
PB 208 242 
DOT HSm800 551 

HSRI THREE DIMENSIONAL CRASH 
VICTIM SIMULATOR: ANALYSIS, 
VERIFICATION, AND USERS' MANUAL, 
AND PICTORIAL SECTION 

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

Contract No. FH-11=6962 
June 30, 1971 
Final Report 

P R E P A R E D  F O R :  

U.S. D E P A R T M E N T  O F  T R A N S P O R T A T I O N  
N A T I O N A L  H I G H W A Y  T R A F F I C  S A F E T Y  A O M l N l S T R A T l O N  
W A S H I N G T O N ,  D . C .  20590 Reproduced by 

NATIONAL TECHNICAL 
INFORMATION SERVICE & 1 

Springfield, Va. 22151 b' 





N O T I C E  

T H I S  D O C U M E N T  H A S  B E E N  R E P R O D U C E D  F R O M  

T H E  B E S T  C O P Y  F U R N I S H E D  US BY T H E  S P O N S O R -  

I N G  A G E N C Y .  A L T H O U G H  I T  I S  R E C O G N I Z E D  

T H A T  C E R T A I N  P O R T I O N S  A R E  I L L E G I B L E ,  I T  

I S  B E I N G  R E L E A S E D  I N  T H E  I N T E R E S T  OF' M A K -  

I N G  A V A I L A B L E  A S  M U C H  I N F O R M A T I O N  A S  

P O S S I B L E .  



3. Recipient's Cltdq No. 

5. Report Date 

June 30, 1971 
6. Peaforming ~ ~ p n i n t i o n  Code 

8. Performh O r p n h t k ~ ~  Report No. 

Bio  M-70-9 
10. Work Unit NO. 

11. Contnct or Gnnt No. 
M-11-6962 

13. Ty of Report and Period ~ o v c c d  
~ i n a r  ~ e ~ o r t  
January 1, 1969 - June 30, 
1971 
14. Sponsoring m n c y  Code 

1. Report No. 

17. Key Wordt 

16. Abrtnrt 
Tkts repor t  deals w i th  the development and use o f  mathematical models fo r  the 

s imulat ion of automotive occupant kinematics i n  the event o f  a c o l l i s i o n .  This 
model was developed as a too l  t o  study advanced concepts and designs of seat- 
r e s t r a i n t  systems from the viewpoint of occupant protect ion.  A f t e r  a discussion 
of the state-of- the-art  of mathematical modeling o f  the crash vict im, an ana ly t i ca l  
descr ip t ion of the HSRI Three-Dimensional Crash Vic t im Simulator i s  presented. 
This model consists of a segmented, three-mass dynamic model o f  a human in te rac t ing  
w i th  the i n t e r i o r  o f  a veh ic le  i n  a f u l l  s i x  degree-of-freedom crash. The degree 
t o  which predict ions of the model agree w i t h  experimental impact s led t e s t  data i s  
presented along w i t h  a deta i led  Users' Manual f o r  Wee i nd iv idua ls  des i r ing  t o  
exercise the HSRI TbMmcm+ml  Crash Vic t im Simulator. The repor t  concludes 
w i t h  a descr ip t ion o f  the p i c t o r i a l  section. 

2. Covwnmant Acardon NO. 

18. Dbtrlbutlon Statement 

4. Title and Subtitle 
HSRI Three-Dimensional Crash Vict im Simulator: 
Analysis, Ver i f  ica t ion,  and Users' Manual, 
and P i c t o r i a l  Section 

7 .  Author(&) 
D.H. Robbins, R.O. Bennett, and V.L. Roberts 

ntion Nunc and Addreu 
l ! iza?sXty Research i n s t i t u t e  
The Uni vers i  t y  o f  M i  ch i  gan 
Huron Parkway and Baxter Road 
Ann Arbor, Michigan 48105 

