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1 . 0  FOREWORD 

I n s u f f i c i e n t  b iomechan ica l  d a t a  e x i s t s  conce rn ing  to1  erance 

o f  t h e  s k u l l  and c e r v i c a l  s p i n e  t o  dynamic l o a d i n g  i n  t h e  s u p e r i o r -  

i n f e r i o r  d i r e c t i o n  f o r  e s t a b l i s h m e n t  o f  i n d u s t r i  a1 p r o t e c t i v e  he lmet  

per fo rmance spec i  f i  c a t i o n s .  T h e r e f o r e ,  t h i s  resea rch  s t u d y  was under-  

t aken  t o  gene ra te  new d a t a  about  t h e  mechanisms and t o l e r a n c e s  of t h e  

basa l  s  k u l  1  and upper  s p i n e  under dynamic s u p e r i o r - i  n f e r i o r  ( S - I  ) 

1  oad i  ng. Techn ica l  t a s k s  i n v o l  ved deve l  o p i  ng an a p p r o p r i  a t e  e x p e r i  - 
menta l  method o f  i m p a c t i n g  unembalmed human cadavers t o  de te rm ine  

t h e  mechanisms, f o r c e s ,  v e l o c i t i e s ,  e n e r g i e s  and s  k e l  e t a 1  damage 

r e l a t e d  t o  S - I  dynamic impac ts .  A r e f e r e n c e  1 i s t  o f  a p p r o p r i a t e  

l i t e r a t u r e  was t o  be i n c l u d e d .  T h i s  s t u d y  was n o t  meant t o  be com- 

p rehens i ve  and c o u l d  address o n l y  1  i m i  t e d  v a r i a t i o n s  w i t h  1  i m i  t e d  

depth .  The purpose o f  t h i s  f i n a l  r e p o r t  i s  t o  d e s c r i b e  t h e  t e s t  

methodology,  p r e s e n t  t h e  expe r imen ta l  r e s u l t s ,  d i s c u s s  what  t h e  

r e s u l  t s  mean, make c e r t a i n  conc lus ions  and recommendations, and 

p r o v i d e  a  l i s t  o f  r e f e r e n c e s .  



2 .0  SUMMARY 

Dynamic s u ~ e r i  o r - i  n f e r i  o r  impacts  t o  e l  even cadavers were p e r -  

formed. Basal s k u l l  f r a c t u r e s  were n o t  produced, b u t  r a t h e r  s p i n a l  

f r a c t u r e s .  The mechanism o f  c e r v i c a l  v e r t e b r a e  f r a c t u r i n g  appeared 

t o  be t h e  compressive a r c h i n g  o f  t h e  neck -- p l a c i n g  l oads  on t h e  

sp inous processes and c o n n e c t i n g  arches.  F r a c t u r e  p r o d u c t i o n  i s  n o t  

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

b u t  p r o v i d e s  a  reasonab le  f i r s t  s t e p .  For t h e  t e s t  c o n d i t i o n s  o f  t h i s  

research,  i t  was found t h a t  f r a c t u r e s  o f  t h e  c e r v i c a l  v e r t e b r a e  

o f  normal s u b j e c t s  began t o  o c c u r  f o r  peak f o r c e s  o v e r  5 .7  k i l o n e w t o n s ,  

peak i m p a c t o r  v e l o c i t i e s  o v e r  7'.5 meters p e r  second, and i n i t i a l  

impac t  p u l s e  work va lues  o f  380 j o u l e s .  Sub jec ts  w i t h  weak o r  abnormal 

s t r u c t u r e  can be expected t o  b e g i n  f r a c t u r i n g  a t  a p p r o x i m a t e l y  a  peak 

f o r c e  o f  3 .6  k i  lonewtons,  a  peak i m p a c t o r  v e l o c i t y  o f  6.3 meters  p e r  

second, and an i n i t i a l  impac t  p u l s e  work v a l u e  o f  250 j o u l e s .  F u t u r e  

resea rch  i n  t h i s  a rea shou ld  c a r e f u l l y  d e f i n e  r e a l  w o r l d  s i t u a t i o n s ,  

c o n t r o l  a1 1  con found ing  v a r i a b l e s  ( p a r t i c u l a r l y  i n i  ti a1 o r i e n t a t i o n s )  , 
c o n s i d e r  t h e  r o l e  o f  1  i gaments and musc les ,  u t i  1  i ze a  comprehensive 

head-neck i n j u r y  s c a l e ,  and i n v e s t i g a t e  mechanisms u s i n g  h igh-speed 

c i  ne rad iog raphy  . 



3 .0  BACKGROUND 

A brief  look a t  what i s  available from the l i t e r a t u r e  i s  helpful 
to  be t t e r  understand the significance of the research leading t o  th i s  
report .  Contract 1 imi ta t ions  did not permi t examination of a1 1 

available related l i t e r a t u r e ,  b u t  i t  i s  important tha t  nothing was 

found thus f a r  describing dynamic impacts in the superior-i nferior  
( S - I )  direct ion to the crowns of in tac t  unembalmed cadavers. The 
1 i t e ra tu re  t o  be mentioned below, however, indicates that  a t  l e a s t  

a few aspects of the desired impacts can be studied through previous 
research. 

Numerous papers concerning skul 1 f r ac tu re ,  brain in jury ,  and neck 
trauma resul t ing from acceleration of the head re la t ive  to  the torso 
from automobile crash conditions abound i n  the Stapp Car Crash 
Conference Proceedings. ( 1 ,  2 ,  3 )  Such work i s  currently relevant b u t  

i s  not generally applicable to  the S - I  s i tua t ion  except where areas 
of the head above the Frankfort plane contact the vehicle i n t e r i o r  

(windshield, A-pi 11  a r )  or  approximately S- I impact accelerations pro- 
duce brain injury.  This i s  not t o  say tha t  properly modified models 

used in the research are not useful fo r  qui te  the contrary i s  t rue.  

The investigation of motorcycle and racing helmet performance i n  

accidents offers  fur ther  worthwhi l e  data sources, however. 

Another group of papers i s  typified by the work of Sonada ( 4 )  
and concern themselves with modi fed s t ructures  t e s t s  which subject  
speci f i  c body components (of ten  usi ng both human and animal specimens) 

1 i ke the s k u l  1 , vertebrae, spinal cord, and i ntervertebral discs 
to somewhat a rb i t ra ry  input loadings and note various resDonses. 
Some of the relevant resu l t s  include: the compressive breaking load 
found by Sonada fo r  a s ingle  cervical wet human vertebrae fo r  

an age group of 60-79 years i s  190 kg r 6 . 0  or  1.86 kN; the 
compressive breaking 1 oad of a wet human cervical i ntervertebral 
d isc  (40-59 years)  i s  again according to Sonada 320 kg or  3.14 kN; 

and the s t a t i c  load required to cause basal skul 1 f rac ture  when 
the skull and 3 or 4 vertebrae are compressed according to Messerer 
( 5 )  i s  approximately 270 kg or  2 .65  k N .  Messerer (1880) makes 
two other relevant statements. F i r s t ,  vertebrae were often fractured - - - 



before the base of the sku1 1 was and second, Messerer mentions that  
repeated examples of spinal penetration into the skull under b l u n t  

loading t o  the crown are " in  the l i t e r a t u r e . "  This l i t e r a t u r e  has 

yet  t o  be examined. Here again, s t ructures  t e s t s  are not generally 

applicable. Values of load required t o  break body comoonents must 

be interpreted carefully t o  be useful r e la t ive  t o  the research of 

th i s  report .  

