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T h i s  r e p o r t  desc r ibes  t h e  work per formed f o r  t h e  N a t i o n a l  Highway T r a f f i c  

Sa fe ty  A d m i n i s t r a t i o n  under C o n t r a c t  140. DOT-HS-031-2-382, e n t i t l e d ,  "Door 

Crashwor th iness  C r i t e r i a . "  

I n  t h e  per formance o f  t h i s  s tudy ,  t h e  C o n t r a c t o r  was r e q u i r e d  t o  

pe r fo rm t h e  f o l l o w i n g  t a s k s  w i t h i n  t h e  l i m i t s  o f  t ime  and funds a v a i l a b l e :  

1. The C o n t r a c t o r  s h a l l  p e r f o r m  w i t h  y i e l d i n g  and padded su r faces  s i d e  

impac ts  t o  t h e  heads o f  sub-human p r ima tes  and t o  human cadavers so t h a t  t h e  

d a t a  g e n e r a t e d  w i l l  v a l i d a t e  a  human t o l e r a n c e  curve f o r  those impacts  whose 

d u r a t i o n  exceeds t e n  mi 11 i seconds, 

2. The C o n t r a c t o r  s h a l l  p e r f o r m  s i d e  impacts  t o  t h e  t o r s o s  o f  sub- 

human p r i m a t e s  and t o  human cadavers so t h a t  t h e  data  genera ted w i l l  p e r m i t  

t h e  development and v a l i d a t i o n  o f  a  s u i t a b l e  mechanical model t h a t  w i l l  s i g -  

n i f i c a n t l y  improve t h e  accuracy o f  e x t r a p o l a t i n g  t h i s  da ta  t o  humans. The 

end p r o d u c t s  w i l l  be  a p p r o p r i a t e  and v a l i d a t e d  human t o l e r a n c e  curves f o r  

v a r i o u s  t y p e s  o f  s i d e  impacts  t o  t h e  t o r s o  t h a t  wou ld  be expected t o  occur  

i n  s i d e  impac ts  t o  motor  v e h i c l e s .  

1 . I  SIDE IMPACTS I i J  HIGHWAY SAFETY 

The N a t i o n a l  Safe ty  Counc i l  and t h e  Bureau of P u b l i c  Roads' s t a t i s t i c s  

on a u t o  a c c i d e n t s  i n d i c a t e  t h a t  i n  t h e  U n i t e d  S ta tes  6,000 peop le  d i e  eve ry  

y e a r  f r o m  i n j u r i e s  s u s t a i n e d  i n  s i d e  c o l l i s i o n s  (Green, 1973). Acco rd ing  

t o  t h e  Au tomot i ve  Crash I n j u r y  Research (ACIR) p r o j e c t  a t  Calspan (1967),  

s i d e  c o l l i s i o n s  accounted f o r  13.3% o f  a1 1  i n j u r y  p roduc ing  acc iden ts ,  b u t  

were r e s p o n s i b l e  f o r  18.5% o f  t h e  dangerous o r  f a t a l  i n j u r i e s  (Green, 1973). 

These f a c t s  c l e a r l y  demonstrate t h e  need f o r  thorough research  i n t o  a l l  aspects  

o f  s i d e  c o l l i s i o n s .  



1.2 CURRENT RESEARCH KNOWLEDGE 

There i s  a  c o n s i d e r a b l e  l a c k  o f  f a c t u a l  knowledge i n v o l v i n g  human 

response t o  l a t e r a l  (+G ) a c c e l e r a t i o n  fo rces .  A l a r g e  number o f  s t u d i e s  
Y  

have been made on impac t  t o l e r a n c e  i n v o l v i n g  v e r t i c a l ,  f o r w a r d  o r  rea rward  

a c c e l e r a t i o n s  b u t  r e l a t i v e l y  few have been conducted f o r  1  a t e r a l  a c c e l e r a t i o n s .  

Most o f  t hese  s t u d i e s  used r e s t r a i n t  systems which were c o n s i d e r a b l y  d i f f e r e n t  

f r o m  t h o s e  p r o v i d e d  i n  t o d a y ' s  automobi les .  

T e s t s  u t i l i z i n g  baboons as s u b j e c t s  (Snyder, e t .  a l e ,  1967) r e s u l t e d  

i n  f i n d i n g s  wh ich  i n d i c a t e  t h a t  a t  e v e r y  l e v e l  o f  impac t  s t u d i e d  (15 t o  44 G) 

t h e r e  were s i g n i f i c a n t l y  g r e a t e r  i n j u r i e s  i n  l a t e r a l  impacts  t h a n  i n  f o r w a r d  

impacts .  These t e s t s ,  u n l i k e  t h e  e a r l i e r  ones conducted w i t h  bears  (C la rke ,  

1962), chimpanzees (Stapp, 1952, 1955), and Rhesus monkeys (Robinson, 1963),  

were conducted w i t h  t h e  min imal  r e s t r a i n t  o f  a  l a p  b e l t  and t h e i r  r e s u l t s  

may have g r e a t e r  s i g n i f i c a n c e  t o  t h e  l a p  be1 t e d  human au tomob i le  occupant.  

F i v e  an ima ls  r e c e i v e d  r u p t u r e d  b l a d d e r s ,  con tus ions ,  t e a r s ,  l a c e r a t i o n s  o r  

c o m p l e t e l y  severed u te ruses .  The r u p t u r e d  b l a d d e r s  were r e p o r t e d  i n  t h e  

l a t e r a l  impac t  cases o n l y .  I n  a d d i t i o n ,  t h r e e  o f  t h e  l a t e r a l  impac ts  

caused c e r v i c a l  f r a c t u r e s  and a  complete a t 1  a n t o - o c c i p i  t a l  s e p a r a t i o n  and 

t r a n s e c t i o n  of  t h e  s p i n a l  c h o r d  occu red  i n  one 30 G impact .  A  v e r y  s i g -  

n i f i c a n t ,  t hough  q u i t e  unexpected,  f i n d i n g  was t h a t  o f  p a n c r e a t i c  hemorrhage i n  

a l l  l a t e r a l  cases au tops ied .  Subsequent i n v e s t i g a t i o n s  were conducted on 

baboon s u b j e c t s  exposed t o  l a t e r a l  impac t  w e a r i n g  3 p o i n t ,  Y-yoke, o r  a  

European t y p e  upper  t o r s o  s i n g l e  d iagona l  b e l t  (Snyder, e t .  a l . ,  1968b, 1967a). 

Human v o l u n t e e r  l a t e r a l  impac t  t e s t s  have been conducted by C l a r k e  (1963),  

h'eiss (19631, Chand ler  (19661, Reader (19671, and Payne (1961). They used v a r i o u s  

s o p h i s t i c a t e d  r e s t r a i n t  systems and r e p o r t  no i n j u r i e s  f o r  s l e d  a c c e l e r a t i o n s  

up t o  18.7 G's. 



There apparently has been only one published study involving impact 

tolerances of the human while res t ra ined  by lap b e l t  only. In 1963, 

Zaborowski , Rothstei n ,  and Brown pub1 ished the f i r s t  medical inves t iga t ion  

of humans ( r e s t r a ined  by lap be1 t only) in l a t e r a l  impacts. These impacts 

had t o  be discontinued a t  9 G (with impact durations of 0.1 sec)  due " t o  

subjec t  discomfort with prolonged s t i f f n e s s  and soreness in the neck muscula- 

t u r e , "  F i f t y  percent of the subjec ts  complained of physical discomfort a t  

6 G. 

A more recent  study of more than 100 l a t e r a l  impacts a t  9.2 t o  10.0 

s led  G (12  t o  14 ches t  G )  i s  s t i l l  unpublished (Sonntag, 1966). One 

subjec t  fa in ted  and another subject  received severe neck muscle s t r a i n .  In 

o the r  t e s t s  of human volunteer tolerance in s i d t  impact, from 18 t o  92' 

body or ienta t ion  (from the forward facing pos i t ion ) ,  Beeding (1958) has reported 

e f f e c t s  of ches t  pains,  headaches up  t o  18 hours, br ie f  d i so r i en ta t ion ,  or  

d i f f i c u l t  breathing,  a s ing le  case of mild ischemia, hyoid d i s loca t ion ,  shock, 

and albuminucia. In another t e s t ,  zero blood pressure was recorded im- 

mediately post run in one subject .  

The physiological e f f e c t s  of l a t e r a l  impact as  found from both human 

and animal impact tolerance research s tudies  have been summarized by Eiband 

(1965), Snyder (1966, 1969b) and by Stapp (1968, 1969). Results t o  date 

indica te  t h a t  the human body i s  l e s s  to l e ran t  t o  iG accelera t ive  forces than 
Y 

t o  e i t h e r  ?G, or  iG, accelera t ions .  

In 1971, a coordinated e f f o r t  t o  determine human tolerance t o  l a t e r a l  

impact was undertaken a t  the Highway Safety Research I n s t i t u t e  of The University 

of Michigan. That study, e n t i t l e d  "Door Crashworthiness C r i t e r i a , "  (Stalnaker 

and McElhaney, 1971) was the immediate predecessor of the present study. 



Th is  e a r l i e r  s tudy cons is ted  of 45 s h o r t  d u r a t i o n  s ide  head impacts, 13 

impacts t o  the  upper abdomen, 7 t o  t l i e  t h o r a x  and 15 whole body impacts. 

A l l  sub jec ts  were l i v i n g  infra-human p r i m t e s .  One human cadaver s i de  head 

impact was a l s o  conducted. A l l  impacts were conducted under cond i t i ons  

s p e c i f i c a l l y  designed t o  s imu la te  those of an automobi le s i de  c o l l i s i o n .  