12. s onsorin ncy  amb band Addnu 
~ a t f o n a l  k*f"shway T r a f f i c  Safety Administrat ion 
U. S. Department o f  Transportation 
Federal Highway Administrat ion 
7th and E Streets, S.W. 

l- 211590  om 

22. Pr~cc 

Form DOT F 1700.7 ( 8 4 9 )  

21. No. of h g c s  19 Security Cbu~f.(of (his report) 20. Security C k i f . ( o f  this prp) 



TABLE OF CONTENTS 

L i s t  o f  F i g u r e s  

Page 
iii 

L i s t  o f  T a  b l  es 

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

1  1 S ta te  o f  the A r t  3  

2.0 A n a l y t i c a l  Desc r i p t i on  o f  the Three-Dimensional Crash V i c t i m  Simulator  7 

2.1 Se lec t i on  o f  Parameters 7 

2 . 2  Formulat ion o f  t he  Model 9 

2.3 Body 13 

2.4 Add i t i on  o f  Forces t o  the  Equations o f  Mot ion 2 5 

2.5 Contact Forces 32 

2.6 B e l t s  47 

2.7 J o i n t s  
LI 

3.0 Experimental V e r i f i c a t i o n  o f  the  Model 

3.1 Choice o f  C r i t e r i a  f o r  V e r i f i c a t i o n  62 

3.2 The Experiments 6 5 

3.3 Prepara t ion  o f  Data Sets f o r  the  Computer S imu la t ion  9 0 

3.4 Comparisons o f  the  P red i c t i ons  o f  t h e  HSRI Mathematical Models f o r  100 
a  Fron t  Impact Tes t  

3 . 9  Comparison o f  t h e  P red i c t i ons  o f  t he  Three-Dimensional Model w i t h  103 
a  Side Impact S led Tes t  

4.0 User 's  Guide t o  the HSRI Three-Dimensional Crash V i c t i m  S imu la to r  108 

4.1 Desc r i p t i on  o f  Program I n p u t  Data 108 

4.2 Desc r i p t i on  o f  Normal Program Output 132 

4.3 Desc r i p t i on  o f  A u x i l l a r y  Program Output 152 



TABLE OF CONTENTS (Cont'd. ) 

4 . 4  I n teg ra t i on  Techniques and Program Controls 

4.5 Use of the Program i n  the Michigan Terminal System 

4.6 Overal l  Program Organization and Flow 

4.7 Subprogram Descript ions and Flow 

4.8 Symbol D ic t ionary  

5.0 Three-Dimensi onal Crash V ic t im  Simul a t o r  P i c t o r i a l  Output Program 

5.1 Use of the P i c t o r i a l  Output Program i n  MTS 

5.2 The Display Control Sect ion 

5.3 The S t i c k  Figure Display Sect ion 

Reference L i s t  

Page 
164 



LIST OF FIGURES 

Figure 1. Three-Mass, Three-Dimensional Model 

Figure 2. AMA Fron ta l  Decelerat ion P r o f i  1 e 

Figure 3. Complex F ron ta l  Decelerat ion Trace 

Figure 4 .  Detai 1 o f  Three-Mass Body Showing Length, Centers o f  
Grav i t y ,  and Moments o f  I n e r t i a  

F igure 5. De ta i l  Showing t h e  Coordinate Systems Used i n  Th is  
S imu la t ion  

F igure 6. D e f i n i t i o n  o f  Eu le r  Angles f o r  any Movable System 

Figure 7. Load-Defl e c t i o n  Cha rac te r i s t i c s  

Figure 8. Contact Force 

Figure 9. El 1 i p s o i d  ' M I  Attached t o  Body Segment I N '  