Further, cl i  nical investigations such as Schneider's ( 6 )  and 

laboratory investigations such as Gosch's ( 7 ,  8 ,  9 )  and Roaf's 

( 1  0 )  propose mechanisms for cer ta in  spinal in ju r ies .  Results of 

i n t e r e s t  a re  the important roles rotat ion and muscle tension play 

in the severi ty of the trauma. Gosch and Scnneider ( 7 ,  8 ,  9) 

performed dynamic S - I  impacts on monkey animal models and came 

c loses t  to the conditions of our research. Inadequate instrumentation 

and animal to  human correlat ions negate the i r  quant i ta t ive  da t a ' s  

usefulness a t  th i s  time. A survey of th i s  kind of work through 1970 

i s  that  by White and Albin. ( 1 1 ) .  

Finally,  i t  i s  quite apparent tha t  the biomechanical data avail-  
able in the l i t e r a t u r e  i s  wholly insuff ic ient  t o  be used for  protec- 

t i ve  industr ial  helmet design specif icat ions.  Data concerning 
the f rac ture  character is t ics  and mechanisms of the cervical spine and 

more importantly causes of spinal cord damage are needed. 



4 . 0  METHODOLOGY 

4.1 Test Objectives 

The overall objective o f  this study was t o  learn as much a b o u t  

S - I  impacts as possible with ten ( 1 0 )  t o  twelve ( 1 2 )  cadaver irpacts.  

The research was approached in two ( 2 )  phases. 

The f i r s t  phase impacted six ( 6 )  unembalmed cadavers and sought 
t o  do  the following: 

4.1.1 develop an effective experimental method 
4 . 1 . 2  determine i f  basal sku1 1 fracture constitutes the suspected 

damage response 

4.1 . 3  for whatever damage response i s  found, formul ate some mechani sms 

and to1 erance 1 eve1 s 
4 . 1 . 4  begin a l i te ra ture  search. 

The results of Phase One were reported in an interim l e t t e r  report t o  
NIOSH in January 1978 with the t i t l e  Pilot Study of Basal Skull Fracture. 

The second phase impacted 5 unembalmed cadavers using 

the entirely new data obtained during Phase One as a basis and sought 

t o  d o  the following: 

4.1.5 refine the experimental method where necessary 
4.1.6 determine the fracture to1  erance force, velocity , a n d  energy 

involved for whatever conditions are possible 

4 . 1  . 7  propose a reasonable damage mechanism 

4.1.8 finish an appropriate 1 i terature reference 1 i s t  

4 . 1 . 9  make recommendations for further research in this area 

4.1.10 report a1 1 findings. 

4.2 Test Procedures (and Developmental Reasoning) 

The tes t  procedure which has been developed is  as follows: 

4.2.1 Obtain the t e s t  subject, sani tar i ly  cleanse and seal body 
openings, take pre-test x-rays of  skull and neck in the anterior-posterior 
and le f t - r ight  directions, and  dress the subject in a vinyl exercise 

su i t .  Remove the hair in the area of the impact, mask the subject 's  
face, and trim the vinyl su i t  t o  expose the upper thorax and shoulders. 
The described treatment provides ease of hand1 i ng and exposed viewing. 



4 . 2 . 2  Place the subject  i n  a  supine position and al ign the cervical 

spine as nearly along the impactor axis as possible. Check the alignment 
with an in-position x-ray and reposition i f  nscessary. Rigidly f i x  the 

sub jec t ' s  lower torso and legs to  the support system. This positioning 
takes in to  account the importance of head and neck or ienta t ion.  Axial 
a1 ignment attempts to  achieve the maximum load carrying capabi 1 i  ty 

of the spine and thereby improve chances for  basal skull f rac tures  
while reducing the role of or ienta t ion i n i t i a t ed  f rac tu res .  Taking 
an in-position x-ray assures the best alignment possible and allows 

one to examine re1 ationships between non-axi a1 or ienta t ion and damage 

location. Rigid f ixation of the lower torso and legs more closely 

simulates the erect  human body and minimi zes the amount of force l o s t  

t o  moving the sub jec t ' s  en t i r e  body so t ha t  the force data obtained 
wil l  be a be t t e r  representation of the force needed t o  cause skele ta l  

damage. 

4 .2 .3  Target the sub j ec t ' s  head, the sub jec t ' s  shoulder, and 
the impactor for  analysis of the 3000 frame per second high-speed 

color movies taken of the impact. Targeting in the movies a1 lows 

qua1 i t a t i ve  and quant i ta t ive  analysis of re la t ive  motions fo r  invest i -  

gating poss i  bl e  damage mechanisms and t e s t  condi tions . 
4 .2 .4  Impact the subject with a padded impactor face varying e i t he r  

cannon pressure or  impactor stroke (essen t ia l ly  impact force or force 
input d is tance) .  I t  i s  necessary t o  pad the impactor face t o  prevent 
fracturing the crown of the sku1 1 ye t  a1 low transmission of the force 
t o  the basal skull and spine. Further, any experiment attempts to  
vary only one t e s t  parameter while maintaining a11 others constant. 

For th i s  research, force and force i n p u t  distance ( s t roke)  were de- 
termined to be the most important parameters which could be varied 
fo r  so 1 imited a number of t e s t s .  Piston impact mass, impact type, 

face padding , pre- impact impactor travel , head-neck or ienta t ion and 
body f ixat ion were a1 1 held as constant as possible. Bone character- 

i s t i c s  and general condition of  the unembalmed cadaver subject  could 
only be roughly screened. 





4 .2 .5  Take p o s t - t e s t  A-P and L-R x - r a y s  o f  t h e  head-neck r e g i o n .  

4 .2 .6  P a t h o l o g i c a l l y  examine t h e  s u b j e c t ' s  s k u l l  and s p i n e  f o r  

i m p a c t  damage. 

4 .3  F a c i l i t i e s  

The p r i m a r y  impac t  d e v i c e  used f o r  t h i s  r e s e a r c h  was t h e  " Impac t  

Cannon ," a  pneuma t i ca l  l y  o p e r a t e d  t e s t i n g  machine des i gned  and con- 

s t r u c t e d  e s p e c i a l l y  t o  move a  s t r i k i n g  mass a t  a  s p e c i f i c  v e l o c i t y  

f o r  i m p a c t  s t u d i e s .  The machine c o n s i s t s  o f  an a i r  r e s e r v o i r ,  and a  

g round  and honed c y l  i nde r  w i  t h  two c a r e f u l l y  f i t t e d  p i s t o n s .  The 

t r a n s f e r  p i s t o n  i s  p r o p e l l e d  by compressed a i r  t h r o u g h  t h e  c y l i n d e r  

and t r a n s f e r s  i t s  momentum t o  t h e  i m p a c t  p i s t o n .  A  s t r i k e r  p l a t e  

a t t z c h e d  t o  t h e  i m p a c t  p i s t o n  t r a v e l s  abou t  t e n  c e n t i m e t e r s ,  where 

an i n v e r s i o n  t u b e  absorbs  t h e  en rgy  o f  t h e  i m p a c t  p i s t o n  and h a l t s  i t s  

movement. The machine may be o p e r a t e d  o v e r  a  v e l o c i t y  range  o f  2  

t o  26 mete rs  p e r  second w i t h  a  9 .9 k i l o g r a m  i m p a c t  p i s t o n ,  and 

