
- 

PB 203 721 
DOT HS-800 534 j 

Highway Safety Research Institute 
The University of Michigan 
Huron Parkway and Baxter Road 
Ann Arbor, Michigal 48105 

Contract Wo. FH-11-7288 
June 1971 
Final Report 

uppacrl- 

PREPARED FOR: NATIONAL -HICU INFO~O,N gEmE 
US. M P M M E N T  OF TRMSWRTATlOW 
NATlONAL HIGHWAY TRAFFIC SAFETY AOMlNlSTRATlOU 
WkSHINGTON. O.C. 20590 

Door Crashworthiness Cr i t e r i a  

Huron Parkway and Baxter Road 
Ann Arbor, Michigan 48105 

13. Typ of Rcpon and Rnod Covered 
12. Spoluoriq Allemy Nanr rad Addrrrr Final Report 
National Highway T ra f f i c  Safety Ab in i s t ra t i on  21 June 1969 - 20 June 1971 I 
U. S. Departknt-of  ~ r a n s ~ o r t a t j o n  
Nassif Building. 7th and E Streets. S.U. 
Washington, D.C. 20590 

'A series o f  side impacts to tine head and body were conducted up t o t h e  lethai  ievel  
with infra-human primates whose anatomical and physiological relationship are most l i k e  
man. The mechanical responses wet% then correlated with the degree o f  in ju ry  determined 
by gross autopsy. Dimensional analysis techniques and extrapolation were made from the 
infra-human primate data to estimate human tolerance f o r  side impact. The threshold o f  
brain i n j u r y  was determined from these scaling relat ions t o  be 56 G's peak acceleration 
wi th a t r iangular pulse o f  7.5 milliseconds. A tolerable contact pressure o f  19 psi  was 
established when impacted-in the side by an a n  res t - l i ke  s t r iker .  

I 

Form DOT F 1700.7 
i & 





TABLE OF CONTENTS 

Table of Contents 

F i ~ t r e s  

Tables 

Acknowledgments 

1. introduction 

1.1 Current Research Knarrledge 

1.1 .1 Tolerance to Side Impacts 

1.1.2 Experimental Biomechanics and Modeling 

1 .I -3 Mathematical Modeling 

2. Canputer Simulations 

2.1 General 

2.2 Phase 1. Identification 

2.2.1 Standard Car Interior 

2.2.2 The Standard Occupant - 
2.2.3 Results of Phase 1 of Cgslputer Stmulation 

2.2.3.1 -@alitative Results 

2.2.3.2 Quantitative Results 

2.2.4 Comparison Model Predictions 

2.2.5 Canparison wim Accident Investigation 

2.3 Phase 2. Optimization and Modification 

2.3.1 Vehicle Deceleration Profiles 

2.3.2 Door Stiffness and Padding 

Page 

i 

iv 

vi i 

viii 

1 

1 

2 

9 

13 

16 

16 

17 

17 

19 

19 

24 

26 

iii 





FIGURES 

Page 
-. 
:"sure 1. HSRI Cwposite Automobile In te r io r  18 

fi+re 2. Acceleration o f  Vehicle Compartment (Lateral) 20 

Ffwre 3. Acceleration o f  Vehicle Compartment (Longitudinal ) 2 1 

Figure 4. Angular Motion o f  Vehicle Compartment 22 

F i g w e  5. Comparison o f  Deceleration Responses wi th  Idealized 
Wavefonn 23 

I 
Figure 6. Designation o f  Body Areas and Door Regions 27 

Filprre 7. Sumnary o f  Computer Simulation w i t h  Variable Restraint 
and Seating Geometry Center Side Impact 50% Male 30 

Figrre 8. Sunarary o f  Computer Simulation with Variable Restraint 
and Seating Geometry Center Side Impact, Six-Year 
Old Child 31 

Figare 9. 3-D Model f o r  Side Impact o f  50% Man 35 

Figure 14. 

Figure 15. 

Figure 16. 

Figure 17. 

Figure 18. 

Figure 19. 

Figure 20. 

Figure 21. 

Theoretical Modeling o f  Side-Impact, Case I 

Theoretical Modeling o f  Side-Impact, Case I 1  

Door Model f o r  Side Impact 

Stiffness o f  Door with Reinforcing Mearber, Ibs/ in. 
(Occupant Force) 

St i f fness o f  Door wi th  Reinforcing M e r .  lbs/ in. 
(Door Coll apse) 

Stiffness o f  Door wi th  Reinforcing Member, lbs/ in. 
(Occupant Force a t  Door Collapse) 

Skulls o f  Primates 

Mechanical Impedance f o r  the Side o f  Primate Heads 

Over-All Set-Up o f  Pneumatic Impacting Faci l  i t y  

Block Diagram o f  Head Impact F a c i l i t y  

F la t  Rigid Impactors and Transducers 

Test Set-Up f o r  Head Side Impact 

vii 











experiments and s i n c e  noted i n  a t  l e a s t  one study o f  side-impact a u t o n s ~ t i ~ e  

c o l l i s i o n s  e t  a l .  

H w n  l a t e r a l  impact tests :r suppor t  of  A p l l o  have been conducted 

under condit ions o f  maxirnm r e s t r a i n t  p ro tec t ion  inc luding  use  o f  a 3-inch 

lap  b e l t ,  a th igh  s t r a p ,  l e g  r e s t r a i n s ,  f u l l  t o r s o  r e s t r a i n t  v e s t  with ?n- 

t egra ted  shoulder s t r a ~ s ,  a pressure suir helmet with r e s t r a i n i n g  s t r a p s ,  and 

f u l l  M y  support  by a contoured microballon mat t ress  backed by 0.25 inch 

a l tn tnun  p l ~ t *  (Ctarke, e t  a l . .  1963). Sixteen vc lunteer  s u b j e c t s  were im- 

pacted +n a s e r i e s  o f  32 tests. #o adverse s u b j e c t ?  2s reac t ions  were yepcrted 

t o  peak a c c e k r a t i o ~  of  up to 22 G produced with v e l o c i t y  changes of  dp t o  

t9-3 f t /sec. ,  a t  a staxirauai onset  r a t e  up to 1350 6/sec.  However, i n  vie\* of 

the f a c t  that these  .se?-e young heal thy  male s u b j e c t s  i n  superb physical  cop- 

dition, u t i l i z i n g  * most s o p h i s t i c a t e d  r e s t r a i n t  p ro tec t ion  y e t  t e s  tqd, t h e  

relevance of these f ind ings  to t h e  general  populat ion and to the automotive 

slde-lapact is n o t  known. A subsequent s tudy  by Brown. Rothstein and Fos te r  