Figure 10. Contact Surface Attached t o  t h e  Vehic le  

F igure 11. Contact Surface Speci a1 Parameters 

Figure 12. A Moving Contact a t  Three Time Po in ts  

Figure 13. A Corner Coordinate Value and Rate as a Funct ion 
o f  Time 

Figure 14. Be1 t Segment N 

Figure 15. J o i n t s  

F igure 16. Re la t i ve  Eu le r  Angles f o r  Computing J o i n t  Torques 

I-: , ,  7 1.1rnr r- , ,,"re l ,dI~L , ,~gact Sled 

Figure 18. Fronta l  Impact Test Setup 

F igure 19. La te ra l  Impact Test Setup 

Figure 20. Vehic le  Kinematics 

F igure 21. Resul tant  Chest L inear  Acce le ra t ion  i n  G-S 

F igure 2 2 .  Resul tant  Head L inear  Acce le ra t ion  i n  G-S 

Figure 23. Seat B e l t  Loads 

Figure 24. Shoulder Harness Loads 

Page 

2 

10 

11 

14 



Figure 25. Forward Motion o f  H-Point 

Page 

75 

Figure 26. Forward Motion o f  Head Center o f  Grav i ty  

Figure 27. P i t ch  Angle o f  Head 

Figure 28. P i t c h  Angle o f  the  Upper Leg 

Figure 29. Vehicle Kinematics 

Figure 30. Head Displacement t o  Side 

Figure 31. Torso Displacement t o  Side. 

Figure 32. Displacement o f  Lower Ext remi t ies  t o  Side 

Figure 33. Head Yaw 

Figure 34. Head P i t ch  

Figure 35. Head Ro l l  

Figure 36. Latera l  Head Accel e r a t i  on 

Figure 37. La te ra l  Torso Accelerat ion 

Figure 38. Sum o f  Seat B e l t  Loads 

Figure 39. Sum o f  Shoulder Be1 t Loads 89 

Figure 40. Centers o f  Grav i t y  o f  Body Segments o f  HSRI 50th Percen t i l e  9 2 
S ie r ra  Dumny 

Figure 41. D i s t r i b u t i o n  o f  Body Mass f o r  Three-Dimensional Model Val i d a t i o n  96 

Figure 42. Test Conf igurat ion f o r  Seat Property Tests 97 

Figure 43. Seat Load-Defl ec t i on  Charac te r i s t i cs  98 

Figure 44. Seat Load-Deflection Charac te r i s t i cs  a t  Seat Front  99 

Figure 45. Load-Deformation Charac te r i s t i c  o f  Seat Be1 t s  101 

Fi gure 46. Flow Diagram fo r  Three-Dimensional Crash V ic t im Simulator 200 

Figure 47. S l ides o f  Back View o f  a Side C o l l i s i o n  257 

Figure 48. Calcomp P l o t  o f  a Top View o f  a Side C o l l i s i o n  258 

Figure 49. Calcomp Reconstruction o f  a Movie Frame o f  a Lower Right 2 59 
45 Degree Back Oblique View o f  a Side C o l l i s i o n  

Figure 50. Calcump Reconstruction o f  a Movie Frame 260 



Figure 51. P r i n t e r  P l o t t e r  Reconstruction o f  a Movie Frame 
Page 

261 

Figure 52. Calcomp P l o t  o f  a Front  V i e w  o f  a Side C o l l i s i o n  w i t h  Wide 262 
P i  c t u r e  Boundaries 

Figure 53. Calcomp P l o t  o f  a Front  View o f  a Side C o l l i s i o n  w i t h  P ic tu re  263 
Boundaries Set t o  Show on ly  the Extension Beyond the Seat 
Edge 

Ffgure 54.  S t i c k  Figure Layout 270 



TABLES 

1. B e l t  Index Spec i f i ca t i ons  

Page 

5 1 

2. Weights and Moments o f  I n e r t i a  o f  HSRI 50th P e r c e n t i l e  S i e r r a  Dumr\y 
(about l e f t - r i g h t  body a x i s )  

