 
0.00 0.01 0.02 0 . a  0.W 0.05 0.08 0.07 0.08 0.09 0.10 

TIME ISECDNOSI 



15-COMP, FORCE RT C7 
RORO IMPRCT - 20 MPH-6 FT, HGP. 
70 OEG, 50% MT, CFH=. 2, CFNH=. 6 

NO Hann 
=.OT =- 



16-UPPER NECK TOTRL JOINT TORQUE 
ROAD IMPRCT - 20 MPH-6 FT. HGT, 

1000.0- 70 DEG, 50% MT, CFH=,2, CFNH=,6 - NO HEum 
-HElJtEl 

500.0 -. ,#**), 

;: 'x 

0.0 
'\ 

-500.0-. 

G-lOW.0-. 
m 
f z 
z-1500.0-. 

3 a 
~-2ooo.o-. 
C 

Y 
0 
y-m.0-. 
a a ,  
W 
Q. 
3-3000.0-. 

-3500.0 -. 

-VooO.O -. 

-4500.0 -. 

-5000.0 . 
0.00 0.01 0.02 

TIME (SECONOSI 