In con junc t i on  w i t h  t h e  above ment ioned impact  s tud ies ,  a  q u a n t i t a t i v e  

model f o r  s i de  head impacts was developed. Parameters were determined so 

t h a t  s i d e  head impacts t o  infra-human p r i r a t e s  c o u l d  be sca led t o  analogous 

impacts t o  l i v i n g  humans. 

The p resen t  s tudy i nco rpo ra tes  most o f  t h e  da ta  o f  the  e a r l i e r  study. 

I n  a d d i t i o n ,  s i d e  head impacts were conducted on human cadavers and on l i v i n g  

infra-human pr imates.  The cadaver impacts were coord ina ted  w i t h  t he  animal 

impacts so t h a t  the  combined data cou ld  be used t o  c o n s t r u c t  a  m a t r i x  which 

would represen t  t he  behav ior  o f  a  l i v i n g  human i n  a  s i d e  head impact. Th i s  

was accomplish'ed by combining t h e  mechanical response i n f o rma t i on  f rom the  

cadaver impacts w i t h  t h e  p h y s i o l o g i c a l  response i n f o r m a t i o n  f rom the  animal 

impacts. 

The response o f  the infra-human p r i r a t e s  t o  head impacts i s  ve ry  s i m i l a r  

t o  t h a t  o f  a  l i v i n g  human. The impor tan t  d i f f e rences  a re  ev i den t  i n  t he  

mechanical behav ior  o f  t h e  system s t u d i e d  and a r i s e  f rom d i f f e r e n c e s  i n  

s i z e  and p r o p o r t i o n  o f  t he  sub jec ts .  The human cadaver s i de  impacts a re  used t o  

p rov ide  accurate  i n f o rma t i on  about t he  mechanical behav io r  o f  t he  l i v i n g  human. 

The f i r s t  &or  crashworthiness s tudy d i d  n o t  p rov i de  s u f f i c i e n t  

data f o r  ana l ys i s  o f  problems i n  t he  f o l l o w i n g  areas: l ong  d u r a t i o n  head 

impacts, impacts t o  t he  tho rax ,  and impacts t o  t he  lower  abdomen. Th is  study 

complements t he  p rev ious  one by p r o v i d i n g  da ta  i n  t h e  above mentioned areas. 



2.0 EXPERIMEIjTAL STUDIES 

2.1 INTRODUCTION 

During the  contract  FH-11-7288, 1971, "Door Crashworthiness Cr i t e r i a , "  

a substant i  a1 amount of experimental injury data was generated. Accident 

data f o r  motor vehicles involved in side impacts indicate tha t  most occupant deaths 

were due a t  l e a s t  in pa r t ,  t o  head in jur ies  suffered when the head struck 

windows, door p i l l a r s ,  and other r ig id  objects. Therefore, most of t h i s  data 

was generated by impacts t o  the head of short  duration against unyielding 

surfaces,  This data was extrapolated t o  man by use of dimensional analysis 

and the theory of modeling. These resu l t s  were then presented as  tolerance 

curves generated by the  Maximum Strain Criterion (MSC) for  head injury. 

The to r so  side impact in ju r ies  were produced by a blunt wedge shaped 

impactor simulating an arm r e s t ,  and a large f l a t  impactor t ha t  contacted 

the animal over the whole torso.  The resu l t s  of the blunt wedge impacts 

were presented as curves of the average peak contact pressure (computed by 

dividing the  peak impactor force by the maximum projected impactor contact 

area a t  maximum penetrat ion) and impactor velocity versus the injury 

levels .  I t  should be noted that  the slopes of these curves were small, 

indicat ing t h a t  only small changes in e i t he r  contact pressure or impactor 

velocity great ly  changed the injury level .  The depth of penetration of the 

impactor was a l so  found t o  be an important variable in determining tolerance 

level s .  

Dimensional analysis of this data did not produce an ident i f iable  

pat tern  fo r  torso  injury c r i t e r i a  owing t o  the lack of a sui table  torso 

injury model. In the present experimental study, the data base was expanded 

f o r  the head injury c r i t e r ion  and the torso. 



2.2 EXPERIMEfITAL METHODS 

F i v e  p r ima tes  (F i gu re  1 )  were cons idered f o r  these t e s t s :  

1. S a i m i r i  s c i u r i u s  s q u i r r e l  monkey [SM] 

2. Macaca m u l a t t a  Rhesus monkey [RIi] 

3. Pap io  cynocephalus baboon [BA] 

4. Pan s a t y r u s  chimpanzee [CHI 

5. Homo sapiens man (cadaver [MA] 

Baboons were n o t  used i n  t he  s i d e  head impact expei4iments i n  e i t h e r  t h i s  

s t udy  o r  t h e  1971 "Door Crashworthiness C r i t e r i a "  (DCC)  r e p o r t  because o f  

l a r g e  d i f f e r e n c e s  i n  t h e  shape and the  dynamic response o f  human and baboon 

heads. A l l  t h e  o t h e r  species used i n  the  head impact s tudy f i t  t h e  human 

Maximum S t r a i n  C r i t e r i o n  head model developed by S ta lnaker  and FilcEl haney 

(1970, 1971). Chimpanzees were n o t  used i n  t he  t o r s o  impact t e s t s  because of 

t h e i  r unavai  1 a b i  1 i ty  i n  l a r g e  numbers. 

A l l  t e s t  an imals  were housed i n  the  Biomedical  Labora to ry  V ivar ium i n  the  

Highway Safety  Research I n s t i t u t e  f o r  a minimum o f  two days. Dur ing t h i s  

t i m e  t h e  an imals  were examined and t h e i r  phys i ca l  c o n d i t i o n  recorded, Th i s  

pre- impact  p h y s i c a l  c o n d i t i o n  was used as t he  bas i s  f o r  comparison w i t h  t h e  

pos t - impac t  c o n d i t i o n  t o  eva lua te  t he  e x t e n t  o f  i n j u r y .  

The animal t o  be t e s t e d  was anes the t i zed  w i t h  30 mg/kg o f  Ve ta l a r  [ d l  

2- (0-chloropheny1)-2- (methyl amino) cyclollexanone t lydrochl  o r i  de)] .  Th is  drug 

i s  a r a p i  d - a c t i n g  genera l  anes the t i c  which produces a s t a t e  cha rac te r i zed  by 

p ro found  ana lges ia ,  normal pharyngeal - laryngeal  r e f l e x e s  and normal o r  s l i g h t l y  

enhanced s k e l e t a l  muscle tone. With t h i s  drug t he  p o s t  impact s t a t e  o f  consciousness 

can be determined. The good muscle tone p rov i ded  by t h i s  drug made t he  t e s t  

c o n d i d t i  ons more r e a l i s t i c  and rep resen ta t i ve  o f  t h e  responses o f  the  

a l e r t  animal . 





The radiographic laboratory, vivarium, i-pact faci 1 i ty ,  operating room 

and the ,autopsy room are a1 1 in close proximity in the biomedical, laboratory. 

This arrangement made i t  very convenient t o  ro:,e the animal from one area t o  

another throughout the t e s t  sequence. A hospital type Picker radiographic 

unit with a capacity of 300 MA and 140 KvP was available for radiographic uses. 

The animal was ful ly  anesthetized, shaved and targeted for high speed 

photographic analysis. The animal was then taken to  the impact room where 

respiratory rate and reflex s ta te  were recorded. Complete anthropometric 

measurements were taken for  each t e s t  animal. The t e s t  animal was seated 

for the impact t e s t s  on a bench type seat and supported by surgical thread 

through the ears. This method of support makes the animal essentially a free 

body. I t  was found  t o  provide reproducible resul ts  and eliminated the 

complicated boundary conditions of a restraint  seat or sling. 

All impacts were carried o u t  by a pneumatically operated testing machine 

specially constructed for impact studies. The machine consists of an a i r  

reservoir and a ground and honed cylinder with two carefully f i t t ed  pistons. 

The transfer piston i s  propelled by compressed a i r  through the cylinder 

and transfers i t s  momentum t o  the impact piston. A s t r iker  plate attached 

to the impact piston travels a distance of three t o  six inches a n d  an inversion 

tube absorbs the energy of the impact piston a n d  halts i t s  movement a f te r  impact. 

The stroke of the impactor was precisely controlled by i t s  i n i t i a l  

position, and i t s  velocity was controlled by the reservoir pressure. The 

impactor was instrumented with an accelerometer a n d  a n  inertia-compensated 

force transducer. High speed motion pictures (3230 fps) were taken for 

photometric analysis (Figure 2 ) .  





Fresh, unembalmed cadavers obtained from tbe Anatomy Department of The 

University of Michigan Medical School were used in  t h i s  study. Each cadaver 

was stored a t  37' F fo r  one t o  seven days betkle2n time of death and impact. 

The specimens were then transported t o  tiSRI and 3llowed t o  reach room temperature 

before t e s t ing .  These procedures insured t ha t  the e f f ec t s  of r igor mortis 

had disappeared and t ha t  the blood was again f l u id .  

2.2.1 Padded tiead Impacts 

2.2.1.1 Sub-human Primate Head Impact Study 

A Wilcoxon biaxial accelerometer was used t o  record head accelerat ions 

f o r  the sub-human primate study. The accelerore ters  were glued to  the skull  

with Eastman-910 a t  a point d i r ec t l y  opposite the point of impact (Figure 3 ) .  

Based on the MSC tolerance- curves obtained in the 1971 DCC report ,  a 

se r ies  of long duration head impacts was conducted. The shor tes t  pulse durations 

in the constant accelerat ion portion of the MSC curve were selected as the 

desired pulse duration fo r  t h i s  s e t  of head i rqac t s .  These are indicated by 

a t r i ang le  a t  the appropriate point on each curve in Figure 4. 