3. Moments of I n e r t i a  f o r  Three-Dimensional Model 

4. The Standard I npu t  Card Format 

5 .  Specia l  Reading Sequences 

6.  Typica l  I npu t  Data Set 

7. I npu t  Data Cards (3-0 Model, 12-70) 

8. 3-0 I npu t  Formats Sumary 

9. Normal Output o f  I npu t  Data 

10. Normal Output o f  Vehic le  Values 

11. Normal Output o f  Torso Values 

12. Normal Output o f  B e l t  Values 

13. Normal Output o f  J o i n t  Values 

14. Normal Output o f  Contact Forces 

15. Opt ional  Normal Output 

16. Debug Switch D e f i n i t i o n  

17. Debug Formats 
- - I .  jumnary o i  ueDug Formats 

19. E r r o r  Messages 

20. I n t e g r a t i o n  Rule Coe f f i c i en t s  

21. Var iables ( i n  numerical o rder )  

22. Var iables ( i n  a lphabe t i ca l  o rder )  

23. Subprogram Spec i f i ca t i ons  and Appearances 

24. L i b r a r y  Funct ion Descr ip t ions  

25. Labeled Comnon Descr ip t ions  



TABLES (Continued) 

26. Symbol D i c t i o n a r y  

27. Symbol and F o r t r a n  Name Correspondence 

28. Subscr i  p t  Reference Expl  ana t ions  

29. The Command F i l e  Layout 

30. The Movie F i l e  Layout 

31 . The Peek F i l  e Layout 

32. The P i c t u r e  Boundary F i l e  Layout 

33. PEEK Ar ray  Layout 

34. The GUY A r ray  Layout 

35. C o n n e c t i v i t y  Tab le  

36. Output  Opt ion Swi tch  B i t  P o s i t i o n s  

37. L o g i c a l  Device Number Usage 

Page 

21 4 



ACKNOWLEDGMENTS 

This  research program was carr ied  out by s t a f f  o f  the Biosciences Divi -  

s i  on o f  the Highway Safety Research I n s t i t u t e ,  The Universi ty  o f  Michigan. 

The program was under the d i rect ion  o f  Dr. D. H. Robbins, Dr. V .  L .  Roberts, 

and Mr. R.  0. Bennett. 

Mrs. J. M. Becker deserves special mention f o r  her contributions t o  

t h i s  work. 



1.0 INTRODUCTION 

This r e p o r t  deals w i t h  t he  development and use o f  a mathematical model 

f o r  t he  s imu la t ion  o f  automobile occupant k inematics i n  th ree  dimensions i n  

event o f  a c o l l  i s i o n .  The model was developed as a t o o l  t o  study advanced 

concepts and designs o f  seat r e s t r a i n t  systems from the  viewpoint  o f  

occupant p ro tec t ion .  

A schematic f o r  the three-dimensional model i s  shown i n  F igure 1. The 

three pa r t s  o f  the model are the  occupant, the  vehic le ,  and t h e  dece le ra t ion  

p r o f i l e .  The occupant i s  represented by t h ree  mass elements l oca ted  i n  

the head, torso,  and extermi t i e s .  Attached t o  the var ious body elements are 

e l l i p i t i c a l  surfaces serv ing  t o  o u t l i n e  t he  body i n  o rder  t h a t  contact  

between the  occupant and the  i n t e r i o r  o r  e x t e r i o r  o f  a veh ic le  can be pre- 

dicted. The veh i c l e  i s  represented by a ser ies  o f  p lanar  contact  surfaces 

which can be arranged t o  represent  e i t h e r  a veh i c l e  i n t e r i o r  f o r  occupant 

kinematics s tud ies o r  the  e x t e r i o r  f o r  pedest r ian s tud ies,  Be1 t r e s t r a i n t s  

are inc luded i n  the  model i f  t h e i r  use i s  desired. Forces are app l i ed  t o  

the body o f  the  occupant whenever i n t e r a c t i o n  i s  sensed between t he  occupant 

and the vehic le .  I n  o rder  t o  produce occupant motions, a s i x  degree of f ree- 

dom dece le ra t ion  can be app l ied  t o  the vehic le .  The r e s u l t i n g  occupant 

motions are l i s t e d  as computer program output.  