(HM6) of 11 human tests, using a 3-inch l a p  belt, double shoulder harness,  

itwerted- "V" pelv ic  s t r a p s ,  and head r e s t r a i n t ,  found no s i g n i f i c a n t  i n j u r y  
- 

fm l a t e r a l  hpact a t  forces  to 1 4  6 on the s l e d ,  although e f f e c t s  repor ted  

by suqiPCts included extended c h e s t  pain,  nwscfe spasm, shoulder  o r  abdominal 

pain. 

m n  fests with s u b j e c t s  p m t e c t e d  by P r o j e c t  Mercury r e s t r a i n t  and hel-  

mets were conducted i n  1 5  r i g h t  90- l a t e r a l  b p a c t s  and 17 left 90- l a t e r a l  

impacts to 21.5 peak 6 u n i t s  (1350 Wsec  a t  0.036 s e c ) .  Only t r a n s i e n t  in -  

j u k  were reported without  reaching a t o l e r a n c e  e n m l n t  for this system 

(Melt. et a1 . , 1363). 

L a m 1  t;lprct tests have been corrduCted on fX A i r  Force vo lunteers  pro- 

( tected by v a r i o u r d l m r y  a i r c r d f t  and s p a c e c r a f t  r e s t m i n t  systems a t  up to 

18.7 s l e d  G a t  20 f t / s e c  en t rance  veTocity,  without  s i g n i f i c a n t  i n j u r y  

(Chandler . 1966) . 
Royal A i r  Force tests of t h e  F-111 r e s t r a i n t  (both GO F l l l  and RAF IAM 

vers ions)  involved 1 8  l a t e r a l  impacts to f i v e  human s u b j e c t s  up to 17.7 G a t  

390 Wsec .  Subjec t  symptoms ranged from c h e s t ,  g r o i n ,  t h r o a t  and c o l l a r  bone 

discomfort  to eye blood v e s s e l s  r u p t u r e s ,  f a i n t n e s s ,  and brea th ing  d i f f i c u l -  

ties. b u t  no i r r e v e r s i b l e  injuyy (Reader, 1967). 

In  t e s t s  o f  the impact a t t e n u a t o r s  o f  t h e  8-58 escape capsu le ,  t e n  human 

male s u b j e c t s  were exposed, without  reported i n j u r y ,  to impact f o r c e s  assoc i -  

a t e d  with combined v e l o c i t y  changes o f  up to 25 ft/sec i n  t h e  X a x i s  and up 

t o  34 f t / s e c  i n  t h e  Y a x i s .  Due to tumbling and skidding o f  t h e  capsule,  

e x t r a p o l a t i o n  of  these  f ind ings  to o t h e r  condi t ions  is d i f f i c u l t  (Payne, 1961). 

Zaborowski on t h e  Holloman "bopper" performed 87  tests on 52 male A i r  Force 

s u b j e c t s  a t  impact up to 11.59 G and dura t ions  of  0.22 to 0.09 sec while re- 

s t r a i n e d  with both l a p  b e l t  and shoulder  harness and s i d e  r e s t r a i n t  panel. 

No permanent phys io logica l  changes were noted. Mi nor  s u b j e c t i v e  physical 

complaints were repor ted  by more than 60% o f  t h e  s u b j e c t s  when exposed t o  

8.8 average G ' s  o r  g r e a t e r .  The p o s s i b i l i t y  o f  card iovascular  t r a m  ha l ted  

t h e  experiments a f t e r  two s u b j e c t s  were exposed t o  11.59 average G ' s  a t  13.3 

and 14.6 f t / s e c  en t rance  v e l o c i t i e s .  Whitehouse i n  1966 repor ted  f ind ing  no 

pulmonary damage i n  18 l a t e r a l  (-5) impacts conducted on nine human s u b j e c t s  

impacted a t  15 G ,  using head and t o r s o  r e s t r a i n t .  Other tests i n  suppor t  o f  

t h e  8-58 capsule.  Mercury, Gemini. A p l l o ,  F-111 and o t h e r  advanced experi-  

mental systems have a l s o  employed maximum r e s t r a i n t  s y s t e m ,  n o t  comparable 

t o  t h a t  of  minimal lap-bett-only r e s t r a i n t .  

There apparen t ly  has been only  one published s tudy  involving impact 

to le rances  o f  t h e  human whi le  r e s t r a i n e d  by l a p  b e l t  only. Zabomwski- 

















30-mph Intersect ian Co l l i s ion  

( From Sevary ,  1958) 

Time,  milliseconds 

FIGURE 8. ACCELERATION OF VEHICLE COMPARTMENT 

Time, mll l ioetondr 

FIOURIL 2, ACCLLERATION OF VEHICLE COMPARTMILNT 



407 --- MOO. 3 
- - -  moo. 31 (21 
- - - -  MSL LINE 3 

"1 1 50 Hz FILTER 

FIGURE 5. COMPARISON OF DECELERATION RESPOWSLS WITH IDULl l fD WAVEFORY 
from May0r.R.P. art Nrab,M.N., CAL Report 10. VB-2684-V-3. 