3 t o  53 me te r s  p e r  second w i t h  a  3 k i l o g r a m  i m p a c t  p i s t o n ,  u s i n g  

a  maximum o f  690 k i l o p a s c a l s .  Fo r  t h i s  s t u d y  p r e s s u r e s  o f  131 t o  

276 k i  l o p a s c a l s  p r o v i d e d  v e l o c i t i e s  between 6.76 and 10.2 me te r s  

p e r  second. An a c c e l e r o m e t e r  and i n e r t i a  compensated f o r c e  t r a n s d u c e r  

a r e  mounted d i  r e c t l y  b e h i  nd t h e  s  tri k e r  p l  a t e .  The f o r c e ,  a c c e l  e r a -  

t i o n ,  and v e l o c i t y  d a t a  were r e c o r d e d  on a  Honeywel l  7600 FM magne t i c  

t a p e  r e c o r d e r  f o r  l a t e r  p l a y b a c k  o n t o  a  C l e v i t e  6-channel  B rush  

c h a r t  r e c o r d e r .  

The f i r s t  i m p a c t  d e v i c e  t h a t  was used  and f ound  t o  p roduce  i n -  

s u f f i c i e n t  f o r c e  l e v e l s  was t h e  pendulum a c t u a t e d  L i n e a r  I m p a c t o r .  

T h i s  sys tem uses a  l o a d e d  pendulum w h i c h  i s  r e l e a s e d  t o  i m p a r t  i t s  

energy  t o  a  b e a r i n g  r a c e - g u i d e d  i m p a c t o r .  

4.4 S u b j e c t s  

The t e s t  s u b j e c t s  r e q u i r e d  f o r  t h i s  r e s e a r c h  were e i e v e n  

( 1 1 )  unembalmed human cadavers  o b t a i n e d  f r o m  t h e  U n i v e r s i t y  o f  

M i  c h i  gan H o s p i t a l  Anatomy Depar tment  under  t h e  g u i  d e l  i nes o f  t h e  

U n i v e r s i t y  ' s  Human Use Commi t t e e .  A1 1  s u b j e c t s  were sc reened  f o r  

communicable d i seases  and ana tom ica l  anomal i e s .  Genera l  d a t a  abou t  



each s u b j e c t  appears i n  Table 5 .2 .2  a long w i t h  pe rcen t  m ine ra l  

con ten t  and mean t e n s i  1 e  s t r e n g t h  o f  femoral  bone. 



5.0 RESULTS 

5 . 1  Raw Data Obtained and Analysis Techniques 

5 . 1 1  Compensated Force vs. Time - A load cell  behind the 

impactor face was associated with an accelerometer simi 1 ar ly located 

t o  provide input impactor force compensated for  the mass of the 

impactor head in front  of the load cell  . The o u t p u t  of the l o a d  

ce l l  and accelerometer was recorded on a Honeywell 7600 tape recorder 

and l a t e r  converted t o  permanent record with a Clevite 6-channel Brush 

recorder along with a time base, a l l  effectively f i l t e red  a t  1600 

Hz. The actual traces appear in Appendix 9 . 2  while the peak input 

compensated force ( k N )  and  the total  impact duration (ms, the time 

impactor was i n  contact with subject)  appear in columns 2 and 3 of 

Test Summary Table 5.2.1. 

5.1.2 Hi gh-Speed Movies - A Hycam high-speed movie camera a t  
r ight  angles t o  and approximately one and one ha1 f meters (1 .5  m )  from 

the impactor axis took  - 3000 frames per second color movies of 

each impact. The impactor, cadaver head, and cadaver shoulder were 

generally targeted. The film generally had visible timing 1 ights for  

frame ra te  determination. In addition t o  study of overall surface 

motion in a qual i ta t ive  manner, the movies with targeting were analyzed, 

digit ized and then processed using the University of Michigan's central 

computer, an Amdahl 470V/6, t o  plot the head responses, horizontal 

position, ( x  or P - A )  vertical position ( z  or I - S ) ,  angle, resultant  

position, resultant  velocity , and resultant  acceleration versus time. 

Resultant position was calculated using 

Resultant velocity was calculated. using 

where P = resultant  position 
x = horizontal position 
z = vertical position 

where V = resul tant  velocity 
= differentiated hori- 

zontal position (horizon- 
t a l  vel oci ty)  

; = differentiated verti  ca l  
position (ver t ica l  
velocity ) 



Resultant acceleration was calculated using 

where A = resultant  acceleration 

x = double differentiated 
horizontal position 
(horizontal acceleration) 

z = double differentiated 
vertical position 
(ver t ica l  acceleration) 

Impactor plots were s  imi 1 ar ly determined. 

The computer program for this  processing was developed a t  HSRI by 

Dr. Nabih Alem and the plots for  each t e s t  that  was adequately targeted 

appear in Appendix 9 . 2  . Error with film analysis i s  unfortunately 

quite high for determining accelerations. 

5.1.3 Set-up Conditions - The pertinent data concerning the 

i  ni t i  a1 cannon a n d  cadaver set-up (impactor mass, pressure padding, 

cadaver f ixation) along with set-up photographs appear in Appendix 

9 . 2 .  A ser ies  of s t i l l  x-rays was taken for nearly a l l  the t e s t  sub- 

jec ts ;  pre-test  A-P (anterior-posteri o r )  and L - R  ( l e f t - r i  g h t )  , 
post- test  A - P  and L - R ,  and an i n i t i a l  condition I-R to check alignment 

of the cervical spine and  skull with the impactor axis .  The pre-test  

and post- test  x-rays were supposed t o  reveal possible fractures and 

dislocation b u t  did n o t  do  so for  these t e s t s .  An attempt was made 

t o  quantify the i n i t i a l  position of the head and neck for possible 

use as a  normalizing coefficient .  These attempts were not  successful 

b u t  the numbers appearing in Appendix 9 . 2  i l l u s t r a t e  a need for better  

uniformity in i n i t i a l  positioning. 

5.1.4 Cadaver Data - Test subject characterist ics (sex,  age, 

weight, height, cause of death, mean ultimate tens i le  strength of femur 

samples, and percent mineral content of femur samples) appear in Table 

5 . 2 . 2 .  