The pulse duration was controlled by using d i f fe ren t  kinds of padding 

on the impactor. Polystyrene ce l l u l a r  p l a s t i c s  of three material densi t ies  

(1.0, 3 . 4  and 1 .2  pounds per cubic foot)  were used as padding. Different 

levels  of injury were obtained by varying the i r ? ac t  velocity fo r  a pa r t i cu la r  

pulse duration. 

The t e s t  animal was placed with i t s  head a predetermined distance from 

the impactor so as t o  allow f o r  the  proper crush distance of the padding 

material without overextending the neck during inpact (Figure 5 ) .  The weight 

of the impactor used in t h i s  study was 22 pounds, approximately f ive  times 

the head weight of the larges t  monkey used. This was designed t o  insure 



FIGURE 3. ACCELEROMETER MOUTING FOR HEAD IMPACTS 
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tha t  the impactor did n o t  slow down s ignif icant ly  when i t  struck the primate's 

head. The f o r c e  time plots  and acceleration-time plots  were recorded on a 

l igh t  beam oscillograph. The high speed movies of each t e s t  were analyzed 

and processed on a Vanguard film analyzer. Computer assisted di f ferent ia t ion 

and smoothing techniques were used t o  determine the angular velocity and 

accelerat ion of each head impact. 

2.2.1.2 Human Cadaver Head Impact Study 

The point of impact was the l e f t  temporal region, two inches superior 

t o  the external acoustic meatus. Photographic targets  f o r  L-R head impacts 

were secured t o  the supra-orbital ridge, two inches on e i t he r  side of the 

glabella (i . e . ,  two inches e i t he r  side of the mid-sagi t t a l  plane). 

A biaxial accelerometer was mounted on a screw, which was driven in to  

the skull a t  a point d i rec t ly  opposite the point '  of impact. Care was taken 

so t ha t  the accelerometer axes were normal and paral lel  to  the impacting 

surface,  not t o  the skull (Figure 6 ) .  The class 1000 frequency response value 

was used fo r  a l l  head accelerat ions as recommended by 5211. 

After being targeted and equipped with accelerometers, the cadaver was 

placed in a chai r ,  which was modified for  t h i s  impact study. All surfaces 

the cadaver could come in contact with in i t s  post-impact movements were 

thickly padded with styrofoam t o  prevent damage t o  the cadaver. A special 

foam apparatus was employed t o  absorb the energy of the head and t o  protect 

the accelerometers from damage. 

The cadaver was carefully positioned so tha t  i t s  head was in the correct  

position re la t ive  t o  the impactor and a t  the same time the whole cadaver was 

allowed t o  ac t  as a f ree  body. The head was suspended and held in place by 
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surgical thread. This thread supported :?ly the weight of the  head and 

broke eas i ly  on impact (Figure 7 ) .  The '-?acts were carried out in the HSRI 

Impact Fac i l i ty  described in the animal r e s t  set-up section of t h i s  repor t .  

The same polystyrene p l a s t i c  mater ' t ls  used in the animal study were used 

in the cadaver study t o  obtain a wide rar,se of pulse durations. The impact 

velocity as  well as the polystyrene materials  were varied t o  give a wide 

range and combination of accelerat ions acd pulse duration impacts. Pulse 

durations of up  to  20 msec were needed t o  r,ake these human head impacts 
- 

comparabl e t o  those of the monkeys. 

2 . 2 . 2  Torso Impacts 

The thorax and abdominal body areas were divided in to  three major 

impact regions. Region I consisted of the thorax as located between the jugular 

notch of the sternum and the diaphragm. ?egion I1 was defined as including 

the area between the diaphragm ( 9 t h  r i b )  2 n d  a horizontal plane t rans is t ing 

the abdomen along the in fe r io r  margin of ihe l i v e r  and stomach, and located 

approximately 1-3 cm superior t o  the u r b i l  icus on the surface. Region I11 

included the en t i r e  thorax and abdominal area ,  from the jugular notch t o  the 

i l i a c  c r e s t .  All body impacts t o  Region I were carried out midway between 

the superior mediastinum a n d  the diaphrag-.. A1 1 impacts were 

carried out with the axis  of the impact07 i n  the transverse plane. 

Impacts t o  Region I11 included a l l  of R2;jon 111. All of these points were 

located as accurately as possible on sub-hman primates before each t e s t .  

The body regions are i l l u s t r a t ed  f o r  the l e f t  and r ight  side views in Figures 

8 and 9.  

All impacts made t o  Regions I and I 1  used a 22-pound impactor with a 

scaled arm r e s t  fo r  contacting surface. This contacting surface was made from a 
3 9 l b / f t  h i g h  density polyethylene foam to d i s t r ibu te  the contact load. The 
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FIGURE 7. H U M A N  CADAVER SIDE HEAD IMPACT (PADDED) SET- U P .  
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s c a l e d  arm r e s t  was r e p l a c e d  by  a  s c a l e d  f l a t  r i g i d  p l a t e  f o r  a l l  impacts  

t o  Region 111. 

2.2.2.1 Sub-Human Pr imate  Impacts 

The an imals  were p o s i t i o n e d  t o  l i m i t  t h e  depth  o f  p e n e t r a t i o n  between 

35% and 60% o f  body w id th ,  and a  one- foo t  t h i c k  s o f t  foam pad was ar ranged 

t o  p r e v e n t  i n j u r y  a f t e r  impact .  

The same t e s t i n g  procedure  was used f o r  each t e s t  sequence. The animal  

was impacted on t h e  r i g h t  s ide ,  and t h e  i n j u r y  eva luated.  I f  t h e  i n j u r y  was 

n o t  s e r i o u s ,  t hen  t h e  n e x t  animal was impacted a t  a  h i g h e r  v e l o c i t y .  T h i s  

procedure  was c o n t i n u e d  u n t i l  a  s e r i o u s  i n j u r y  was obta ined.  The n e x t  sequence 

o f  impacts  was on t h e  l e f t  s i d e  o f  t h e  r e g i o n  completed ( F i g u r e  10) .  

The e n g i n e e r i n g  parameters reco rded  f o r  each t e s t  were f o r c e - t i m e  

h i s t o r i e s  f r o m  an o s c i  1 loscope t r a c e ,  dep th  o f  p e n e t r a t i o n  

from t h e  pho tog raph ic  record, and v e l o c i t y  f r o m  an e l e c t r o n i c  chromometer. 

2.2.2.2 Human Cadaver Impacts 

The cadavers were p o s i t i o n e d  i n  a  h e a v i l y  padded c h a i r  w i t h  no s i d e  

suppor t s .  The t e s t  s u b j e c t  was h e l d  i n  an u p r i g h t  p o s i t i o n  by a  harness 

under  t h e  arms, wh ich  was i n  t u r n  fas tened  t o  a s l  i d i n g  mechanism ove r  t h e  

c h a i r .  T h i s  suppor t  system was found t o  a l l o w  t h e  cadaver t o  behave as a  

f ree  body on impact, and s t i l l  produce r e p e a t a b l e  r e s u l t s  ( F i g u r e  11). A 

2" x 2" t a r g e t  f o r  d e t e r m i n i n g  dep th  o f  p e n e t r a t i o n  was f i x e d  t o  t h e  c a d a v e r ' s  

s i d e  a t .  a  p o i n t  d i r e c t l y  o p p o s i t e  t h e  p o i n t  o f  impact .  A l l  cadaver t h o r a c i c  

impacts were made w i t h  t h e  impac to r  cen te red  ove r  t h e  6 t h  r i b .  

Two t ypes  o f  impac to r  heads were used i n  t h i s  s tudy.  One was a  s i x - i n c h  

d iamete r  r i g i d  f l a t  p l a t e  w i t h  0.5 i n c h  r a d i u s  edges. The o t h e r  head was 

a  s i m u l a t e d  arm r e s t  made f r o m  t h e  p o l y e t h y l e n e  m a t e r i a l  used i n  t h e  animal  

s tudy.  



FIGURE 10. PRIMATE SIDE TORSO IMPACT SET-UP 
(BABOON SHOWN) 





The w e i g h t  o f  t h e  i m p a c t o r  used i n  a l l  t e s t s  was 22 pounds. T h i s  impac to r  

w e i g h t  was found t o  g i v e  a  c o n s t a n t  v e l o c i t y  impac t  up t o  t h r e e  i nches  o f  

p e n e t r a t i o n .  S i x  s i d e  t h o r a c i c  impacts  were made w i t h  each head a t  two 

v e l o c i t i e s .  The d e p t h  o f  p e n e t r a t i o n  was p r e s e t  f o r  any d e s i r e d  va lue  between 

1.8 i n c h e s  and 3.8 inches .  

2.2.3 D i r e c t  Organ Impacts 

The p u r p o s e  o f  t h i s  exper iment  was t o  q u a n t i t a t i v e l y  d e s c r i b e  t h e  r e l a t i o n -  

s h i p  between i m p a c t  parameters  (energy,  organ p e n e t r a t i  on, p ressu re ,  and 

i m p a c t  v e l o c i t y )  and i n j u r y  t o  exposed organs.  The two organs s t u d i e d  were 

t h e  l i v e r  and k i d n e y  because c l i n i c a l  exper ience  i n d i c a t e s  t h a t  t hese  organs 

a r e  most  f r e q u e n t l y  i n j u r e d  i n  s i d e  impacts .  

The o r g a n  t o  be t e s t e d  was s u r g i c a l l y  m o b i l i z e d  i n  an a n e s t h e t i z e d  

Rhesus monkey. The organ was l a i d  o n t o  a  sma l l  l o a d  c e l l  w h i l e  s t i l l  be ing  

p e r f u s e d  b y  t h e  l i v i n g  animal  ( F i g u r e  12 ) .  Load d e f l e c t i o n  curves were 

o b t a i n e d  f o r  each impact .  Impact  v e l o c i t y  and depth  o f  p e n e t r a t i o n  were 

v a r i e d  i n  t u r n  t o  y i e l d  i n j u r i e s  of v a r i o u s  s e v e r i t y  l e v e l s .  