I n  a d d i t i o n  t o  an a n a l y t i c a l  desc r i p t i on  o f  the  model , a User 's Guide 

i s  inc luded as a p a r t  o f  t h i s  repor t .  Sections a re  inc luded  descr ib ing  pre- 

para t ion  o f  i n p u t  data decks and the opt ions ava i l ab le  i n  s tudy ing t he  ou tpu t  

produced by the  computer program. The techniques which can be used i n  opera- 

t i n g  the model a t  a t e l e t ype  terminal  remote from The Un i ve rs i t y  o f  Michigan 



FIG. 1 
THREE - MASS ,THREE - DIMENSIONAL MODEL 



are described i n  a Teletype Users' Guide. Documentation of the program 

i n c l  udes an ove ra l l  pmgram descr ip t ion  and f l o w  diagrams, subrout ine 

descr ipt ions and a complete symbol d ic t ionary .  

The comparison o f  the pred ic t ions  o f  the  model w i t h  experimental impact 

s led  tes ts  i s  the  subject  o f  p a r t  3.0 o f  the repor t .  The complex problem o f  

gathering a se t  o f  i npu t  data descr ib ing the occupant and the  veh ic le  i s  

discussed and the technique by which t h i s  i s  ca r r i ed  out  are described. The 

equal ly  d i f f i c u l t  task of obta in ing appropriate experimental data i s  a lso 

considered. Comparisons between a 30 mph impact s led  t e s t  Invo1,ving a b e l t -  

rest ra ined 50th pe rcen t i l e  male dunmy and the  pred ic t ions  o f  t he  model 

conclude p a r t  3.0. 

The model which i s  described i n  t h i s  repo r t  i s  proposed as a powerful 

t oo l  f o r  studying and designing advanced in tegra ted  sea t - res t ra in t  systems. 

It has been exercised several hundred times t o  study be1 t r e s t r a i n t  systems, 

various decelerat ion p r o f i l e s ,  headrest and seatback shape, pedestr ian k ine-  

matics, occupant s i ze  and pos i t ion ,  etc., and represents the  cur ren t  s t a t e  

of the a r t  i n  three-dimensional crash v i c t i m  simulators. 

As a secondary output, the program produces a f i l e  o f  s tored data which 

i s  used i n  preparing p i c t o r i a l  d isp lays o f  occupant motions on a sequence of  

inK p l o t s ,  a t e l e v i s i o n  screen, o r  as 16mm motion p ic tures.  The c a l l i n g  

rout ines f o r  operat ing on t h i s  f i l e  are described i n  p a r t  5.0. 

1 .  STATE OF THE ART 

Mathematical models have been developed f o r  the motion o f  the human body 

1 -8 i n  several environments, i nc lud ing  auto occupant dynamics* , human g a i t ,  and 

*Note: Only a small number o f  representat ive papers publ ished on t h i s  
are included i n  t h i s  l i s t .  



the motions experienced by .the legs and a m  dur ing  This work i s  

often appl ied t o  the design, development and use o f  p ros the t i c  devices. In 

connection w i t h  aerospace appl i cations, ana ly t i ca l  s tudies o f  s e l f  -generated 

motions possib le i n  f ree- fa1 1 2-14 and 0-gravi t y  environments are being 

ca r r i ed  out  and f i n d  app l i ca t i on  i n  such a c t i v i t i e s  as sky-d iv ing and space- 

walking. Also, studies are being made o f  such work tasks as l i f t i n g  15,16 

r e s u l t i n g  i n  the  development o f  work c a p a b i l i t y  amp1 i f i e r s .  