Of special in te res t  here i s  the mean ultimate tens i le  strength 
of femur samples. These values were obtained as part of other ongoing 

research a t  HSRI b u t  became important as a  method for improving the 

correlation between the input force and resultant  skeletal fracture 



s e v e r i t y .  (See Appendix 9 . 3  f o r  d e t a i  1  s  o f  bone t e s t s .  ) A r e l a t i v e  

f r a c t u r e  i ndex  va lue  was assigned t o  t h e  s k e l e t a l  damage o f  each t e s t  

s u b j e c t  as f o l l o w s :  

0  5 No f r a c t u r e s  observed 

1  E A few f r a c t u r e s  o f  spinous process t i p s  

2  5 Spinous process and t ransve rse  process f r a c t u r e s  

3 : Moderate v e r t e b r a l  body f r a c t u r e  

4 5 Body f r a c t u r e  w i t h  spinous o r  t ransve rse  process f r a c t u r e s  

5 = M u l t i p l e  and e x t e n s i v e  body and process f r a c t u r e  

One shou ld  keep i n  mind t h a t  t h i s  s c a l e  i s  an a r b i t r a r y  des ign  o f  t h e  

au tho r  and has no r e l a t i o n  t o  t h e  AAAM A I S  whole body s c a l e  nor  

takes i n t o  account  t i s s u e s  o r  c o n d i t i o n s  o t h e r  than f r a c t u r e s  o f  t h e  

s p i n a l  ve r teb rae .  Next, a  bone s t r e n g t h  c o e f f i c i e n t  f o r  each t e s t  sub- 

j e c t  was c a l c u l a t e d  by d i v i d i n g  t h e  mean u l t i m a t e  t e n s i l e  s t r e n g t h  o f  

femur samples f o r  t h a t  t e s t  s u b j e c t  by t h e  average mean u l t i m a t e  

t e n s i l e  s t r e n g t h  o f  femur samples f o r  a1 1  t h e  t e s t  s u b j e c t s .  These 

c o e f f i c i e n t s  appear i n  t h e  l a s t  column o f  Table 5.2.2.  Values o f  

t h e  c o e f f i c i e n t  were es t ima ted  f o r  t e s t  s u b j e c t s  t h a t  d i d  n o t  have 

t h e  t e n s i  1  e t e s t s  per formed (2081 7 ,  20921 , 20941 ) . The bone s t r e n g t h  

c o e f f i c i e n t  was then mu1 t i p 1  i e d  t i n e s  t h e  R e l a t i v e  F r a c t u r e  Index 

Value t o  o b t a i n  a  Bone S t r e n g t h  Cor rec ted F r a c t u r e  Index Value (C.F . I . ) .  

The use fu lness  o f  t h i s  a c t i o n  was shown by t h e  improvement f rom 

t h e  c o r r e l  a t i  on c o e f f i c i e n t  between f r a c t u r e  i ndex  and peak f o r c e  

(-0.4, s i g n i f i c a n c e  l e v e l  0.2) t o  t h a t  between c o r r e c t e d  f r a c t u r e  index 

and peak f o r c e  (-0.5, s i g n i f i c a n c e  l e v e l  0 . 1 ) .  I t  was a l s o  found t h a t  

t h e  pe rcen t  m ine ra l  con ten t  o f  femur samples c o r r e l a t e d  b e t t e r  

w i t h  f r a c t u r e  index values than  u l t i m a t e  t e n s i l e  s t r e n g t h  o f  femur 

samples d i d .  Fu ture  c o r r e c t i o n  f a c t o r s  shou ld  take  t h i s  i n t o  account .  

The pe rcen t  m ine ra l  con ten t  o f  femur samples f o r  each s u b j e c t  was a l s o  

ob ta ined  as p a r t  o f  ongoing research a t  H S R I  . The method o f  o b t a i n i n g  

t h i s  da ta  appears i n  Appendix 9.3.  I t  i s  p resented f o r  general  i n f o r -  

mat ion .  



An autopsy was performed o n  each t e s t  subject to determine the 

location and magnitude of skeletal fractures.  A brief Skeletal Damage 

Description appears in Table 5 . 2 . 1  and in Appendix 

9 . 2 .  

5 . 2  Data Summaries 

The following tables and graphs present data w h i c h  was found t o  
be especially pertinent or illuminating. Interpretation and  con- 

clusions appear in section 6 .0 .  Peak values were read off the data 

traces in Appendix 9 . 2  for force and velocity and plotted versus 

corrected fracture index values . Enveloping 1 i  nes indicate the values 

ranges while suspect cases, poor position and swan neck, are noted. 

In i t i a l  pulse work done on cadaver values were calculated by finding 

the area under the ini t i a l  pulse of the force vs. displacement 

curves in Appendix 9 . 2  with a polar planimeter. Finally, peak 

input force was plotted versus the i n i t i a l  pulse work done o n  cadaver 

with the corrected fracture index value noted by each point. 





TABLE 5.2.2 TEST SUMMARY - RESPONSES 

CALCULATED CALCULATED PEAK 
PEAK RESULTANT RESULTANT HEAD 

TEST HEAD VELOCITY ACCELERATION SP I NAL FRACTURE 
NUMBER ( ~ n / s )  t 5% (nl/s2) 115% DESCRIPTION 

RELATIVE BONE STRENGTH 
FRACTURE CORRECTED 
INDEX FRACTURE 
VALUE INDEX VALUE 

-- -- -A- -- -- - 

77H101 N A N A No f r a c t u r e  o f  t h e  s k u l l  o r  0 0 
sp ine  detected.  

77H102 6.40 1380 No f r a c t u r e  o f  t h e  s k u l l  o r  0 0 
s p i  ne detected.  

77H103 6.65 1620 F rac tu re  o f  R t .  c l a v i c l e  mid- 3.0 2.6 
s h a f t ,  L t .  c l a v i c l e  d i s t a l l y ,  
b o t h  rt. and I t . 1 s t  r i b  near 
s p i  ne , and comple te ly  through 

--..A body o f  5 t h  c e r v i c a l  ve r teb ra  
'I" ---- -- - -- 
D 77H104 N A N A (Scol  i o t i c )  , I n t e r v e r t e b r a l  4.9 4.6 

disks C3-4> C4-59 C5-6 

crushed, t ransve rse  processes 
o f  C5 and T, f r a c t u r e d ,  T2 

seve re l y  crushed. 

556 Spinous process o f  C2 f r a c -  3.4 
t u r e d  f rom body a t  arches, 
t i p  o f  C spinous process 
f r a c t u r e  8 , s l i g h t  c rush ing  
of CgV6 d i s k  and T1 l e f t  

f a c e t .  

78H106 6.78 696 No f r a c t u r e  o f  s k u l l  o r  0 0 
spine.  

78H107 8.25 1040 Complete f r a c t u r e  f rom body 3.0 3.7 
o f  C3 and C4 l e f t  t ransve rse  
processes, c h i  p f r a c t u r e  o f  
spinous process o f  C 
CI, T7 

5' '6' 
-- - 









a- Swan Neck Case 
5 

4 

- Figure  2 - 

Note:  L i n e  Equation by L i n e a r  
Re r e s s i o n ,  C o e f f i c i e n t  o f  Determinat ion  2 ( r  ) equals 0 . 5 7  

Peak I n p u t  Force 
V S .  

3 
. u 

Corrected F r a c t u r e  
Index 

Corrected F r a c t u r e  Index (C. F. I. ) 
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6.0 CONCLUSIONS 

6.1 Mechani sms 

These exper iments a re  apparen t l y  t h e  f i r s t  o f  t h e i r  k ind ,  and pre-  

v i o u s l y  proposed mechanisms must be considered i n  l i g h t  o f  t h e  new 

fi n d i  ngs. W i  t h  rega rd  t o  f r a c t u r e ,  t h e  high-speed movies and s p i  nous 

process f r a c t u r e s  bo th  i n d i c a t e  a  compressive a r c h i  ng o f  t he  c e r v i c a l  

sp ine.  The a r c h i n g  f o l l o w s  t h e  normal l o r d o t i c  c u r v a t u r e  o f  t h e  

c e r v i c a l  sp ine  and appears t o  depend on t h e  i n i t i a l  r o t a t i o n  o f  t h e  head 

and a x i a l  a1 ignment o f  t h e  spine.  I f  the  head i s  r o t a t e d  rearward o r  

t h e  head p laced above the  a x i s  o f  t h e  sp ine,  t h e  a r c h i n g  i s  increased.  