N N 

3Cmph lrtorrrctirr Colliskr 

( Fro# Sarary, 1958) 

.cD 
T irne, Saeondr 

FIGURE 4, ANGULAR MOTION OF VEHICLE COMPARTMENT 



2.2.3.1 Qual i ta t ive Res~lxs 

&dG z;: ;> . - There were I6 siinuiaiicns %r U c  sizes c' cccl-er.: 3:: - 
seat: 

I ,  50th percentile male - bench type seat 

2.  50th percentile male - bucket sear 

3 .  6-year c h i l d  - bench seat 

4.  6-year ch i ld  - bucket seat 

For each combination, f o u r  d i f ferent  res t ra in t  systems were usecr nc 

restraint,  l ap  b e l t  only, di agomf shoulder harness and Y-yoke be1 t s  . 
50th Percentile Male - Bench Seat 

#o Restraint - Almost a l l  parts o f  the body impacted various regions of the 

door. The most severe impacts *rere t o  the head a t  the window, the middle 

torso a t  the arm rest, and the leg below and i n  f ron t  o f  the arm resr. 

L w  Bel t  - Again a l l  parts o f  the body impacted the slde structure, but  a t  

lesser velocities. The improvement was most s ign i f i can t  f o r  the middie and 

larer  torsos. 

Shoulder Belts - As suspected, the upper torso and shoulder behavior was i;;- 

proved. The head velocity was not improved appreciably. 

Y-Yoke Belts - A def in i te  improvenrent f o r  the head and the middle torso was 

obtained. The upper and lower leg velocit ies increased s ign i f i can t l y  over 

the unrestrained run. 

Wth Percentile Hale - Bucket Seat 

No Rgstraint - There was a s l i gh t  improvement over the bench seat f o r  the mid- 

d le  torso, tower torso, and upper leg, that I s  the i r  impact velocity was re- 

duced. The head, however, h i t  the window wi th  a s l  l g h t l y  higher velocity.  

Lap Be1 t - The middle torso d id not s t r i k e  the arm rest,  and the head ve loc i ty  

a t  the window was s l i g h t l y  reduced. Overall. impact was less severe than the 

non-belted run i n  both bucket and bench type seats. 

Shoulder Harness - The overal l  behavior o f  the occupant was improved, but  the 

head d i d  h i t  the window, though a t  a lesser velocity than previously. 

Y-Yoke Belts - A de f in i te  improvenlent over a l l  three other res t ra in t  systems 

as f a r  as the head i s  concerned. The head d i d  not h i t  the window. The vel- 

oc i t y  of a l l  three parts o f  the torso was reduced. 

Slx-Year Chi ld - Bench Seat 

No Restraint - The head impacted the window, the torso h i t  the door a t  the 

arm r e s t  and the upper torso and shoulder h i t  the door below the window. The 

impact velocit ies were higher than tha t  o f  the unrestrained male on a bench 

seat. 

Lap B e l t  - The torso was restrained from h i t t i n g  the door. The arm and shoul- 

der h i t  the a m  res t  with a higher ve loc i ty  than the unrestrained run. 

Shoulder Harness - Performance was s iml lar  to  that  wi th  lap b e l t  only, but 

there was a decrease i n  the impact velocity o f  the shoulder and arm. 

Y-Yoke Belts - Similar to  the run w i t h  the shoulder harness, except the veloc- 

i t y  o f  impact of the arm was not s ign i f i can t l y  reduced over the unrestrained 

run. 

Six-Year Child - Bucket Seat 

No Restraint - Generally, the same behavior was observed here as i n  the bench 

non-belted c h i l d  run. The head and torso ve loc i t ies were reduced s l i g h t l y  i n  

comparison with the unrestrained bench seat. 

Lap B e l t  - S l igh t l y  bet ter  performance than the bench seat. 

Shoulder Harness - No in teract ion w i th  the door. 

Y-Yoke Belts - Same as above. No inpact o f  the c h i l d  wi th  the door. 
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TAflLE 5 .  ACCIDENT INVESTIGATION OF SIDE IWACTS 

I .  Sta t i s t i cs :  

1. Total Number o f  Accidents 
2. Total N d e r  o f  People Involved 
3. Total Numtrer o f  People I n j u red  
4. Total Nwnber o f  People Ejected from Vehicles 
5. Total Nunher o f  Fa ta l i t i es  

11. Total I n j u r y  Breakdown: 
(NOTE: Each in ju ry ,  as w i t h  mul t ip les ,  i s  countec.) 

1. Head and Neck I n j u r i e s  

2. Thoracic and Abdcminal I n j u r i e s  

a) Fracture ar Iatwt+al I n j u r i e s  
b) External LaceraWan o r  Contusions 

III. F*lity BFw&$wa: 
(WE: Eack *a1 i n j w y ,  as w i t h  mult ip les,  i s  ~ ( ~ 1 ~ t e d . )  

a Fracture o r  Head QpPlsing 
h t s a c m + a l  wtm o r  Contuslora 

a) T b r a c i c  In terna l  Lacerations or Hematoma 
b) Abdoainal In terna l  Lacerations w Hemtoma 

The i n j u r y  patterns general ly observed compare we l l  w i t h  the  3-0 comput- 

e r  simulations. The m d e l ,  f o r  instance, pred ic ted t h a t  an unbelted s ix-year 

o l d  c h i l d  would h i t  the s ide  window j u s t  above the window-door in ter face.  I n  

the accident reports,  a f ive-year o l d  c h i l d  impacted the window-door i n te r face  

i n  a 15 mph s ide c o l l i s i o n ,  and was knocked unconscious, bu t  otherwise unhurt. 

I n  an in tersect ion- type s ide impact, the change i n  ve loc i t y  i n  the  l a t -  

e ra l  d i r e c t i o n  o f  the s t ruck  car tends t o  be small, approximately 6 mph f o r  a 

30 mph c o l l i s i o n .  Consequently, the occupant i s  involved i n  a secondary co l -  

l i s i o n  o f  6-10 mph from which he can be protected i f  there i s  minimal i n t r u -  

s ion. 