The t e s t i n g  machine used i n  t h i s  s t u d y  t o  p r o v i d e  b o t h  s t a t i c  and 

dynamic t e s t  d a t a  was t h e  P las techon  High-speed t e s t i n g  machine. T h i s  

machine i s  an e l e c t r o h y d r a u l i c  s e r v o - c o n t r o l l e d  u n i t  w i t h  s t a t i c  l o a d  

c a p a c i t i e s  of  3,000 and 12,000 I b s  and a  s t r o k e  o f  11 inches.  The ram v e l o c i t y  

can be v a r i e d  from a  s t a t i c  r a t e  o f  abou t  10 i nches  p e r  minute ,  t o  a  maximum 

s e r v o - c o n t r o l l e d  r a t e  of 12,000 inches  p e r  m inu te  a t  t h e  low l o a d  and 3000 m i l e s  

p e r  m i n u t e  a t  t h e  h i g h e r  l o a d  r a t i n g .  The maximum open loop  r a t e s  a r e  30,000 

and 12,000 i n c h e s  p e r  m inu te  r e s p e c t i v e l y .  

The l o a d  c e l l  used i n  t h e  t e s t s  was a  K i s t l e r  933A P i e z o e l e c t r i c  f o r c e  

l i n k .  T h i s  c e l l  has a  resonan t  f requency  o f  40Wz and compression l o a d  

c a p a c i t y  of 6000 pounds. The ram d isp lacement  was measured by  a P h y s i t e c h  

Gage- I t  O p t i c a l  Extensometer. The r e s u l t i n g  d a t a  was reco rded  on s t o r a g e  
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o s c i l l o s c o p e s  i n  two forms: organ l oad  and ram displacement versus t ime 

and organ l o a d  versus ram displacement.  Photographs of the  osc i  11 oscope t r aces  

were taken as a permanent record.  

2.2.4 T h o r a c i c  Mechanical Impedance 

The d e s i g n  of  p r o t e c t i v e  devices f o r  humans sub jec ted  t o  an impact o r  

a  v i b r a t i o n a l  env i  ronment requ i  res  a  knowledge o f  t h e i r  mechanical behav ior  

i n  such environmnents. Consequently, much e f f o r t  has been devoted t o  t h e  

concept o f  t r e a t i n g  t h e  human body as a  mechanical system and c a t a l o g i n g  the  

system response t o  mechanical energy t r a n s f e r  from the  surrounding environment 

and i t s  d i s t r i b u t i o n  throughout  the  system. 

The o v e r a l l  mechanical response of  man, o r  o f  a  sub-system o f  man, i s  

perhaps b e s t  cha rac te r i zed  by i t s  d r i v i n g  p o i n t  mechanical impedance, de f i ned  

as t h e  r a t i o  o f  d r i v i n g  f o r c e  t o  v e l o c i t y ,  which can be used t o  determine 

t he  energy t r a n s f e r  between environment and man f o r  a  known e x c i t a t i o n .  

Impedance techn iques  thus  have a two - f o l  d  purpose i n  biornechanical response: 

t o  model t h e  body o r  sub-system of the body as a  mechanical system and t o  

min imize energy  t r a n s f e r  i n  the  design o f  i s o l a t i o n  systems. 

Each monkey used i n  t h i s  s tudy Mas anes the t i zed  w i t h  25 mg/kgm I . V .  

of Sodium Pentobarb i  t o l .  A s ix -mi  1  l i m e t e r  c i r c u l a r  ho le  f o r  s q u i r r e l  monkeys, 

a  ten-mi l l i m e t e r  c i r c u l a r  ho le  f o r  Rhesus, and a 1 5 - m i l l i m e t e r  c i r c u l a r  ho le  

f o r  t h e  baboon was c u t  i n  the  t e s t  s u b j e c t ' s  tho rax  between the  4 t h  and 5 t h  

r i b  on t h e  s i d e  t o  be tes ted ,  An adapter  was then a t tached  t o  t h e  r i b  cage 

as sllown i n  F i gu re  13. The space between t he  r i b  cage and t he  adapter was 

then  sea led  t o  p reven t  any more a i r  f rom e n t e r i n g  t h e  i n t e r p l e u r a l  space. A 

hypodermic need le  was then i n s e r t e d  i n t o  t he  i n t e r p l e u r a l  space and t h e  t rapped 

a i r  w i thdrawn by a  sy r inge .  The l i v i n g  monkey's t ho rax  was then a t tached  t o  

t h e  p l a t e n  of a 300-pound e lec t romagnet i c  shaker, and t h e  r e s t  o f  the  body 
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was supported in a s l ing  (Figure 14). The r t2ker  servo-control ler  was s e t  t o  

apply a sinusoidal force t o  the  thorax over t h e  frequency range 5 t o  100 Hz. 

A sweep o s c i l l a t o r  was used t o  drive the sl.:l.er system while a  mass cancell ing 

automatic on-1 ine impedance computer convert2i  the  force-time and accelerat ion- 

time information i n t o  p lo t s  of phase and i r ~ e d a n c e  versus frequency. A one 

gram piezoelec t r ic  accelerometer witti a  lo*^ frequency response of one Hertz 

and a high frequency response t o  1800 Hertz  as attached t o  the  fourth r i b  on 

the opposite s ide  of the thorax from the  sh3ker attachment. The accelerat ion 

was then recorded f o r  the same frequency rar6,e used f o r  the driving-point t e s t .  

Runs were made a t  force  l eve l s  of 50 and 1 2 9  pounds f o r  the baboon, a t  25 

and 50 pounds f o r  the Rhesus, and 5 t o  10 p 3 ~ n d s  f o r  the  squ i r re l  monkey. 

Driving-point and t r a n s f e r  point  accelera t ions  were recorded f o r  each run. 

All monkeys survived the t e s t  and showed no i n j u r i e s  other  than those caused 

by the surgery f o r  attachment t o  the shaker. 

The cadaver mechanical impedance t e s t s  were conducted in a  manner s imi lar  

t o  those of the monkey study. The load ad3::er used in the  humn cadaver study 

was 22 mill imeters  and the applied loads of 53 and 100 pounds. The accelera- 

t ions  on the opposite s ide of the  chest  we.? t l s o  recorded. 

2 . 3  BIOMEDICAL DATA COLLECTIOI4 

Gross autopsy was conducted in the Akt2;sy Laboratory, spec ia l ly  

equipped f o r  d issec t ion .  Autopsies were ccr igc ted  as a  b l ind ,  according t o  

accepted research procedure, with the inves:i:ator conducting the gross 

autopsy having no knowledge of physical datz 3n the  i n t e n s i t y ,  location of 

impact, o r  circumstances of each t e s t .  Careful anatomical dissect ion of the 

head, face and neck t i s s u e s ,  where head irr?scts occurred allowed d i sc re te  

iden t i f i ca t ion  of many s i t e s  of vascular f a i l u r e .  When gross trauma was found 





i t  was photographically recorded using a s p e c k 1  ly  modified Pentax camera with 

close-up lens ,  e i t h e r  in s i t u  o r  a s  an i s o l a t f h n t i t y ,  t o  provide a permanent 

record of the injury.  

Tissues were saved from a l l  major organs i o r  fu r the r  histopathologic exam- 

inat ion.  Weights of major organs including the hear t ,  brain, lungs, l i v e r ,  

spleen, pancreas, adrenal s , and kidneys, were obtai ned. Each autopsy report 

incl  udes gross and microscopic pathology, ant hropome t r y ,  color  photographi c 

documentation of d issec t ions ,  i n j u r i e s ,  and the animal t e s t  preparation. 

Isoenzyme determinations in the case of l a rge r  primates were a lso  made. 

Included are a l l  background information r e l a t i v e  t o  the h is tory ,  case, and any 

medication of the pa r t i cu la r  subject .  

I t  should be noted t h a t  no animal carcass was destroyed a f t e r  autopsy 

without making an e f f o r t  t o  f u l l y  u t i l i z e  the remains within the Medical 

School community, In t h i s  connection, some 12 departments received carcass 

materials which. were of d i r e c t  benef i t  t o  other  medical research studies in 

progress. Some examples included the t e s t i s  which were used by the Department 

of Gynecology and Obstetr ics  f o r  hormone s tud ies ,  thighs by the Department of 

Surgery f o r  fasc ia  g r a f t  experiments, and o ther  ' discarded' materials  were 

received by the Human Growth Center, Department of Anatomy, Department of 

Ophthalmology, Department of Otor l~inolaryngolo~y , Department of Pathology, 

Kresge Hearing Research I n s t i t u t e ,  Department of Anthropology, University of 

Michigan Museum, and hands and f e e t  were used for a study of dermatoglyphics 

by School of Public Health inves t iga tors .  Thus, the  animal subjects  were 

optimally u t i l i z e d  in  accordance with a1 1 a n i m l  u t i  l i za t ion  codes of e th ics .  

Tissue specimens were prepared in  the  HSRI Histology Laboratory f o r  

microscopic examination. Fixed in a solut ion of formalin, the specimens 



were dehydra ted w i t h  a l c o h o l ,  c leaned,  inf i : :*-3ted and f i n a l l y  imbedded i n  

p a r a f f i n .  The p a r a f f i n  b l o c k s  were p l a c e d  i r  t h e  microtome and t i s s u e s  were 

s e c t i o n e d  a t  a  t h i c k n e s s  o f  5 mic rons ,  us ic ;  I n  A0 Sencer 820 microtome and 

mounted on a  g l a s s  s l i d e .  Va r ious  s t a i n s  ;.,er-e used, b u t  i n  t h e  case o f  b r a i n  

t i s s u e  some s l i d e s  f o r  each s u b j e c t  were pre:zr.ed w i t h  Ga l locyamin  s t a i n  f o r  

N i s s l  substance,  s i n c e  e a r l y  d i s s o l u t i o n  of ' t i s s l  substance has been found  

t o  occu r  subsequent t o  nerve  c e l l  i n j u r y .  