Th is  i nc rease  does n o t  imp ly  more s e r i o u s  f r a c t u r e  because t h e  a p p l i e d  

l o a d  works t o  t rans1  a t e  t h e  head r a t h e r  than compress and l o a d  ve r te -  

brae.  P r o b a b i l i t y  o f  d i s l o c a t i o n  may be increased b u t  none was found 

i n  o u r  impacts.  When the  neck undergoes compressive a rch ing ,  t h e  sp in -  

ous processes a re  loaded t o  f r a c t u r e  r a t h e r  than t h e  bod ies .  Th is  a r c h i n g  

i s  c l e a r l y  t h e  case i n  t h i s  s e r i e s  o f  exper iments,  perhaps a  p e c u l i a r i t y  

of  o u r  t e s t  set-up,  as opposed t o  t h e  tea r -d rop  body f r a c t u r e s  o f  

Schne ide r ' s  i n v e s t i g a t i o n s  . The f r a c t u r e  o f  t ransve rse  processes can 

be cons idered t h e  r e s u l t  o f  one o r  seve ra l  occurrences.  With arch ing,  

t h e  a r t i c u l a r  f a c e t s  l oad  each o t h e r  i n  t h e  form o f  couples.  Th is  

p laces a  t o r s i o n a l  l o a d i n g  on t h e  t ransve rse  processes. Also t h e  com- 

p r e s s i o n  d u r i n g  impact  may be bending t h e  neck sideways s l i g h t l y .  

Fu r the r ,  t h e  r o t a t i o n  mentioned as c r i t i c a l  by o t h e r  exper imenters may 

be o c c u r r i n g .  See F igu re  6. The b e s t  way t o  v e r i f y  a  mechanism f o r  

a  g i ven  l o a d i n g  c o n d i t i o n  would .be w i t h  high-speed c ine rad iog raph ics ,  

a  c a p a b i l i t y  HSRI has. 

I t  shou ld  be remembered t h a t  no muscle t e n s i o n  was present ,  a  

f a c t o r  which o t h e r  i n v e s t i g a t o r s  (11 ) cons ide r  impor tan t .  By l o o k i n g  

a t  t h i s  a r c h i n g  concept, i t  seems p o s s i b l e  t h a t  i f  t h e  neck were ben t  

fo rward  s l i g h t l y  t h e  bodies o f  t h e  ve r teb rae  would be loaded 

more than t h e  processes, and m igh t  o f f e r  s u f f i c i e n t  res i s tances  t o  

produce basal s  k u l l  f r a c t u r e .  



Q) 
> 
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6.2 To1 e rance  L e v e l s  

A1 though  o n l y  a  v e r y  1  i m i  t e d  number o f  impac ts  were per formed,  

d e f i n i t e  t r e n d s  f o r  t h e  f o r c e ,  v e l o c i t y ,  and energy  r e q u i r e d  t o  p roduce  

s k e l e t a l  damage under  t h e  d e s c r i b e d  t e s t  c o n d i t i o n s  were f ound  i n  t h e  

graphs o f  F i g u r e s  2, 3, 4 and 5.  The graphs i n d i c a t e  t h a t  peak i m p a c t  

f o r c e s  o f  5.7 k i l o n e w t o n s ,  peak i m p a c t o r  v e l o c t i e s  o f  7 . 5  mete rs  p e r  

second, and i n i t i a l  p u l s e  works done on t h e  cadaver  o f  380 N-rn  a r e  

l e v e l s  above wh i ch  c e r v i c a l  s p i n e  f r a c t u r e s  w i l l  b e g i n  t o  o c c u r  f o r  an 

average  cadaver .  On t h e  o t h e r  hand, t h e  l e v e l s  f o r  abnormal 

cadavers ,  such  as t hose  w i t h  "swan necks," a r e  c o n s i d e r a b l y  l o w e r .  

(AUswan neck" i s  l o n g ,  t h i n ,  and has l i t t l e  muscu la tu re . )  A peak 

i m p a c t  f o r c e  o f  3.6 k i l o n e w t o n s ,  peak i m p a c t o r  v e l o c i t y  o f  6 .3  mete rs  

p e r  second, and i n i t i a l  p u l s e  work done on  t h e  cadaver  o f  250 N o r n  

were found t o  p roduce  s i g n i f i c a n t  c e r v i c a l  s p i n e  f r a c t u r e s  i n  t h e  

"swan neck"  t e s t  s u b j e c t  used i n  t e s t  number 78H110. I t  s h o u l d  a l s o  

be n o t e d  t h a t  t h e  f i r s t  few impac t  t e s t s  d i d  n o t  have t h e  neck a x i a l l y  

a l i g n e d  as w e l l  as l a t e r  t e s t s  wh ich  accoun ts  f o r  t h e  h i g h  v a l u e s  

o f  i n i t i a l  p u l s e  work  done on cadaver  p r o d u c i n g  l ow  damage v a l u e s .  

6 .3  Recommendations 

F u t u r e  i n v e s t i g a t i o n s  i n t o  t h e  damage p roduced  by  S - I  impac ts  t o  t h e  

crowns o f  cadavers can b e n e f i t  b y  t hese  expe r imen t s .  

6.3.1 S t r i c t  c o n t r o l  and d e s c r i p t i o n  o f  con found i  ng v a r i a b l e s  must  

be m a i n t a i n e d .  The i n i t i a l  o r i e n t a t i o n  c o n d i t i o n s  s h o u l d  be e s t a b l i s h e d  

and r e c o r d e d  w i t h  i n-pos i  t i  on roentgenograms.  A t t emp t  t o  keep cadaver  

v a r i a b i l i t y  t o  a  minimum. 

6.3.2 The w ide  v a r i a t i o n  o f  r e s u l  t c  p roduced  by  v a r i e d  i n i t i a l  t e s t  

c o n d i t i o n s  i m p l o r e s  d e f i n i t i o n  o f  t h e  c o n d i t i o n s  o f  s p e c i f i c  i n t e r e s t ,  

t h e  i n d u s t r i a l  a c c i d e n t  s i t u a t i o n  f o r  example. 

6.3.3 High-speed c i  ne rad iog raphy  o f f e r s  perhaps t h e  b e s t  method 

o f  exam in i ng  f r a c t u r e  mechanisms and s h o u l d  be funded.  

6.3.4 Improved p h o t o - i n s t r u m e n t a t i o n  o f  t h e  sp i ne ,  and sku1 1 c o u l d  

a s s i s t  response  d e t e r m i n a t i o n .  A c c e l e r a t i o n s  s h o u l d  a l s o  be measured 

t o  a i d  i n  c o r r e l a t i n g  t h i s  d a t a  t o  r e l a t e d  r e s e a r c h .  



6.3.5 The performance of s t a t i c  t e s t s  of head and upper spinal 

column should be pursued t o  better  understand response t o  loading. As 

part of t h i s ,  dynamic t es t s  with load ce l l s  placed a t  intervals  in the 

spinal col umn would be i  nstructi ve. 