Fundamental t heo re t i ca l  work has been c a r r i e d  out  i n  t he  f i e l d  o f  mathe- 

matical  models f o r  more than s i x t y  years, as seen i n  the work o f  Fischer. 17 

However, i t  i s  on ly  w i t h  the coming-of-age o f  the h igh  speed computer i n  the  

l a s t  twenty years t h a t  p r a c t i c a l  so lu t ions  o f  equations as complex as those 

proposed by Fischer have been rea l  ized, Hence, the mathematical simul a t i o n  

of human body motions has become a very ac t i ve  research t o p i c  i n  t he  l a s t  ten 

years. 

General l y  , two approaches have been used i n  analyses s imu la t ing  auto 

occupant p ro tec t ion .  On one hand, various researchers have adopted re1 a- 

t i v e l y  simple physical models f o r  studying s p e c i f i c  aspects o f  human k ine-  

mati cs . weaver1 ' has used a two-mass , two-degree-of -freedom model t o  s i  mu- 

1 ate be1 t 1 oadi ngs and head impact v e l o c i t y  i n  the case o f  a 1 ap-be1 ted  

*CLdP.IlL. S i m i  i d r  rnodei s have been deveioped by ~ l d m a n l ~  and ~enneker" f o r  

studying slack i n  r e s t r a i n t  systems and the e f f e c t  o f  var ious i n p u t  decelera- 

t i o n  p r o f i l e s .  Other authors, i nc lud ing  ~a r t i nez ' '  , ~ e r t z ~ ~ ,  and Roberts 23 

have used somewhat more sophist icated models f o r  s tudying the  phenomenon of 

whiplash. Roberts has added an add i t iona l  compl icat ing f a c t o r  t o  h i s  model- 

the motion of the b r a i n  mass i ns ide  the b r a i n  case. 

On the other  hand, several authors1 have developed more complex models 

of human kinematics u t i l i z i n g  several masses f o r  s imu la t ing  body motions. I n  



addi t ion,  complex veh ic le  geometry i s  introduced i n  these simulat ions t o  provide 

an i n t r i c a t e  ar ray  o f  forces ac t i ng  on the segmented occupant. P a r t i c u l a r l y  

noteworthy i n  the  e a r l y  development o f  these models are the e f f o r t s  o f  McHenry. 2 

A1 1 these model s are marked by extensive development programs requi  r i n g  a t  

l e a s t  two years from p r o j e c t  i n i t i a t i o n  t o  the  product ion o f  a funct ioning 

computer program. 

Most of the modeling work mentioned above has been concerned w i t h  

simulat ions o f  occupant motion i n  two dimensions. The on ly  known published 

simulat ions i n v o l v i n g  three dimensions are those o f  Roberts ,' Thompson, 4 

RobbinsS6 and ~ o u n ~ . '  The f i r s t  o f  these i s  a simple-one-mass model capable 

o f  s imulat ing b e l t  loads and upper to rso  motions i n  three dimensions, wh i le  

the second i s  p a r t  o f  a 1 arge program i n v o l v i n g  veh ic le  crush cha rac te r i s t i cs .  

The t h i r d  model simulates a three-dimensional occupant by th ree masses and 

twelve degrees-of-freedom whi le  the  recen t l y  completed fou r th  model describes 

the occupant by twelve masses and t h i  r ty-one degrees-of-freedom whi 1 e 

possessing a less  sophist icated model o f  occupant-vehicle i n te rac t i ons  than 

t h a t  o f  Robbins. 6 

Even w i t h  the advent o f  t he  h i g h l y  complex computer programs described 

here, there s t i l l  e x i s t  major problem areas such as: 

1. V h - i f i c a t i o n  o f  the model by experiment; 

2. Lack o f  h i g h l y  con t ro l l ed  tests;  

3 .  Lack o f  anthropometric data and v e r i f i c a t i o n  o f  the  models using 

human vol unteers ; 

4. Lack o f  impact t e s t  data reduct ion techniques s p e c i f i c a l l y  

o r ien ted towards mathematical model v e r i f i c a t i o n .  