M i c r o s c o p i c  examina t i on  and s t u d y  o f  t+ t i s s u e  p r e p a r a t i o n s  was 

accompl ished w i t h  an A0 Spencer S e r i e s  10 r i c r a s c o p e  u s i n g  4X, 10X and 

45X o b j e c t i v e s  w i t h  t r i n o c u l a r  body, wh ich  p e r z i t s  t h e  use o f  a  Pentax H/a 

camera f o r  mi c rophotography.  H i s t o p a t h o l o g y  i;zs e v a l u a t e d  by s p e c i a l i s t s  

f r o m  t h e  u n i v e r s i t y  schoo l  o f  med ic ine .  As a  f u r t h e r  check on i n t e r p r e t a t i o n ,  

s e l e c t e d  b r a i n  t i s s u e s  were s u b m i t t e d  f o r  e v z i u a t i o n  by two a d d i t i o n a l  p a t h -  

o l o g i s t s  exper ienced i n  infra-human b r a i n  pa:kology. Dr. T r o l  l ope  o f  t h e  

s e c t i o n  o f  gene ra l  s u r g e r y  o f  The U n i v e r s i t y  o f  M ich igan  Medica l  Center  a i d e d  

i n  e v a l u a t i o n  o f  a l l  t h o r a c i c  and abdominal ' r j u r i e s .  A  d i f f e r e n c e  i n  

h i s t o p a t h o l o g y  o b s e r v a t i o n s  o f  t h e  b r a i n  and o t h e r  organs as w e l l  as 

i n t e r p r e t a t i o n  i s  n o t  unusual among p a t h o l o ~ i s r s ,  and t h e  submiss ion  o f  

c r i t i c a l  t i s s u e  specimens t o  more than  one p?:r,ologist w i t h o u t  t h e  

knowledge o f  t h e  o t h e r s  was i n t e n d e d  as a  c h s c i  t o  decrease t h e  chances o f  

m i s s i n g  any p e r t i n e n t  pa tho logy ,  as w e l l  as t o  a l e r t  us t o  any s p e c i f i c  

cases where t h e r e  m i g h t  be a  d i f f e r e n c e  of o ~ i ~ i o n  as t o  i n t e r p r e t a t i o n  o f  

pa tho logy .  A s i m i l a r  p rocedure  was a l s o  f o l  l c , , ? d  i n  t h e  f i n a l  i n t e r p r e t a t i o n  

of i n j u r y  s e v e r i t y  r e l a t e d  t o  b o t h  gross  and - i c r o s c o p i c  f i n d i n g s ,  w i t h  

sepa ra te  r a t i n g s  made b y  two resea rche rs  e x p e r j e n c e d  i n  i n f r a -  human p r i m a t e  

i n j u r y  i n v e s t i g a t i o n s .  I n t e r p r e t a t i o n s  and sc:ri ng were c o n s i s t e n t l y  w i t h i n  

1 /2  s c a l i n g  p o i n t  o u t  o f  5, g i v i n g  c o n s i d e r a b l e  con f i dence  t o  o u r  f i n a l  s c a l i n g  



design. The following Estimated Severity of Injury (ESI )  was used t o  ra te  the 

in ju ry  of a l l  t e s t  animals. 

0. No Injury - No treatment required 

1,  Minor Injury - Requires no hospital izat ion 

2.  Mild Injury - May require hospital izat ion 

3. Serious Injury - Reversible trauma only 

4. Severe Injury - Non-reversible trauma, l i f e  threatening 

5. Fatal - 
The post  impact injury evaluation of the human cadavers was conducted 

i n  a qu i t e  d i f f e r e n t  manner. After the impact, the cadaver was sent  t o  the 

Anatomy Department where i t  was embalmed by a special technique whereby brain 

damage could be assessed. This technique consists  of in ject ing a solution 

containing red lead i n to  the c i rcula tory  system, which then s ta ins  the t i s sue  

where blood vessels  have hemorrhaged. The c i rcula tory  system was held under 

f l u id  pressure f o r  several days to  insure tha t  a l l  in ju r ies  were made v i s ib le .  

The calvarium was then removed and the brain examined within two weeks of 

embalming. 

A study duplicat ing t h i s  t e s t  procedure with monkeys was i n i t i a t ed  in 

an e f f o r t  t o  enable us t o  be t t e r  dist inguish the various grades of in ju r ies  

t o  the cadavers. The monkeys were terminated and kept in cold-storage fo r  

three  days before impact t o  simulate the preimpact period fo r  the cadavers. 

They were then impacted, taken t o  the Anatomy Department t o  be injected 

with the same red-lead embalming solution) and held under f lu id  pressure f o r  

several days. Finally,  a necropsy was performed, and the e f fec t s  of trauma 

noted. 

Five Rhesus monkeys were used in t h i s  t e s t ;  four were impacted and one 

served as  a control .  All four were impacted a t  a velocity designed t o  y ie ld  



an ESI of 3. The r e s u l t s  were t h a t  two o f  t h e  f o u r  monkeys had E S I  r a t i n g s  

of 2 and one monkey had an E S I  o f  1. The f o u r t h  and c o n t r o l  monkeys showed 

l i t t l e  o r  no  ev idence  o f  trauma, and t h e r e f o r e  were ass igned  ESI's o f  0. 

Based on t h e  Rhesus monkey s t u d y  i t  was b e l i e v e d  t h a t  some i n d i c a t i o n  

of  i n j u r y  l e v e l  c o u l d  be l e a r n e d  f r o m  t h e  r e d  l e a d  techn ique ;  a l t h o u g h  t h e  

i n j u r y  seemed t o  be l e s s  i n  cadaver monkeys t h a n  i n  l i v e  monkeys f o r  s i m i l a r  

impacts .  T h i s  may be because t h e  v a s c u l a r  system i s  n o t  p r e s s u r i z e d  i n  cadaver 

monkeys and hence n o t  as e a s i l y  r u p t u r e d  o r  i n j u r e d .  



3.0 TEST RESULTS 

3.1 RESULTS OF PADDED H E A D  II4PACTS 

The head i n j u r i e s  evident from the primate autopsies were of several 

d i s t i n c t  types. The following i n j u r i e s  were the  most s ign i f i can t  or most 

common types of i n j u r i e s  found in the long duration head impact study. 

The contre-coup hemorrhage resu l t ing  from the shor t  duration head 

impacts reported in  the  1971 "Door Crashworthiness C r i t e r i a  , I 1  f i n a l  repor t  

was seen only once in t h i s  study. This in jury  occurred in  a padded impact t o  

a Rhesus monkey of 3.5 msec. duration using only two inches of s o f t  padding 

material .  The monkey's head bottomed-out the padding against  the impactor 

r e su l t ing  in  very high G's f o r  a very shor t  pulse durat ion,  

A second type of in jury  which was observed in t h i s  study i s  i l l u s t r a t e d  

i n  Figure 15. This in jury  cons i s t s  of damage t o  the  "Arter ies  of Internal  

Cerebral Hemorrhage" (Ar ter ies  of Charcot) which supply blood t o  the  corpus 

s t r ia tum,  in ternal  capsule, and thalamus. The location of the most d i f fuse  

hemorrhaging was the  Putamen area of the brain (Figure 1G). 

This type of closed brain trauma has been reported c l i n i c a l l y  by 

Zulc, 1969; S t r i c h ,  1969; and Sano, 1968; and experimentally by Gennarelli i n  1972 .  

I t  i s  most commonly found in long duration and ro ta t ional  impacts. The 

mechanism f o r  t h i s  type of injury i s  not well understood. 

The most common type of in jury  seen in t h i s  study was f a i l u r e  of 

the super ior  s a g i t t a l  s inus along a region beginning a t  the junction of 

the occiput with the pa r i e t a l  bones and extending t o  the crown region (Figure 

17). The s a g i t t a l  s inus i s  securely attached t o  the  skull  through the  s a g i t t a l  

su ture ,  and t o  the brain by the Falx Cerebri.  Because of t h i s  te ther ing  

arrangement, any r e l a t i v e  motion between the brain and the  skull  r e s u l t s  in 

a s t r e t ch ing  and possible tear ing  of the  walls of the  superior  s a g i t t a l  s inus .  
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Other  common i n j u r i e s  observed were: hemorrhaging i n  t h e  m e d u l l a r y  

r e g i o n  and abou t  t h e  b r a i n  stem; s l i g h t  subdura l  and subarachno id  hemorrhaging 

t h r o u g h o u t  t h e  c a l v a r i u m .  The mechanism o f  t hese  v a s c u l a r  f a i l u r e s  appears 

t o  be r e l a t e d  t o  d i sp lacemen t  o f  t h e  b r a i n  r e l a t i v e  t o  t h e  s k u l l .  

I n  some cases,  p a r t i c u l a r l y  t h e  v e r y  h i g h  v e l o c i t y  and h i g h  a c c e l e r a t i o n  

impac ts  o f  t h e  s q u i r r e l  monkey s e r i e s ,  t h e  acce le romete r  came loose  f r o m  t h e  

head. I n  t h e s e  t e s t s  t h e  a c c e l e r a t i o n  va lues  were t h e n  o b t a i n e d  f rom t h e  

h i g h  speed m o t i o n  p i c t u r e s .  