6.3.6 Bone properties can provide valuable insight into the cadaver 

quality and should be obtained for each t e s t  subject whenever possible 

t o  a s s i s t  in normalizing data. I n  par t icular ,  the percent mineral 

content seems t o  h o l d  promise over ultimate tens i le  strength. 

6.3.7 The role of muscles and tendons should be researched both 

in the l i t e r a tu r e  and laboratory as i t  re la tes  t o  S - I  impacts. 

6.3.8 I t  should be remembered that  fractures of the vertebrae 
are not the most important damage caused by S - I  impacts b u t  rather 

nervous and vascular t issue since these are the most debi l i ta t ing 

when i  n j  ured. 

6.3.9 Pre- t e s t  and post- test  roentgenograms of the sku1 1 and 

neck provided extremely 1 i  t t l  e  useful information and removi ng thei r  

time consuming taking should be considered. 

6.3.10 Variations i n  force input distance between 15 .2  and 20.3 

cm did not a1 t e r  damage results  and a stroke length in keeping with 

the real s i tuat ion of in te res t  needs t o  be determined. 
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TEST DATA 



APPENDIX 9.2.1 

TEST DATA FOR 

77H101 



TEST NO. 7 7 ~ 1 0 1  

P i s t o n  Mass 23.36 ka 

S t r o k e  1 5 . 2 c m  

Drop Angle 99.5'  

Padding d e s c r i p t i o n  2 .54  cm enso l  i  t e ,  2.54 cm s tyrofoam 

Pho tog raph ic  Coverage 35 rnm BW and c o l o r  s l i d e s ,  1500 f p s  c o l o r  movies 

F i x a t i o n  d e s c r i p t i o n  c r o t c h  b l o c k ,  rope  a t  s h o u l d e r s  

X S k u l l  Area Below Impactor  A x i s  N A 

Approximate Ce rv i ca l  S p i n e  Radius o f  Curva tu re  N A 

Damage: No f r a c t u r e  o f  t h e  s k u l l  o r  s p i n e  d e t e c t e d .  





RRY 01/78 0964127 S- 4 4 4 RUN ID: 77H101 
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Impactor motion vs .  time 





APPENDIX 9 .2 .2 

TEST DATA FOR 

77H102 



TEST NO.  77H1 O2 

P i  s t o n  Mass 9 . 9  ko 

S t r o k e  15 .2  cm 

P r e s s u r e  276 kPa 

Padding d e s c r i p t i o n  2.54 cm enso l  i  t e  , 2.54  cm s tyrofoam 

P h o t o g r a p h i c  Coverage 35 mm BW and c o l o r  s l i d e s ,  3000 fps c o l o r  movies 

F i x a t i o n  d e s c r i p t i o n  rope  a t  s h o u l d e r s  

% Sku1 1 Area Below Impactor  Axis N A 

Approximate Cervi c a l  Sp ine  Radius o f  Curva tu re  NA 

Damage: No f r a c t u r e  o f  the s k u l l  o r  s p i n e  d e t e c t e d .  
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41 



FILM COORDINATES 

X(P-A) Z(I-S) ANGLE 

COMPUTED RESULTANTS 

POS 
(cr-4 

VEL 
( 4 s )  

ACC 
(9) 





APPENDIX 9 . 2 . 3  

TEST DATA FOR 

77H103 



TEST NO. 77H103 

Piston Mass 9 . 9  k q  

Stroke 1 5 . 2  cm 

Pressure 276 k P a  

Padding description 2 . 5 4  cm ensol i  t e ,  2 . 5 4  cm styrofoam 

Photographic Coverage 35 mm 8W and Color s l i de s ,  3000 fps color movies 

Fixation description Ropes t o  shoulders , torso taped down 

% Skull Area B e l o w  Impactor Axis NA 

Approximate Cervical Spine Radius of Curvature NA 

Damage: Fracture of Rt. Clavicle midshaft, Lt. Clavicle distal  l y ,  
b o t h  Rt. and Lt. 1 s t  r ib  near spine and complete1.y throuqh bod,y 
of 5 t h  Cervical vertebra. 





FiPR 18/78 17117t35 S- 4 4 4 RUN ID: O 3  
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0 10 20 30 40 50 rns 

Impactor  mot ion v s .  t ime  



FILM COORDINATES 

X(P-A) Z(1-S) ANGLE 
(deg) 

COMPUTED RESULTANTS 

POS VEL ACC 
(m/s> (9) 





TEST DATA FOR 

77H104 



TEST NO. 77H104 

P i s t o n  Mass 9 . 9  k q .  

S t r o k e  2 0 . 3 c m  

P r e s s u r e  276 k Pa 

Paddi ng d e s c r i p t i o n  2.54 cm enso l  i  t e ,  2.54 cm s tyrofoam 

Pho tog raph ic  Coverage 35 mm BW and c o l o r  s l i d e  3000 f p s  c o l o r  
movies 

F i x a t i o n  d e s c r j  p t i o n  c r o t c h  blocked , t o r s o  t aped  down. 

% S k u l l  Area Below Impac to r  Axis NA 

Approximate Ce rv i ca l  S p i n e  Radius o f  Curva tu re  N* 

?amage: ( S c o l i o t ' c ) ,  I n t e r v e r t e b r a l  d i s k s  C C C c r u s h e d ,  3-4'  4-5'  5-6 
T ransve r se  p roces se s  o f  C5 and T1 f r a c t u r e d ,  T2  s e v e r e l y  c rushed .  
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APPENDIX 9.2.5 

TEST DATA FOR 

77H105 



TEST NO. 77H105 

Pis ton Mass 9 . 9  kg 

Stroke 20.3 crn 

Pressure  241 kPa 

Padding descr ip t ion  2 .54  cm ensol i  t e  , 2.54 cm s tyrofoam 

Photographic Coverage Polaroid s e t - u ~ .  3 5  mm p,w < l l n P .  . , ?nnn f n q  co lor  

movies 

Fixat ion de sc r i p t i on  Feet placed aga ins t  r i g i d  s t op ,  crotch block, 

to r so  taped down. 

Z Sku7 1 Area Below Impactor Axis 852 

Approximate Cervical Spine Radius o f  Curvature 11  cm. 

Damage: Spinous process of C 2  f r ac tu red  from body a t  arches,  t i p  

of C6 soinous orocess f r a c tu r ed ,  s l  i qh t  crushina of  C 5 - 6  disk and 

T l  l e f t  f a ce t .  
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APPENDIX 9 .2 .6  

TEST DATA FOR 

78H106 



TEST NO.  78H106 

P i s t o n  Mass 9 . 9  k q  

S t r o k e  20 .3  cm 

Pressure 207 kPa 

Padding d e s c r i p t i o n  2 . 5 4  cm ensol  i  t e ,  2 .54  cm s tyrofoam 

Pho tog raph ic  Coverage 35 mm BW s l  i d e ,  p o l a r o i d  s e t - u p ,  3000 fps c o l o r  

movies 

F i x a t i o n  d e s c r j p t j o n  Fee t  r i g i d l y  b lock ,  c r o t c h  b lock ,  t o r s o  t aped  down. 

% S k u l l  Area B e l o w  Impac to r  Axis 58% 

Approximate Ce rv i ca l  S p i n e  Radius o f  Curva tu re  15.8 cm 

Damage: No f r a c t u r e  o f  s k u l l  o r  s p i n e .  