2.2.5 Comparison w i th  Accident Invest iga t ion  

A comparison o f  the impact ve loc i t i es  of t he  occupant, as predicted by 

the mode1,with accident invest iga t ion  reports i s  not  d i r e c t l y  possible. What 

has been compared i s  the locat ions  o f  i n j u r i e s  and t h e i r  sever i t ies .  The l o -  

ca t ion  o f  impact on the door by the occupant was determined by care fu l  exam- 

i n a t i o n  o f  the vehicle. The type o f  i n j u r y  was determined from the medical 

records. Tables 2 and 5 provide a convenient sumnary o f  these f ind ings.  The 

computer s imulat ion pred ic ts  s i m i l a r  involvements o f  body par ts  and veh ic le  

components. Of course a quan t i t a t i ve  comparison cannot be made because pre- 
I 
I 

c i se  numerical informat ion i s  not generated by accident invest iga t ions . .  How- 

? ever, there are evident s i m i l a r i t i e s  between Table 6 ,  t he  accident invest iga-  

t ions,  and Tables 2, 3 and 4. the computer simulations. 

I 2.3 PHASE 2. OPTIMIZATION AND HDDIFICATION 

i The accident invest iga t ions  together w i t h  computer s imulat ions ind ica ted 

I t h a t  most of the i n j u r i e s  were due t o  t he  second impact o f  the occupant w i t h  



TABLE 6. LOCATION OF OCCUPANT IMPACT WITH DOOR 

23 Acciaents Involving 33 Occupants 

Location of Impact 

1. Yindow 

2. Mindat-am res t  interface 

3. Arcn rest  and v ic in i ty  

4. Region beEw a m  res t  

, 5. Side panel, f ront  of a m  res t  
I 

Frequency 

Head 12 

Shoulder 8 

Thorax I Abdomen 8 

Hip 6 Thigh 3 

Ann 7 
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FIGURE 15. STIFFNESS of DOOR with REINFORCING MEMBER, Ibs./im. 
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After  t h e  animal was f u l l y  anes the t ized ,  he was shaved and t a r g e t e d  f o r  

high speed photographic a n a l y s i s .  The a r i n a ?  n t s  thec taken t o  t h e  impact 

r a m  where EKG, r e s p i r a t o r y  r a t e  acd re+?ex szars  wfre recorded A csmpgete 

s e t  of anthropometric measurements were ther wade e i  each test animal. The 

t e s t  anfinal Mas sea ted  f o r  @.e impact t e s t s  cn a oencb type s e a t  ana w p p o r t e d  

by surg ica l  thread throdgh the e a r s .  Thls  method of  support  wakes t h e  animal 

e s s e n t i a l l y  a f r e e  body. I t  was found t o  proviae repmduc?ble  r e s u l t s  and 

e l h f n a t e d  t h e  cm~plicated boundary condit ions of a s e a t  o r  s l i n g .  

A l l  :%pacts "ere carrjeb ~iit by a ppii~aiit=ttca??y ope:&t,-d &st.!fig aachine  

e s p e c i a l l y  constructed f o r  impact s t u d f  es . (Figure 18) The machl ne c o n s i s t s  

o f  an a3r r e s e r v o i r ,  and a ground and honed cy l fnder  uith two c a r e f u l l y  f i t t e d  

pistons.  h e ,  the t r a n s f e r  p i s t o n ,  is prope l led  by cawpressed a i r  through 

t h e  cy l inder  and t r a n s f e r s  i t s  iaam@ntum to t h e  i n p a c t  p i s ton .  A s t r i k e r  p l a t e ,  

a t tached  t o  the  impact p i s t o n ,  t r a v e l s  a d i s t a n c e  o f  about  f o u r  inches.  wben 

an inversion W e  absorbs t h e  energy o f  t h e  impact p i s t o n  and h a l t s  i t s  move- 

nent. The s t r o k e  of  the inpac tor  was controlled by its i n i t i a l  pos i t ion ing  

and i ts v e l o c i t y  uas c o n t r o l l e d  by t h e  r e s e r v o i r  pressure.  The ispactor was 

instrvrsented with an accelerometer  and an i n e r t i a  umpensated f o r c e  transducer.  

(Figure 19) H l g h  spefd m t i o n  p i c t u r e s  a t  XBX3 fps were taken f o r  photometric 

ana lys i s .  

3.2.1 #ad lapacts Set Up 

The head impacts were c a r r i e d  wt using t h r e e  f l a t  r i g i d  impactors. Each 

 acting sur face  was l a r g e r  than the head to be impacted. (F igure  20) The 

test a ~ f o a l  was p l a a d  with h i s  k a d  a pnaeletennised d i s t a n c e  frolo t h e  Impactor 

t o  prevent  the inpac tor  frcnn eonltaeting the tower p a r t  o f  t h e  neck. (Figure 21) 



FIGURE 20. FLAT RIGID IMPACTORS AND TRANSDUCERS 
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FIGURE 21. T E S T  S E T - U P  FOR HEAD SIDE IMPACT 











FIGURE 26.  TYPICAL L lVER FRACTURES 

FIGURE 25 TYPICAL CONVRECQUP INJURY 
. _-__I_ 
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LOD-Loss o f  Data  

.I 0 

TABLE 8. SIDE HEAD IMPACT DATA 
(Continued) 



*contrecoup 
LOO = Loss o f  Data 

TABLE 8. S I D E  HEAD IMPACT DATA 
(Continued) 

TABLE 8. S IDE  HEAD IFPACT DATA 
(Continued) 



No. Species 

71-109 

. -*. 

71-116 cyn 

Area b Type 
of Impact 

1 .  stde 
head 

1 .5"  padding 
. --- .- 

1 .  s ide 
head 

1.5"  padding 

1 .  s ide 
head 

1.5" padding 

r ,  side 
head 

2" padding 

r ,  side 
head 

2" padding 

r Impact Termination LOSS of 
Duration / Pea). Contact 1 Max. Head Arcel. ( O y s  A f t e r  Conrc~ousness Sca'ling 

lnrl Force (1)s . )  t o  Sum, s 1 Impact) / (mini 1 1ndw NO. 