The mechanical  parameters  f o r  t h e  head impacts  t o  t h e  in f ra -human 

p r i m a t e s  a r e  g i v e n  i n  Tab le  1. A l s o  i n c l u d e d  a r e  t h e  ana tomica l  measurements. 

The r e s u l t s  o f  t h e  cadaver  padded i m p a c t o r  head impacts  s t u d y  i n d i c a t e  

t h a t  t h e  s t a i n i n g  techn ique  d e s c r i b e d  i n  t h e  e x p e r i m e n t a l  method s e c t i o n  

was n o t  s e n s i t i v e  enough t o  e v a l u a t e  a n y t h i n g  o t h e r  t h a n  t h e  most  severe  

impacts .  T h i s  was b e l i e v e d  t o  be due t o  t h e  l a c k  o f  b l o o d  p r e s s u r e  i n  t h e  

v a s c u l a r  system. A l l  head impacts ,  e x c e p t  f o r  two, showed no i n j u r y .  One 

showed d e f i n i t e  s i g n s  o f  v a s c u l a r  damage on t h e  s u r f a c e  o f  t h e  b r a i n  o p p o s i t e  

t h e  s i d e  o f  impact .  A b roken neck and p o s s i b l e  v a s c u l a r  damage t o  t h e  

b r a i n  was found  i n  a n o t h e r  impact .  The d a t a  f r o m  a l l  o f  t h e  cadaver head 

impac ts  a r e  g i v e n  i n  Tab le  2. The f o r c e - t i m e  c u r v e  f o r  each impac t  i s  

g i v e n  i n  F i g u r e  18. The head r e s u l t a n t  a c c e l e r a t i o n s ,  as de te rm ined  e i t h e r  

f r o m  t h e  head acce le romete rs  o r  p h o t o m e t r i c  a n a l y s i s ,  a r e  g i v e n  i n  

F i g u r e s  19 and 20. 

3.2 RESULTS OF T H O R A C I C  IMPACTS 

T y p i c a l  i n j u r i e s  observed i n  t h i s  s e r i e s  o f  impacts  a r e  l i s t e d  below 

i n  t h e  o r d e r  o f  most f r e q u e n t  occurence. P e t e c h i a l  hemorrhage o f  t h e  l ung ,  

massive hemorrhage t o  t h e  t i p  of t h e  l u n g  as w e l l  as o c c a s i o n a l  t e a r s  t o  

l u n g  t i s s u e s  were seen most f r e q u e n t l y .  Examples o f  i n j u r i e s  o f  t hese  t ypes  
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are  shown in Figure 21. Ruptures of the heart were found i n  two cases. 

These ruptures occurred a t  the bifurcation of the heart  and blood vessels. 

An example of one such injury i s  shown in Figure 22. This rupture 

occurred where the superior vena cava at taches t o  the r ight  atrium and 

probably occurred when the impact coincided with the f i l l i n g  cycle of the 

atrium. 

Liver in ju r ies  were frequently found in the  area of the fa lc i fo rn  

ligament. In each case the l i v e r  i t s e l f  was not impacted d i rec t ly  b u t  

pulled in such a way to  cause t ea r s  around the ligament attachments. The 

r e su l t s  f o r  the primate study are  given in Table 3.  

The cadaver chest impacts indicated tha t  r i b  f rac tures  would occur 

f o r  penetrations greater  than 2 .40  inches for  the age group of cadavers 

t e s ted .  In one case, a 16 year old youth was impacted t o  a penetration 

depth of approximately four inches without r i b  f rac ture .  The r e su l t s  f o r  

the human cadaver impacts are  given in Table 4 with the load-deflection 

curves f o r  the f l a t  impactor given in Figure 23. The r e su l t s  of the simulated 

arm r e s t  impacts are given in Figure 24. The load-deflecti on curves f o r  

three consecutive impacts t o  the 16 year old cadaver are given in Figure 25. 

Impacts with the f l a t  impactor show an i ne r t i a l  spike followed by 

a f a l l i ng  off of load as the deflect ion increases. By contras t ,  the 

simulated arm r e s t  impacts build u p  load as  the displacement increases. 

This build u p  of load f o r  the simulated arm r e s t  i s  produced as the (roughly 

t r iangular  shaped) arm r e s t  penetrates the body, i t s  area of contact increases 

thus increasing the load. 

3 . 3  RESULTS OF ABDOI4II4AL IfY1PACTS 

Impacts to  the abdomens of infra-human primates resulted in in ju r ies  t o  

the l i ve r  (primari ly f rac tu res ,  sub-capsular hemorrhaging and tears  ( ~ i g u r e  2 6 ) .  
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9 Denotes impact velocity in  f .p.s. 
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The k idneys  were commonly i n v o l v e d  i n  t h e s e  impacts  w i t h  hemorrhaging 

t h r o u g h o u t  t h e  organ.  The pancreas was i n j u r e d  i n  most severe  abdominal 

impacts  w i t h  c o n t u s i o n s  t o  t h e  s u r f a c e  as w e l l  as r u p t u r i n g  o f  t h e  p a n c r e a t i c  

d u c t .  The stomach, co lon ,  and j e junum were b r u i s e d  s l i g h t l y  i n  most impacts .  

I n j u r i e s  t o  t h e  sp leen  were c o n s i d e r a b l y  l e s s  common and l e s s  severe  than  

wou ld  be expec ted  f r o m  c l i n i c a l  expe r ience .  T h i s  i s  t h o u g h t  t o  be due t o  

t h e  g r e a t e r  m o b i l i t y  o f  t h e  s p l e e n  i n  t h e  monkeys r e l a t i v e  t o  t h a t  o f  t h e  

humans. 

I n  most  cases t h e  i n j u r i e s  were t h e  r e s u l t  o f  d i r e c t  impac t  ove r  t h e  

organ l o c a t i o n .  A d i f f e r e n c e  i n  t o l e r a n c e  f o r  r i g h t  and l e f t  s i d e  impacts  

was n o t e d  and i s  t h o u g h t  t o  be due t o  t h e  asymmetry o f  t h e  abdominal c a v i t y .  

The r e s u l t s  o f  a l l  abdominal impac ts  a r e  shown i n  Tab le  5. 

3.4 RESULTS OF WHOLE BODY IMPACTS 

The who le  body impac ts  r e s u l t e d  i n  a  comb ina t i on  o f  i n j u r i e s  o b t a i n e d  

i n  t h e  c h e s t  and abdominal impacts .  The most s i g n i f i c a n t  i n j u r i e s  were 

found  t o  be t o  t h e  l i v e r ,  k i d n e y  and l ungs .  The pancreas was i n v o l v e d  i n  

most o f  t h e  severe impacts .  

The c o n t a c t  f o r c e  was found  t o  be on t h e  average h i g h e r  t han  t h a t  

necessary  t o  cause a  comparable E S I  i n j u r y  i n  an abdominal impact .  The 

p e r c e n t  p e n e t r a t i o n  f o r  e q u i v a l e n t  i n j u r i e s  was found  t o  be much l e s s  i n  

t h e  who le  body impacts  t h a n  i n  t h e  abdominal impacts .  The r e s u l t s  o f  t h e  

whole body impacts  a r e  g i v e n  i n  Tab le  6. 

3.5 RESULTS OF D I R E C T  ORGAii IMPACTS 

The 6000 ipm (8 .3  f p s )  and t h e  12000 ipm (16.6 f p s )  impac ts  tended t o  

cause subcapsu la r  heri lorrhagi ng, t e a r s ,  and f r a c t u r e s .  S t a t i c  l o a d i n g  tended 

t o  c r u s h  t h e  parenchyma w h i l e  t h e  capsu le  remained i n t a c t .  

A t y p i c a l  f o r c e - d e f l e c t i o n  cu rve  f o r  a  l i v e r  impac t  i s  shown i n  F i g u r e  27. 
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The specimen height ,  force and def lec t ion  21-2 1-oad d i r ec t ly  from t h i s  

osci 1 loscope t r a c e .  The force was normal i  z e :  :,* the  impactor cross- 
2 2 sect ional  area which was 1 . 7 7  in f o r  the 1' , e r  a n d  1.18 in f o r  the kid- 

ney. The def lec t ion  was then normalized L;; : -2  scecinien height. Typical 

normalized force ( s t r e s s )  and deflect ion ( s t r z i q )  curves f o r  s t a t i c ,  

6000 ipm and 12000 iprn loading r a t e s  are  shzl'in f o r  l i v e r  t i s sue  in Figure 

28. The maximum average s t r e s s  and s t r a i n  a s  ll-lell as the s t r a i n  energy 

density ( t h a t  i s ,  the area under the  s t r e s s - s t r z i n  curve) was computed f o r  

the region loading u p  t o  f a i l u r e .  

In the kidney impacts, out r ight  f r ac tu re  of the  renal capsule was 

observed only once. Most of the i n j u r i e s  were in ternal  t o  the renal cortex. 

The kidney was found to  have a higher tolerance t o  impact than the  l i v e r .  

The resu l t s  f o r  the l i v e r  a n d  kidney impacts are given in Table 7. 

3.6 RESULTS O F  CtiEST MECHANICAL IMPEDANCE TESTS 

The r e s u l t s  of the driving point impedance response f o r  the  chest 

of three monkeys and one human are  given in Figure 29. In each t e s t  the 

driving point impedance response was found t o  be qu i t e  s imi lar  t o  the 

response of a pure damper. The impedance was independent of frequency and the 

force was very nearly in phase with the ve loci ty .  

The accelerat ion as a function of frequeqcy fo r  the side opposite the 

driving point i s  shown in Figure 30. The i n ~ ~ t  accelera t ion  a t  the driving 

point was 10 GIs. 