FILM COORDINATES COMPUTED RESULTANTS 

X(P-A) Z(1-S) ANGLE POS VEL ACC 
(9) 
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APPENDIX 9 - 2 . 7  

TEST DATA FOR 

78H107 



TEST MO. 78H107 

P i s t o n  Mass 9 . 9  kq 

S t r o k e  10.2 cm 

Pressu re  241 kPa 

Padding d e s c r i p t i o n  2 .54  cm ensol  i t e ,  2.54 cm s ty ro foam 

Pho tog raph ic  Coverage 35 mm BW s l i d e ,  P o l a r o i d  se t -up ,  3000 fps  c o l o r  

movies 

F i x a t i o n  d e s c r i p t i o n  Feet  r i g i d l y  b locked,  c r o t c h  b l o c k ,  t o r s o  taped 

% Sku1  1 Area Below Impac to r  A x i s  72% 

Approximate C e r v i c a l  Sp ine  Radius o f  Cu rva tu re  74 

Damage: Complete f r a c t u r e  f rom body o f  C j  & C4  l e f t  t r ansve rse  processes,  

c h i n  f r a c t u r e  o f  s ~ i n o u s  process o f  C5, C6, C,, T2. 





FILM COORDINATES COMPUTED RESULTANTS 

X(P-A) Z(I-S) ANGLE 
(cm) (deg) 

POS V E t  ACC 



FILM COORDWATES 

X(P-A) Z(I-S) ANGLE 

COMPUTED RESULTANTS 

POS 
(cm) 

VEL 
(m/4 

ACC 
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APPENDIX 9.2.8 

TEST DATA FOR 

78H108 



TEST NO. 78H108 

P i s t o n  Mass 9 .9  kg. 

S t roke  10.2 cm 

Pressure  207 kPa 

Padding d e s c r i p t i o n  2.54 cm ensol i t e ,  2.54 cm s ty ro foam 

Photograph ic  Coverage 35 mm BW s l i d e ,  P o l a r o i d  se t -up ,  3000 fps  c o l o r  

movies 

F i x a t i o n  d e s c r i p t i o n  Feet r i g i d l y  b locked,  c r o t c h  b l o c k ,  t o r s o  taped 

down 

% S k u l l  Area Below Impactor  A x i s  52 7: 

Approximate C e r v i c a l  Sp ine  Radius o f  Curvature  13 cm 

Damage: Comnlete f r a c t u r e  o f  spinous process o f  C 1 ,  TI, T2 through 
arches, f r a c t u r e  o f  t i p  o f  spinous process o f  C 3 ,  C4,  C,. 





APR 18/78 09123t11 S = 4  4 4 RUN ID: 781-11 08 
l 1 1 1 1 i 1 1 1 1 l 1 1 1 1 ' 1 1 1 1 l 1 1 1 1 ~ 1 1 " ~ 1 1 1 ~ ' 1 1 1 1 ~ 1 ' 1 " 1 1 1 1 ~ 1 1  

Impactor  ! / lot ion versus Time 



Head Motion vs. Time 





APPENDIX 9.2.9 

TEST DATA FOR 

78H109 



TEST NO. 78H109 

P i s t o n  Mass 9 .9  kg 

S t r o k e  

P ressu re  172 kPa 

Padding d e s c r i p t i o n  7.54 cm ~ n q n 1 i t . e :  7 . 5 4  rrn It-m 

Pho tog raph ic  Coverage 35 mm BW s l i d e ,  P n l a r n i d  s&,-II?~ 3nnn f n q  

c o l o r  movies 

F i x a t i o n  d e s c r i p t i o n  Feet  r i  q i d l  v b locked.  c r o t c h  b l o c k .  t o r s o  taped 

down. 

% S k u l l  Area Below Impac to r  A x i s  NA 

Approximate C e r v i c a l  Sp ine  Radius o f  Cu rva tu re  NA 

Damage: Spinous processes o f  C,, TI f r a c t u r e d ,  R t .  and 1 t. t r a n s v e r s e  

process o f  TI f r a c t u r e d ,  r t .  t r a n s v e r s e  process C7 crushed.  
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RPR 18/78 09124a57 S= 4 4 4 RUN ID: 78H109 
l 1 1 1 1 ' 1 1 1 1 l 1 1 1 1 ' 1 1 1 1 l 1 1 1 b 1 1 b 1 1 l 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 ' 1 1 b 1 ~ ' 1  

0 10 20 30 40 50 ms 

Impactor Motion versus Time 



FLLM COORDINATES 

X(P-A) Z(I-S) ANGLE 

COMPUTED RESULTANTS 

POS VEL ACC 





APPENDIX 9.2.10 

TEST DATA FOR 

78H110 



TEST NO. 

Piston Mass 9 . 9  k q  

Stroke 

Pressure 138 k P a  

Padding description 2.54 cm ensol i t e ,  2.54 cm st,yrofoam 

Photographic Coverage 35 mrn BW s l i d e ,  Polaroid set-up, 3000 fps color 

movies 

Fixation description Feet r igidly blocked, crotch blocked, torso 

taoed down. 
--- -- 

% Skull Area Below Impactor Axis 76% 

Approximate Cervical Spine Radius of Curvature 38 cm 

Damage: (Swan neck) soinous processes o f  C4, C5, C6 fractured, trans- 

verse process of C 5  f ractured,  body of C5 crushed on r ight  side.  
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fiPf? 18/78 09826816 S= 4 4 4 RUN ID: 78H110 

Impactor Motion versus  Time 



WR 03/78 10d9108 S- 4 4 4 RUN ID:  78H110 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 ' ~ 1 1 1 1 1 1 1  

Head Motion vs. Time 





APPENDIX 9.2.1 1 

TEST DATA FOR 

78Hlll 



TEST NO. 78H111 

P i s t o n  Mass 9 . 9  ka  

S t r o k e  1 0 . 2  cm 

P r e s s u r e  131 kPa 

Padding d e s c r i p t i o n  2 .54  cm enso l  i t e ,  2 .54  cm s tv ro foam 

P h o t o g r a p h i c  Coverage 35 rnm BW s l i d e ,  P o l a r o i d  s e t - u p ,  3000 f ~ s  c o l o r  

F i x a t i o n  d e s c r i p t i o n  Fee t  r i g i d l y  b locked ,  c r o t c h  b l o c k ,  t o r s o  

% Sku11 Area Below Impactor  Axis 75% 

Approximate C e r v i c a l  S p i n e  Radius o f  C u r v a t u r e  12 crn 

Damage: F r a c t u r e  o f  t i p s  o f  sp inous  p roces se s  o f  C 3 ,  C q Y  C5. 





FILM COORDINATES COMPUTED RESULTANTS 

X(P-A) Z(I-S) ANGLE POS 
(cm> 

VEL 
(m/s> 

ACC 
(9) 



APR 03/78 10108t16 S= 4 4 4 

Head Motion vs. Time 





APPENDIX 9.3 

BONE ASH AND T E N S I L E  STRENGTH 

DETERMI NATION PROCEDURES 



9.3.1 Bone As h i  ng Procedures 

Methods o f  procedure -- 
1.  Wet we igh t  d e t e r m i n a t i o n  -- weigh sample a f t e r  b l o t t i n g  w i t h  

absorbent  paper. 