TABLE 9. PADDED IMPACTOR HEAD DATA 

LOO = Loss o f  Data 

TABLE 8. SIDE HEAD IMPACT DATA 
(Continued) 

I 



LOD - Loss o f  D a t a  
TABLE 10 .  SIDE BODY IMPACT DATA 

(Cont fnued)  

8 

TABLE 10. SIDE BODY IMPACT DATA 



LOO = LUGS of Data TAllLE 10. 1E BODY IMPACT UATA ?Cant hued)  

I .  i--J 

LOO = Loss o f  Data 

5 P . l  hemorrhage I n  l e f t  li+1 

I 
Sam Focal hemorrhage I n  right 

Day of lung. 

TABLE 10. SIDE BOW 1MPAC; DATA 
(Continued) 



TABLE 10 .  S I D E  BODY MPACT DATA 
(Contlnuedf 

TllBLE 10. S I D E  BODY IFPACT DATA 
(Continued) 
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A Cynomolgus 
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Animal Scaling Parameter (Y) brain 

W e :  All data points are for an injury scaling 

number of three. 

FIGURE 28. VELOCITY SCALING PARAMETER 
FOR HUMAN SIDE HEAD IMPACT 
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FIGURE 23 ACCELERATZON SCALING PARAMETER 
FOR HUMAN SIDE HEAD IMPACT 









response can be expressed i n  t e r n s  of  t h e  fol lowing l i n e a r  d i f f e r e n t i a l  equa- 

t 'ons. (Figure 33) 

mlxl = c ( i 2  - i l )  + k(x2 - x l )  (13) 

m2Z2 = - c ( i 2  - i l l  - k(x2 - x l )  (141 

where 

X = x 2 - X1 ( 1 5 )  

and 

x = X + x  2 1 (16) 

thus 

mqX + cx + k~ = -m ji 2 1 

Le t t ing  

1, = a ( t )  any input  a c c e l e r a t i o n  

then 

S u b s t i t u t i n g  equation (15) i n t o  equations (13) and (14) and then s u b s t i t u t i n g  

equation (14) from equation (13) we f i n a l l y  a r r i v e  a t  

The requi red  equations of m t S o n  of t h e  m d e l  a r e  t h e r e f o r e  equation 

(18) f o r  a forced v i b r a t i o n  input  and equation (19) f o r  a f r e e  v i b r a t i o n .  

With t h e s e  two equations and t h e  model cons tan ts  developed above, t h e  dynamic 

response of t h e  head m d e l  can be s tud ied  f o r  a v a r i e t y  o f  input  impulses. 

The r e s u l t i n g  curve I s  t h e  Haxinnwn S t r a i n  C r i t e r i o n  (MSC) f o r  head to le rances  

i n  r e s p e c t  t o  s i d e  impacts. 
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FIGURE 34. MAXIMUM STRAIN CRITERION FOR PRIMATES, 

SlDE HEAD IMPACTS (TRIANGULAR PULSE ) 
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FIGURE 37. MAXIMUM STRAIN CRITERION FOR RHESUS 
MONKEY, SIDE HEAD IMPACTS (TRIANGULAR PULSE) 
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the peak impactor force by the estimated contact area) versus the in ju ry  in-  

dex. For an in jury  index o f  3 th i s  contact pressure was approximately 19 psi 

for the rhesus monkey and the baboon. It was the same f o r  both the r i g h t  and 

the l e f t  side. FIgure 40 shois the impact ve loc i ty  versus in ju ry  index f o r  

impacts with a scaled arm res t  t o  Region 11. A s ign i f icant  difference (ap- 

proximately 20%) i n  the tolerable impact velocity were observed f o r  the r f g h t  

and l e f t  side o f  the baboon and rhesus monkey. 

The impacts t o  the other regions o f  the torso are l im i ted  i n  number and 

the results cannot be generalized. However, i t  i s  clear that pressure to le r -  

ance i n  Region I i s  higher than i n  Region 11, approximately 27 psi. Whole 

side body pressure tolerance is ,  however, much higher than Region I1 o r  that  

o f  Region 111. 

3.4 ANIMAL SLED TESl 

3.4.1 Introduction 

The impacts i n  section 3.2 were carr ied out under very idealized labora- 

tory conditions. The location, impacting surface, and ve loc i ty  o f  impact 

were very precisely controlled. Crash simulations on the HSRI Inpact Sled 

were conducted to v e r i f y  that  the in ju ry  patterns seen i n  the control led im- 

pacts were representative o f  the in ju r ies  seen i n  a less control led impact 

environment simulating more closely an actual automobile side co l l is ion.  

3.4.2 Experimental Setup f o r  HSRI Large Sled 

Ten tes t  ani~nals were used f o r  the crash simulations: four baboons; 

one chimganzeg three ~ y n m l g u s ;  andad, WQ rhesus, Scaled dmrs were mde 

f o r  each slze animal. These doors were made wi th  a steel r im and a plywood 

! I nc 

Impact Velocity, & 





Test  t a .  71-96: Chimpanzee 59 f t / s e c  s l e d  run with a 31 6 ' s  acce le ra -  

t i o n  pulse. Tne same s e t  up as 71-93. The door and window were damaged. 

The injury was moderate t o  t h e  spleen and pancreas. No head in jury .  A typ i -  

cal  s l e d  ard head acce le ra t ion  t r a c e  is shown i n  Figure 42, f i l t e r e d  a t  250 

riz. 

3.4.3 Experimental Set-Up f o r  Small Sled 

The smaller  monkeys were run on t h e  HSRI small high ve loc i ty  s l e d .  The 

t r a n s f e r  pisron and impact p i s ton  were removed f r o m  t h e  a i r  cannon. A s i n g l e  

piston w i t k  2 5-foot connecting rod was i n s t a l l e d .  A 25-foot t r a c k  and a 

pneumatically operated braking system was used t o  d e c e l e r a t e  t h e  s l e d .  The 

instruntentation was the  same a s  previously described.  This s l e d  i s  o f  t h e  

reverse ac t ing  type, t h a t  i s ,  t h e  s l e d  is r a p i d l y  acce le ra ted  ( t e s t  phase) 

and then decelerated slowly. (Figure 43) Three vervet  and two rhesus monkeys 

were used i n  these t e s t s .  