Over the accelerat ion range s tudied ,  (10 S ' s  to 20 GIs),  no dependency was 

found between the impedance and the input acc3:sration. 



; * Denotes impact velocity in f t / sec  

S T R A I N ,  in / in 

STRESS - STRAIN CURVES FOR DIRECT I M P A C T S  ON PERFUSEQ 
L IVERS (RHESUS) 



TABLE 7 SUMMARY OF DIRECT ORGAN IMPACTS 

Organ Impact  Max. Average* Max. Average * S t r a i n  Energy Modulus o f  Es t imat  
Type V e l o c i t y  S t r e s s  S t r a i n  D e n s i t y  E l a s t i c i t y  S e v e r i l  

i n/mi n p s i  i n / i n  i n - l b / i n 3  p s i  Index 

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i  v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

L i v e r  

K i  d ney 

K idney 

K i  dney 

Kidney 

K idney 

S t a t i c  

S t a t i c  

S t a t i c  

S t a t i c  

6000 

6000 

6000 

6000 

6000 

6000 

6000 

12000 

12000 

12000 

12000 

12000 

12000 

S t a t i c  

6000 

6000 

12000 

12000 

* These a r e  the  peak va lues t h a t  t h e  average s t r e s s  and s t r a i n  reached i n  each 

t e s t .  
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4 .0  PRIMATE SCALING 

4.1 H E A D  INJURY S C A L I N G  

The head contact force,  duration of impact, head angular accelerat ion,  

l i n e a r  accelerat ion and veloci ty were obtained f o r  each side impact. The 

values of these parameters to  be used in the scal ing re la t ionships  were taken 

from t e s t s  where the animal received an injury considered t o  be j u s t  below 

l i fe- threa tening or  approximately 3 on the ESI scale.  If  no ESI o f  3 was 

obtained from the t e s t s ,  the engineering parameters were obtained by extrapo- 

l a t ing  between ESI's of 2 and 4. 

The head mass, brain mass, average skull radius and average skull thick- 

ness f o r  each t e s t  animal in a pa r t i cu la r  species group were reported as average 

values f o r  tha t  species.  

Previous work by IlcElhaney (1970) on the mechanical propert ies  of bone, 

scalp and brain indicated t h a t  there i s  very l i t t l e  difference,  i f  any, in 

the material propert ies  of these t i ssues  f o r  primates. On the basis of t h i s  

work, i t  was assumed tha t  the m t e r i a l  propert ies  of scalp,  brain,  and bone 

were the same fo r  a1 1 animals tes ted  and t h a t  the r e su l t s  could be extrapolated 

t o  man. 

For each of the species studied, the average values of the physical 

proper t ies ,  force time p r o f i l e 3  and the resul t ing  mechanical responses 

needed t o  produce a desired injury level \vere obtained. The extrapolat ion 

t o  man was then made by scaling re la t ionships  developed by dimensional analysis  

techniques. 

The extrapolated to lerable  accelerat ion and pulse duration f o r  human 

padded impacts was compared to  the  Maximum Stra in  Cri ter ion developed f o r  

s ide  head impacts in the 1971 "Door Crashworthiness C r i t e r i a . "  



C o n s i d e r i n g  t h e  v a r i a b l e s  A, r ,  V, a, h, where 

A = l i n e a r  head a c c e l e r a t i o n  ( f t / s e c 2 )  

T = a c c e l e r a t i o n  p u l s e  d u r a t i o n  (msec) 

V = v e l o c i t y  o f  Impact  ( f t / s e c )  

a = average s k u l l  r a d i u s  ( i n )  

h  = average s k u l l  t h i c k n e s s  ( i n )  

Assuming t h a t  7 ,  a  d imens ion less  q u a n t i t y ,  i s  a f u n c t i o n  o f  t hese  

v a r i a b l e s .  

n = f(V, A, T ,  a, h )  ( 1  

Then, f r o m  Buckingham's Theorem o f  Dimensional  A n a l y s i s ,  Equa t i on  1  (Langhear,  

1951) can be w r i t t e n  as f o l l o w s :  

n = f ( q ,  T 2 ,  r3) ( 2 )  

where TI, r 3  a r e  d imens ion less  q u a n t i t i e s  o f  t h e  f o r m  

The d imens ion less  v a r i a b l e  a /h  was w e i g h t e d  by m u l t i p l y i n g  i t  by 

t h e  b r a i n  w e i g h t  o f  each spec ies  t e s t e d .  T h i s  s p e c i e s  dependent t e rm nl* 

was t h e n  p l o t t e d  a g a i n s t  each o f  t h e  rema in ing  d imens ion less  v a r i a b l e s .  

The s c a l i n g  parameter  T ~ *  was p l o t t e d  a g a i n s t  t h e  d imens ion less  v a r i a b l e  

n2 f o r  each s p e c i e s  r e p r e s e n t e d  ( F i g u r e  3 1 ) .  From t h i s  p l o t  t h e  v t l l ue  o f  

7 ~ 2  was f o u n d  f o r  humans by e x t r a p o l a t i o n .  The p u l s e  d u r a t i o n  o f  20 msec 

was used i n  t h e  e v a l u a t i o n  o f  7 ~ 2  as p r e d i c t e d  b y  t h e  MSC cu rve  f o r  humans. 

T h i s  y i e l d s  a  t o l e r a b l e  r i g i d  in ipac t  v e l o c i t y  o f  15 mph and a  t o l e r a b l e  

padded impac t  v e l o c i t y  o f  29.5 mph f o r  t h e  human head when impacted t o  t h e  
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s i d e  o f  t h e  head. 

The s c a l i n g  parameter  rl* was p l o t t e d  a g a i n s t  t h e  d imens ion less  

v a r i a b l e  n 3  f o r  each spec ies  ( F i g u r e  3 2 ) .  From t h i s  p l o t  t h e  va lue  o f  n g  

was f o u n d  f o r  humans. Knowing h  and V f r om F i g u r e  31 t h e  t o l e r a b l e  a c c e l e r a t i o n  

f o r  padded s i d e  head impacts was found  t o  be 76 GIs. T h i s  compared v r i  t h  

56 G Is  f o r  r i g i d  head impacts  as r e p o r t e d  i n  t h e  1971 "Door Crashworth iness 

C r i t e r i a "  Repor t .  

The n i n t h  and t e n t h  cadaver padded head impacts  y i e l d e d  a c c e l e r a t i o n s  

and i m p a c t  v e l o c i t i e s  very  c l o s e  t o  t h e  p r e d i c t e d  t o l e r a n c e  l e v e l s  f rom t h e  

e x t r a p o l a t e d  monkey data .  The head autopsy  i n d i c a t e d  no gross t rauma 

t o  t h e  s k u l l ,  neck o r  b r a i n .  The head c o n t a c t  f o r c e s  f o r  these two impacts 

were a p p r o x i m a t e l y  200 pounds, w i t h  a n g u l a r  a c c e l e r a t i o n s  and v e l o c i t i e s  o f  

2 a p p r o x i m a t e l y  8,200 rad /sec  and 70 rad /sec  r e s p e c t i v e l y .  

The s c a l i n g  parameters used i n  t h e  e x t r a p o l a t i o n  t o  man and t h e  r e s u l t i n g  

human parameters  d e r i v e d  f rom t h e  s c a l i n g  a re  g i v e n  i n  Tab le  8. 

The blaximum S t r a i n  C r i t e r i a  as developed f o r  t h e  1971 "Door Crashwor th iness  

C r i t e r i a "  r e p o r t  has been m o d i f i e d  t o  t a k e  f o r c e  as w e l l  as a c c e l e r a t i o n  as 

an i n p u t  parameter .  T h i s  m o d i f i c a t i o n  enables f o r c e  t o  be i n p u t t e d  a t  t h e  

c o n t a c t  p o i n t  f o r  d i r e c t  impacts and a c c e l e r a t i o n s  f o r  t h e  no impact  case. 

The model response i n  b o t h  cases i s  based on t h e  r e s u l t a n t  a c c e l e r 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 .  

The MSC head i n j u r y  c r i t e r i o n  o f  0.0061 i n l i n  d e r i v e d  i n  t h e  1971 "Door 

Crashwor th iness  C r i t e r i a "  r e p o r t  was used t o  p r e d i c t  human head t o l e r a n c e  f o r  

l o n g  p u l s e  d u r a t i o n .  The r e s u l t s  o f  t h e  expe r imen ta l  e x t r a p o l a t i o n  and t h e  

MSC model a r e  shown i n  F i g u r e  33. T h i s  p r e d i c t i o n  was based on t h e  e x t r a p o l a t i o n  

t o  man of t h e  e n g i n e e r i n g  parameter  found t o  have h i g h  c o r r e l a t i o n  w i t h  head 

i n j u r i e s  i n  monkeys, 
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4.2 THORACIC INJURY S C A L I N G  

The re  have been s e v e r a l  p o s s i b l e  i n d i c a t o r s  suggested f o r  p r e d i c t i n g  c h e s t  

i n j u r i e s ,  a c c e l e r a t i o n ,  f o r c e  and d i sp lacemen t ,  t o  name a  few. Use o f  a c c e l e r a t i o n  

as an i n d i c a t o r  b e c o w s  v e r y  awkward because of t h e  d i f f e r e n t  a c c e l e r a t i o n s  encountered 

t h r o u g h o u t  t h e  c h e s t  d u r i n g  impac t .  The use o f  f o r c e  as an i n d i c a t o r  can a l s o  be- 

come cumbersome because o f  i t s  dependence on t h e  w e i g h t  o f  t h e  upper t o r s o .  S ince  

most c h e s t  i n j u r i e s  were found t o  be r e l a t e d  t o  t h e  d e f l e c t i o n s  o f  t h e  r i b  cage, 

c h e s t  d i s p l a c e m e n t  was chosen f o r  t h i s  s t u d y  as t h e  i n d i c a t o r  f o r  t h o r a c i c  i n j u r y .  