2 .  Freeze d r y i n g  -- f r e e z e  d r y  t h e  sample f o r  a t  l e a s t  36 hours 

and r e c o r d  t h e  we igh t .  

3. Oven d r y i n g  --  Oven d r y  t h e  sample a t  75OC f o r  a t  l e a s t  

48 hours and u n t i l  sample reaches a  cons tan t  we igh t .  Th i s  

i s  t h e  d r y  m a t t e r  we igh t .  

4. Ash t h e  sample i n  a  m u f f l e  a t  700°C f o r  more than 72 hours un- 

t i l  a  cons tan t  i s  reached and t h a t  a l l  t h e  res idues  t u r n  w h i t i s h .  

T h i s  i s  t h e  t o t a l  ash we igh t .  

5. C a l c u l a t i o n s :  

a. % wet we igh t  = (rng ash wt./mg wet  sample w t )  x 100% 

b. % d r y  we igh t  = (mg ash wt./mg d r y  sample w t )  x 100% 

9.3.2 T e n s i l e  T e s t i n g  - Two to.  f o u r  t e n s i l e  specimens as shown 

i n  F igu re  A  were f a b r i c a t e d  f rom each p i e c e  o f  femur. The number o f  

specimens which c o u l d  be o b t a i n e d  f rom each femur depended upon t h e  

d iameter  o f  t h e  i n i t i a l  p iece ,  t h e  degree o f  os teoporos i s ,  and t h e  

r a t i o  o f  compact t o  cance l l ous  bone. A l l  specimens were machined w h i l e  

be ing  c o n t i n u o u s l y  we t ted  w i t h  a  normal s a l i n e  s o l u t i o n  i n  o r d e r  t o  

p r e v e n t  specimen d e t e r i o r a t i o n  f rom e i t h e r  excess ive  h e a t  o r  d r y i n g  . 
A f t e r  machin ing,  each specimen was s t o r e d  i n  a  c o n t a i n e r  o f  normal s a l i n e  

a t  -10°C u n t i l  t h e  t ime  o f  t e s t .  

P r i o r  t o  t e s t i n g ,  a l l  specimens were a l l owed  t o  e q u i l i b r a t e  i n  a  

c o n t a i n e r  o f  normal s a l i n e  a t  room temperature f o r  one hou r .  T e s t i n g  

was performed on an I n s t r o n  Type C f l o o r  model t e s t i n g  machine. The 

l o a d  was mon i to red  w i t h  a  Lebow 3000 1b c a p a c i t y  tens ion /compress ion  

l o a d  c e l l .  An e s t i m a t e  o f  s t r a i n  was o b t a i n e d  by measuring c ross -  

head d isp lacement  u s i n g  a  Schaevi t z  1000 H R  LVDT. Load and d isp lacement  

were recorded on a  Honeywell 740 x-y p l o t t e r .  Load was conve r ted  

t o  s t r e s s  by d i v i d i n g  by t h e  c r o s s - s e c t i o n a l  area o f  t h e  reduced mid- 

s e c t i o n  o f  t h e  specimen. Displacement was conver ted  t o  s t r a i n  by 



dividing by the gage length. 

Gripping of the specimens was accomplished by 3/16 inch diameter 

pins which were passed through holes in the enlarged tab areas of the 

specimen. Specimen fa i lu re  occurred i n  the reduced area in a l l  cases. 

A1 1 test ing was done with the specimen wrapped in a moist gauze pad to 

insure t h a t  no drying t o o k  place. The test ing was performed a t  cross- 

head ra te  of 0 .02  in/min. 





APPENDIX 9 .4  

SL I DE CATALOG 



9.4 S l i d e  C a t a l o ~  

Test  77H101 /Cadaver 2081 7 

S l i d e  1  - Pre-Test  AP x- ray  

S l i d e  2  - Pre-Test  LR x- ray  

S l i d e  3 - Post-Test  AP x - ray  

S l i d e  4 - Post  Test  LR x - ray  

Test  77H1021Cadaver 20827 

S l i d e  5 - Pre-Test  AP x - ray  

S l i d e  6  - Pre-Test  RL x - ray  

S l  i d e  7  - Post-Test  AP x - ray  

S l  i d e  8  - Post-Test  RL x - ray  

Test  77H103/Cadaver 20824 

S l i d e  9 - Pre-Test  AP x- ray  

S l i d e  10 - Pre-Test  RL x - ray  

S l i d e  11 - Pos t - T e s t  AP x - ray  

S l i d e  12 - Post -Test  RL x - r a y  

Test  77H104/Cadaver 20869 

S l i d e  13 - Post -Test  AP x - ray  

S l i d e  14 - Post  Tes t  RL x - ray  

S l i d e  1 5  - Post -Test  LR X-ray 

Test  77H105/Cadaver 20881 

S l i d e  16 - Pre-Test  AP x - ray  

S l  i de 17 - Pre-Tes t LR x - ray  

S l i d e  18 - Post-Test  AP x - ray  

S l i d e  19 - Post  Tes t  LR x- ray  

S l i d e  20 - I n  Test  P o s i t i o n  x - ray  

Test  77H106/Cadaver 20896 

S l i d e  21 - Pre-Test  AP x - ray  

S l i d e  22 - Pre-Test  LR x - ray  

S l  i d e  23 - Post-Test  AP x - ray  

S l i d e  24 - Post -Test  Ob l ique x- ray  

S l i d e  25  - In -Tes t  P o s i t i o n  x - ray  



Test 78H107/Cadaver 20901 
Slide 26 - Pre-Test AP x-ray 

Slide 27 - Pre-Test L R  x-ray 

Sl i de 28 - Post-Test AP x-ray 

Slide 29 - Post-Test RL x-ray 

Slide 30 - I n  Test Position x-ray 

Test 78H108/Cadaver 20904 

Slide 31 - Pre-Test AP x-ray 

Slide 32 - Pre-Test L R  x-ray 

Slide 33 - Post-Test AP x-ray 

Slide 34 - Post Test RL x-ray 

Slide 35 - In Test Position x-ray 

Test 78H109/Cadaver 20922 

Slide 36 - Pre-Test AP x-ray 

Slide 37 - Pre-Test RL x-ray 

Test 78H11 O /  Cadaver 20921 

Sl ide 38 - Pre-Test AP x-ray 

Slide 39 - Pre-Test L R  x-ray 

Slide 40 - Post-Test AP x-ray 

Slide 41 - In Test Position x-ray 

Test 78H111 /Cadaver 20941 
Slide 42 - Pre-Test AP x-ray 

Slide 43 - Pre-Test L R  x-ray 

Slide 44 - Post Test AP x-ray 

Slide 45 - Post Test RL x-ray 

Slide 46 - I n  Test Position x-ray 

Slide 47 - Test 77H101 

Slide 48 - Test 77H102 

Slide 49 - Test 77H103 

Slide 50 - Test 77H106 
Slide 51 - Test 78H107 

Slide 52 - Test 78H108 

Slide 53 - Test 78H109 

Slide 54 - Test 78Hlll 

Test Set-up Photograph 

Test Set-up Photograph 

Test Set-up Photograph 
Test Set-up Photograph 
Test Set-up Photograph 

Test Set-up Photograph 

Test Set-up Photograph 

Test Set-Up Photograph 