3.4.3.1 Tes t  Results  f o r  Small Sled 

Tes t  No. 71-103: Vervet 66 f t / s e c  s l e d  run with a 28 G's a c c e l e r a t i o n  

pulse. In the run the  door was 1/4" t h i c k  with no padding and an arm rest. 

The animal was not in jured .  The door broke, not t h e  window. 

Tes t  Ho. 71-104: Vervet 72 f t / s e c  s l e d  run with a 26 G ' s  a c c e l e r a t i o n  

pulse. Same set up a s  71-103. Moderate head in jury .  The door broke, b u t  

not  t h e  win-. 

Tes t  No. 71-105: Vervet 70 f t / s e c  s l e d  run with a 19 G's a c c e l e r a t i o n  

pulse. Same s e t  up a s  71-104, but  m d i f i e d  door mounts t o  t h e  s l e d .  The in-  

n - ACCELERATION (G's) 

j u r f e s  were moderate t o  t h e  lungs,  l i v e r  and pancreas. No breakage to  t h e  

i door or  window. 

110 



Tes t  No. 71-106: Rhesus 67 f t / s e c  s l e d  run with a 18 G's a c c e l e r a t i o n  

pulse.  Same s e t  up a s  71-104, bu t  bigger door. The door f a i l e d ,  b u t  t h e  

window d i d  no t  break. Moderate i n j u r y  t o  t h e  l i v e r  and kidney. 

T e s t  No. 71-107: Rhecus 65 f t / s e c  s l e d  run with a 16 G ' s  a c c e l e r a t i o n  

pulse.  Same s e t  up a s  71-105 but  door b e t t e r  fas tened  t o  t h e  s l e d .  No 

breakage t o  door o r  window. Moderate i n j u r y  t o  t h e  l i v e r  and pancreas. 

The i n j u r i e s  seen on t h e  s l e d  runs were very s i m i l a r  t o  those  seen i n  

t h e  i d e a l i z e d  impacts. Liver i n j u r i e s  caused by d i r e c t  blows from t h e  sca led  

arm r e s t  impactor were found t o  be i d e n t i c a l  t o  those  caused by t h e  t e s t  an i -  

mal impacting t h e  sca led  door a n  t h e  s l e d  test. While pancrea t ic  i n j u r i e s  

werp seen i n  most of the  s l e d  t e s t s ,  very few were found i n  any o f  t h e  

i d e a l i z e d  t e s t s ,  o t h e r  than t h e  whole body impacts. 

Head i n j u r i e s  were found t o  be  minimized by s i d e  window g l a s s  f r a c t u r e .  

Sf the  window did  not  break,  rhese i n j u r i e s  were found t o  be more severe.  In 

e i t h e r  case ,  t h e  i n j u r i e s  were s i rn i la r  to t h e  idea l ized  impacts. The contre-  

coup i n j u r y  was observed f n  t h e  s l e d  t e s t  a s  well  a s  the  idea l ized  test. 

A summary of a11 t h e  t e s t  r e s u l t s  a r e  given i n  Table 13. 

3.5 50TH PERCENTILE MALE Wt9W SIDE DOOR CRASH SIMULATIONS 

3.5.1 In t roduc t ion  

A s e r i e s  o f  s i x  s i d e  impacts were simulated on t h e  HSRI Impact Sled,  

with s i x  doors represen t ing  f o u r  makes of  automobiles. Two o f  t h e  runs were 

wi th  l a p  be1 ts, whi le  t h e  rest uere unbelted. 

These tests u e r e  conducted t o  determine t h e  d i f f e r e n c e s ,  i f  any, between 

c a r  doors with guard b e a m  and c a r  doors without  guard beams when impacted 

from t h e  i n s i d e  by an occupant. 



TABLE 13. ANIMAL S I D E  DOOR CRASH SIMULATIONS (Cont 'd . )  

*~&ak/Average 

LOD = Loss o f  Data 

TABLE 13. ANIMAL S IDE  ijOOR CRASH SIMULATIONS 



TABLE 14. 50th PERCENTILE MALE DUMMY SlDE DOOR CRASH SIMULATIONS 

A l l  accelerations given are peak values 
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Left 1962 Oidsaabile I 6.15 1 38.25 

Right 1966 Ford i 10.00 ! 49.5 

I - 
. y ~ e  1 x t r u s  i o~ 

i I ~ C E ~ S  
Door Length 

Inches i 

TABLE 15. DOOR TYPES AND EXTRUSION DISTANCES 

L e f t  1966 Ford 

Right 1970 Chevrolet 

L e f t  1971 Ford 

Figure 44 shows a typical sled t e s t  setup w i th  the dunmy and door gem- 

@try. Figure 45 shws the typical deformation that  occurred when the dumny 

impacted the door. Figure 46 i s  a photograph o f  a side impact accident wi th  

the following details. 

A t  8:30 a.m. on Nonday. August 19. 1968. a 1968 Pontiac Catalina two-door 

hardtop. driven by a 52-year-old male (5 fee t  8 inches, 170 pounds). was 

travel ing east on a two-lane paved roadway a t  a police-estimated speed o f  

45 mph. The vehZcle went o f f  the south side o f  the road; the r i g h t  side o f  

the Pontiac scraped against a tree. The vehicle then spun around and struck 

a second tree 80 feet  down the road a t  the l e f t  f r o n t  wheel wel l .  A t  t h i s  

time. the drfver was ejected through the l e f t  f ron t  door window. The car. 

without the driver. went en d m  the roadway cmfng t o  r e s t  26 fee t  beyond 

the second tree. The l e f t  door o f  the Pontiac was severely defonned outward 

from driver Impact. 

The dr iver  had back pain, m i ld  concussion, chest patn, s l i g h t  abrasions 

on h is  l e f t  side. abrasions o f  the l e f t  foot, open fracture l e f t  shin. F16URE 44. TYPICAL T E S T  SET-UP Fall SlRE 
CRASH S IYBLlCt  I O N  
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FIGURE 45 1971 FORD DOOR AFTER T E S T  #71=105 
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uOOR C&SHWDRT?~NESS CRITERI* 
Contract ih-11-7288 

SUMWAR' SHEET 

Run Number 70-14 
Animal. Species and Sex Squirrel  Monkey. Ehle 

Area and Type of Impact Right s i d e  Read, no pad 

Impact Velocity 24.4 mph 

Animal Total Bodf  neigh^ . 1.76 Ibs.  