The c h e s t  d i sp lacemen twas  n o r m a l i z e d  by d i v i d i n g  i t  by t h e  c h e s t  b read th .  There-  

f o r e ,  t h e  ESI c o u l d  be p l o t t e d  a g a i n s t  t h e  p e r c e n t  c h e s t  p e n e t r a t i o n .  When t h i s  

was done f o r  each s p e c i e s  s t u d i e d ,  no  apparen t  c o r r e l a t i o n  was found.  An a s p e c t  

r a t i o  de f i ned ,  as b r e a d t h  d i v i d e d  by  t h e  dep th  o f  t h e  ches t ,  was c a l c u l a t e d  f o r  

each an ima l  s p e c i e s .  It was t h e n  n o t e d  t h a t  t h i s  q u a n t i t y  was i n v e r s e l y  r e l a t e d  t o  

o r d e r i n g  o f  ESI ve rsus  p e n e t r a t i o n  r e l c t i o n s h i p s .  T h e r e f o r e ,  each p e r c e n t  pene- 

t r a t i o n  v a l u e  was m u l t i p l i e d  by  t h e  aspect  r a t i o  t o  y i e l d  an E f f e c t i v e  Pe rcen t  

P e n e t r a t i o n  ve rsus  ESI r e l a t i o n s h i p  ( F i g u r e  34 ) .  T h i s  r e l a t i o n s h i p  now groups 

a l l  t h e  v a r i o u s  s p e c i e s  t e s t e d  i n t o  a  nar row band independent  o f  t h e  spec ies  t y p e .  

E x t r a p o l a t i o n  t o  man was t h e n  made by u s i n g  t h e  E f f e c t i v e  Pe rcen t  P e n e t r a t i o n  f o r  

an ESI of t h r e e .  T h i s  y i e l d s  an a c t u a l  p e r c e n t  p e n e t r a t i o n  o f  31% and an a c t u a l  

p e n e t r a t i o n  o f  2.65 i nches  based on t h e  average c h e s t  b r e a d t h  o f  8.5 i nches  and 

a s p e c t  r a t i o  o f  1.45 f o r  t w e l v e  cadaver  impacts .  

Based on t h e  cadaver  impacts ,  r i b  T r a c t u r e  d i d  n o t  o c c u r  on t h e  average f o r  

impac t  v e l o c i t i e s  o f  14 mph and p e n e t r a t i o n s  o f  2.1 i nches .  When t h e  v e l o c i t y  

o f  i m p a c t  was r a i s e d  t o  20 mllh and t h e  p e n e t r a t i o n  i n c r e a s e d  t o  3.0 i nches ,  r i b  

f r a c t u r e  d i d  s c c u r .  T h i s  was f o r  a group o f  cadavers whose average age a t  t h e  t i m e  

o f  d e a t h  was 58 yea rs .  I t  s h o u l d  be n o t e d  t h a t  f o r  t h e  16 y e a r  o l d  y o u t h ,  r i b  

f r a c t u r e  d i d  n o t  occu r  f o r  p e n e t r a t i o n s  o f  up t o  a p p r o x i m a t e l y  f o u r  i nches .  Any 

i n t e r n a l  i n j u r i e s  w i l l  be r e p o r t e d  a t  a  f u t u r e  d a t e  a f t e r  a  d e t a i l e d  au topsy  i s  

pe r fo rmed .  





Therefore, based on the animal sca l ing  2 - 5  :he cadaver chest impacts, 

an impact of 21 mpll veloci ty with 2.65 inc r r r  zf deflect ion wil l  r e s u l t  in 

a force of 900 pounds, a pulse duration of 2 ,  -sec, and an injury level of 

three t o  the human chest from e i t h e r  the rir;-t or l e f t  s ide .  

4.3 ABDOMINAL INJURY SCALING 

The r e s u l t s  of the simulated a m  r e s t  i;--?act t o  region I1 are summarized 

i n  Figure 35, which shows the  average peak contact  pressure (computed by 

dividing the peak impactor force by the maxiri;? projected impactor contact 

a rea )  versus the ESI. For an ESI of 3, t h i s  contact  pressure was approximately 

31 psi f o r  a l l  species of primates, includic; h u ~ a n s .  If a contact area 
2 of 22.5 in  i s  used as the area of impact t o  h m n s  then a contact force of 

700 lb  should r e s u l t  in an ESI of 3 t o  Region 11. 

All of the animal impact data t o  Region I 1  pias submitted t o  a computer- 

a s s i s t ed  s t a t i s t i c a l  analysis  f o r  both pos i t ive  and negative corre la t ions  

between the various parameters and ESI. I t  was found tha t  the peak force 

and pulse duration had a high level of co r re la t ion  with the ESI ,  Using t h i s  

correlated data,  a dimensional analysis  study was made t o  develop a scal ing 

fac to r  to  predict  abdominal in jury  in man. 

The scal ing fac tor  which was determined i s  siven below: 

F T ~  ESI cr Log - 

where F = Peak contact force 

r = Pulse duration 

M = Mass of animal 

A = Impactor Contact Area 

This scal ing fac to r  was o r ig ina l ly  deve lo~ed  f o r  f ron t  abdominal impacts, 

which was reported by Stalnaker, e t .  a l .  (1972) a t  the Symposium held a t  
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General Motors Research Laboratories in \::*-.en, Michigan. 

The r e s u l t s  of the s ide  abdominal i7::cts a re  shown in Figure 36. The 

boundaries in t h i s  f igure  represent the u;:cr and lower boundaries of region 

11. The higher the scal ing f a c t o r ,  the  s r r 2 t e r  the region 's  tolerance to  

impact. 

The veloci ty of impact can be calcu1a:ed from t h i s  scal ing fac to r .  

2 Using the  body weight f o r  an average man ( 1  65 pounds) ,a  contact  area of 22.5 in , 

percent penetration of 54X, f o r  r igh t  s ide  i r lpac t s ,  the veloci ty of impact for  

r i g h t  s ide  impact was found t o  be approxir2tely 20 fps .  Using Figure 40 of the 

1971 "Door Crashworthiness Cr i t e r i a"  r e p o r t ,  the  1 e f t  s ide  impact veloci ty 

required to y ie ld  the same percent penetration will  be 20% higher than t h a t  

f o r  the r i g h t ,  making i t  approximately 24 fps .  The average pulse duration 

f o r  t h i s  impact would be found t o  be 28 msec. 





The conclusions of t h i s  study a r e  t3s2d on the accumulated data from 

the 1971 "Door Crashworthiness C r i t e r i ?  repor t  and the data contained in 

t h i s  repor t .  

1 .  A padded s ide  head impact of 2 9 . 5  mph and an impact pulse duration 

of 20 msec t o  humans wi l l  r e s u l t  i n  a hsad contac t  force of 200 pounds, 

a r e su l t an t  l i n e a r  accelera t ion  of  76  G ' s ,  and an ESI of three .  

The types of i n j u r i e s  found f o r  the long duration impacts involve brain 

stem and in ternal  brain hemorrhaging n e t  d i r e c t l y  associated with the impact 

locat ion.  All i n j u r i e s  observed in t h i s  study a re  found c l i n i c a l l y .  

2. Impacts t o  the chest resul ted  i c  a def lec t ion  c r i t e r i a  f o r  evaluating 

chest  s ide  impacts. A def lec t ion  t o  the  r igh t  o r  l e f t  s ide of the chest of 

2.65 inches was found t o  y i e l d  an ESI of  three .  Rib f r ac tu res  were found 

in the older  cadavers s tudied f o r  impact v e l o c i t i e s  of approximately 19 mph  

and def lec t ions  of 2.9 inches. In the  cne case ilhere a 16 year  old cadaver 

subjec t  was impacted, a penetrat ion of 3.3 inches was obtained with no 

r i b  f r ac tu res .  

3 .  In the  abdominal study a s c a l i r ;  f a c t o r  was derived f o r  ra t ing  

abdominal i n j u r i e s .  The in jury  producer by a given force was found t o  

be a function of the projected contact  ?!-?a,  duration of impact, and mass of 

the animal. The locat ion of the impact s r e a t l y  influenced the in jury  produced. 

When the locat ion o f  impact and mass of :he subjec t  a r e  chosen, 
F the  composite function ESI a Log Fr2 /  ::\,, r e l a t e s  well t o  the degree of 

in jury  produced in a s ide  abdominal i ~ r 3 : t .  Relat ively small forces were 

required t o  produce severe i n j u r i e s  of tke  so l id  viscera when the  impact was 

made in  the upper abdomen. However, math grea te r  forces  were required t o  

produce comparatively severe i n j u r i e s  \/hen force was applied t o  the lower 



abdomen. The c o n t a c t  p r e s s u r e  t o  t h e  abdomina l  a r e a  was f o u n d  t o  be 

i n d e p e n d e n t  o f  spec ies .  I t  was a l s o  found t h a t  t h e  t o l e r a n c e  v a l u e s  

f o r  t h e  r i g h t  s i d e  o f  t h e  abdomen was n o t  n e c e s s a r i l y  t h e  same f o r  t h e  l e f t .  

T a b l e  9 summarizes t h e  abdonl ina l  t o l e r a n c e  v a l u e s  f o r  an E S I  o f  t h r e e .  



TABLE 9 SUMMARY OF ABD0MI;;AL TOLERANCE VALUES 

I 

Velocity of Impact 

Percent Penetration 
.- 

Impact Duration 

Force of Impact 

R i g h t  Side 

20 f p s  

5 4% 

28 msec 

700 I bs 

Left Side 

24 fps 

60% 

28 msec 

700 Ibs 
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