Animal Head Weignt . I75  lbs .  

Animal Brain Weight .0762 lbs .  

Animai Skui 1 3imensi3n* HI 1.26 inches 
2 02 inches 

i- . M! inches 
a .82 inches 

h/a .a500 

Impact Duration 1 .6  met. 

PeaK Contact Force 375. l b s .  

Head Acceleration (F=MA) 2140. g ' s  

Maximum Head Acceleration 1260. g's  
(Vector sum x and y from Vanguard) 
Maximum Head Velocity 34.5 Wh 
(Vector sum 2 and 4. from Vanguard) rad 
Maximum Angular Head Acceleration 225,000. Gii? 

rad  - 
Maximum Angi? a r  Head Velocity 255. s e c  

Impulse -360 lb-sec. 

Camera Framing Speed 10,600. Frawes/sec. 

Blow-up Factor 1.45 in/Van.in. 

Quality of Movie Good 

Animal Arrival: July 30. 1970 Impact: J u l y  30, 1970 

Termination: August 5. 1970 Dates 

Evidence of Injury Post-Impact: P ~ s s i b l e  sku l l  f r a c t u r e  near r i g h t  p a r i e t a l  

area.  W l e  body treraor noted. 



SUmRRY SHEET (Cont'd. ) 
Page 2 

SUMMARY SHEET (Co~t'd. ) 
Page 3 

22. Loss of Consciousness 

23. Heart-Beat Rate Pre-Impact 

Post- Impact 
24. Respiratory Rate Pre-Impact 

Post- Impact 
25. Reflex S ta te  (pupil lary,  eye1 id. 

Pre- Impact 
Post-Impact 

26- Behavior Pre-Impact 

unconscious <5 min. 

130 beats/min. 

140 beats/min. 

( s l i g h t l y  e r r a t i c )  44 breaths/min. 

(very e r r a t i c )  32 breaths/min. 
ear  pinch, e t c . )  

present and normal 
returned a f t e r  5 min. - normal 

appears n o ~ l  and healty 

Post-Impact cannot be determined imed.  

appears normal & healthy next day 
W. Anesthetic Used Ketalaine (I.P. 1 Na Pento AaMlnt 52.7 and 12.5 -/kg 

Approx. Time Last Inject ion Given 2:45 

Approx. Time Impact 3:15 
CondStion of Animal 

28. X-Rays Pre-Impact 

Post-Impact yes; taken (1 day a f t e r  impact) - 
29. Blood Samples: Does not  apply 

Pre - 
SGM In t .  Units 
SGPT Int .  Units 
IlYt ----- Int .  Units 
AIKP' tase In t .  Units 
CPK ----- In t .  Units 

30. Skull Cleaned and Stored yes - saved and cleaned 
31. EKG Pre-Impact yes  - saved and marked 

Post- Inpact yes - saved and marked 

32. Autopsy C m e n t s :  Fracture r i q h t  parietal  bone (2 places). Some heoor- 
rhages i n  muscle and s l i g h t  congestion i n  brair.. Occipi tals  fractured.  

Autopsied 6 days post impact. 

Histopathology: Brain: acute passive congestion. Focal m!l subarachnoid 
hemorrhage over cerebellum a t  4th vent r ic le  level .  Perivascular small 
hemorrhages i n  cerebrum. No other t i s sues  analyzed. 

33. Scaling Index Number 2 
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1 ION 119.70-l4 

t - SQUIRREL -KEY 

E R. #DE 4# HEAD 
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t) 
T I E  (rilfiseeds) 

DOOR CRASHYORTHINESS CRITERIA 
Contract FH-11-7288 

SUWRY SHEET 

Run Number 

Animal. Species and Sex 

Area and Type o f  Impact 

Impact Veloci ty 

Animal Total Body Weight 

Animal Head Weight 

Animal Brain Weight 

Animal Sku1 1 Dimension* 

Impact Duration 

Peak Contact Force 

Head Acceleration ( F a )  

-- 70-58 

Cynamolgus bnkey, Ma1 e 
Le f t  side head, no pad 

23.0 mph 

6.05 lbs.  

-731 Ibs. 

-122 Ibs. 

w 1.95 inches 

1 2.78 inches 

h -065 inches 

a 1.18 inches 

h/a .055 
1.7 msec . 

800. I bs. 

1090. 9 's 

12. Naximum Head Acceleration 1220. g 's 
(Vector sum R and y from Vanguard) 35.0 

13. Naximum Mad Velocity mph 
(Vector sum k and 2 from Vanguard) rad 

14. Maximum Angular Head Acceleration 95,000. SF 
rad - 

15. Maximum Angular Head Velocity 184. sec 

16. Impulse .985 1 b-sec. 

17. Camera Framing Speed 55M. Frames/sec. 

18. Blow-up Factor 2.2 in/Van. in. 
19. Qua1 i t y  o f  Movie Good 

20. Animal Ar r iva l :  October 16, 1970 Impact: October 16. 1970 

Termination: October 19, 1970 Dates 

21- Evidence o f  I n j u r y  Post-Impact: Z y g m ~ t i c  arch fractured l e f t  s ide head. 

l o  other obvious in jury.  



SWJ4ARY SHEET (Cont'd.) 
Page 2 

22. Loss o f  Consciousness 

23. Heart-Beat Rate Pre- Impact 

Post- Impact 
24. Respiratory Rate Pre-Impact 

Post- Inpact  
25. Reflex State (pupi 1 lary,  eye1 id ,  

Pre- Impact 

Post-Impact 

26. Behavior Pre-Impact 

stunned - 3 min. 

137 b e a t s h i n .  

167 b e a t s h i n .  

32 breaths/min. 

44 breaths/min. 
ear pinch, etc.) 

a l l  normal 

no t  recorded 

appeared normal and heal thy 

Post-Impact never f u l l y  regained from drug 

27. Anesthetic Used Ketamine (I.M.) h u n t  n o t  record. mg/ kg 

Approx. Time Last  I n j e c t i o n  Given 9:OO 
Approx. Time Impact 1l:OO 

Condit ion o f  Animal deep-modera t e  

28. X- Rays Pre- Impac t none 

Post-Impact none 

29. Blood Samples: Does not  apply. 

Pre Post l d a y  2 d a y s  M h e r  - - 
SGOT -- - - - I n t .  Un i ts  
SGPT ----- I n t .  Uni ts  
LW I n t .  Un i t s  

AIKP' tase I n t .  Un i t s  

CPK ----- I n t .  Un i ts  
30. Skul l  Cleaned and Stored yes 

31. EKG Pre-Impact 

Post-Impact 

SUMRY SHEET (Cont'd.) 
Page 3 

32. Auto$sj Carmenis: M u l t i p l e  fractures left zygana. Hematoma l e f t  temporal is 

muscle. Hoderate congestion ~ p i d u r a l  and on brain. 

Contrecoup - hematoma r i g h t  s ide bra in.  

Autops~ed same day as impact. 

.- -- 
- 

-- 

-- 

-- 

Histopa tb logy :  Brain: focus o f  d e s t r x t i a  of cor tex w i t h  hemorrhage i n  

one section. Retro-peritoneal L. N. - s inus h is tocytos is .  Lunq: m i l d  acute 

passive congestion. A l l  e lse  appears n o m l .  

33. Scal ing Index Number 3 
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DOOR CRASHUORTHINESS CRITERIA 
Contract FH-11-7288 

SUmARV SHEET 

EM CONTACT FDRCE 
1. Rdr, Humner 70-27 

2. Animal. Species and Sex Rhesus Monkey. Chic 

3. Area and Type of Impact Lef t  side head, no pad 

4. Impact #eloci ty 33.4 lnph 

5. Animal Total Body Ueight 21.6 lbs. 

6. Animal Head e i g h t  2.10 lbs. 

7. Animal Brain Weight .243 lbs. 

8. Animal Skull Diaension* w 2.30 inches 

1 3.72 inches 

h . i 35 inches 

a 1.50 inches 

h/a -090 

9. Impact Iluration 3.5 mec. 

10. Peak Contact Force 2,050. lbs. 

11. Head Acceleration (F=IIA) 975. g's 

12. Maxitmiir. Head Acceleration 9 4 0 . ~ 5  
[Vector sun E and ji fmo vanguard) 

13. Haxilwr HBld Velocity 38. mph 
(Vector sua i and 9 f roa Vangwrd) rad 

14. Maxi-. kngblar Head Acceleration 75,OOC. zz= 
rad - 

15. Maxi- Angb- ar head Velocity 179.- sec 

16. Impulse 3.25 10-sec. 

17. Camera Frw ing  Speed Frames/sec . 10.400. - 
18. Blow-up Factcr 2.73 in/Van. in. 

19. Quality o f  &vie Good 

20. Animal Arrival: August 13. 1970 Impact: August i3 .  1970 

T e r m i n a t i ~ n : a ~  Dates 

21. Evidence o f  In jury  Post-Impact: Cmpound fracture i n  cheek area, deep lacer- 

at ion i n  l e f t  cheek and large amounts o f  blood spouting. Abrasions l e f t  side 

sf face. 

FIGURE A-10 

A-16 
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SUEE~ARY SHEE- (Copt '  d. ) 
Page 2 

Loss of Consciousness Cannot determine min. 

Heart-Beat Rate Fre-Impact 3 30 beatsfmin. 

Post-Impact 145 beatsfmin. 

Respira tory  Rate Pre-Impact 40 breaths/min. 

Post- Impact 32 - Dreaths/min. 

Reflex SQre ipup i l l a ry ,  eye1 id, e a r  pinch, e t c .  ) 

Pre- Impact All norma? 

Post- Impact None (due to drugs)  

B e h a s ~ o r  Pre-Impact Appears normal 

Post-Impact No apparent  change 

Anesthet ic  Used Ketamine (I.M.) Na Pento h u n t  no t  recorded mg/kg 

Approx. Time Last In j ec t ion  Given Not recorded 

Approx. Time Impact Not recorded 

Condition of Animal Moderate 

X-Rays Pre-Impact None 

Post-Inpact None 

Blood Samples: 

P re  Post  1 day 2 days Other - - 
SGOT 44 55 107 103 ----- I n t .  Units 

SGPT 53 19  48 28 - 1 n t . U n i t s  ----- 
LDH 148 183 178 179 I n t .  Units 

1 3  14 16 AIKP'tase 11 In t .  Units 

CPK 150 450 915 598 ----- I n t .  Uni ts  

Skull Cleaned and Stored Yes 

EK6 Pre-Impact Yes 
Post-Impact Yes 

SUMMAR$ SHEET (Cort 'o . )  
Page 3 

32. Autopsy Comnents: Hemorrhage i n  temporal is  muscle. Cerebral -spinal  f l u i d  
cloudy-pink colored.  Brain  pa renchpa  hemr rhage  in  r i g h t  l a t e r a l  ce reb ra l  
co r t ex .  2 a r e a s  1 CAI diameter  a f f e c t e d  (Contremup) b ra in .  

Autopsied 2 days post  impact. 

Histopathology: Right lung: fo re ign  body g ranu lamr .  Le f t  lung: a c u t e  

p a s s i v e  congestion. Kidneys: congested. 

Brain: congest ion and foca l  red blood c e l l s  i n  arachnoid.  Petechae Cere- 

brum: foca l  d e s t r u c t i o n  co r t ex  (L hemorrhage (ou te r  margin) a l s o  lymphatic 

i n f i l t r a t e  i n  meninges-meningitis (L c e r e b e n i t i s  from t ram.  All e l s e  appears  

33. Scal ing Index Number 3 normal. 
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