5. D i f f i c u l t y  i n  us ing the models because o f  t he  complex i npu t  data 

requi remen t s  ; and 



6. D i f f i c u l t y  i n  us ing the model a t  loca t ions  o ther  than the 

1 aborator ies o f  the developer. 

These problems can be c l a s s i f i e d  i n t o  two general types: (a) lack  o f  

c lose ly  coordinated e f f o r t s  t o  insure t h a t  the mathematical models p r e d i c t  

and an t i c i pa te  physical r e a l i t y ,  and (b) ease o f  use. The l a t t e r  problem 

i s  somewhat easier  t o  approach than the f i r s t  one. One needs t o  i d e n t i f y  

the user and h i s  c a p a b i l i t i e s  and then w r i t e  a program which i s  user-oriented. 

Computer programs o f  t h i s  nature are i n  actual use, p a r t i c u l a r l y  i n  s t y l i n g  

and design labora tor ies  i n  the auto industry .  The users need n o t  be h i g h l y  

t ra ined computer experts. 

I n  assigning s t a f f  t o  the various subject areas o f  the cur ren t  research 

pro jec t ,  a concerted e f f o r t  was made t o  coordinate the  s led  t e s t  program and 

the ana ly t i ca l  program. One group was assigned the task o f  analysis;  another 

group was responsible f o r  the impact s led  t e s t  program; and a new key group 

was formed t o  br idge the gap which was found t o  e x i s t  between the a n a l y t i c a l  

and experimental groups. The task o f  the key group was t o  insure t h a t  

meaningful data was generated i n  the t e s t s  and t o  es tab l i sh  techniques fo r  

reducing t h i s  data i n t o  a form which could be compared w i t h  the  output  of a 

mathematical model , 

This discussion i s  intended t o  show t h a t  the  cur ren t  s t a t e  o f  the  a r t  

i s  q u i t e  advanced from the viewpoint o f  producing computer programs which 

pred ic t  vehi c l e  occupant motions i n  a crash environment. However, considerable 

research must be ca r r i ed  out  t o  make programs o f  t h i s  nature e a s i l y  usable. 

Add i t iona l ly  , i t  i s recomnended t h a t  experimental work accompany the 

development o f  f u tu re  models t o  make assessment o f  t h e i r  v a l i d i t y  more 

st ra ight forward.  



2.0 ANALYTICAL DESCRIPTION OF THE HSRI THREE-DIMENSIONAL 
CRASH VICTIM SIMULATOR 

This p a r t  of the  r e p o r t  consis ts  o f  an a n a l y t i c a l  desc r ip t i on  o f  the HSRI 

Three-Dimensional Crash V ic t im  Simulator, a  schematic o f  which i s  shown i n  

Figure 1. The parameters which have been chosen f o r  use i n  the physical  model 

are discussed, then there i s  a b r i e f  presentat ion o f  the  equations o f  motion 

descr ib ing the movements o f  t he  crash v ic t im.  This i s  fo l lowed by a de ta i l ed  

desc r ip t i on  o f  the a n a l y t i c a l  models used t o  de f i ne  the mass and geometry o f  

the body, the contact  surface which causes fo rce  i n te rac t i ons  between the 

occupant and the vehic le,  a b e l t  r e s t r a i n t  system, and the  j o i n t  s t ruc tures  

connecting the three segments o f  the body. 

2.1 SELECTION OF PARAMETERS 

Three major groups o f  parameters have been considered i n  t he  development 

of t h i s  model: the  occupant, external  r e s t r a i n t  environment, and the deceler- 

a t i o n  p r o f i l e .  

The occupant i s  d i f f i c u l t  t o  describe both exper imenta l ly  and a n a l y t i c a l l y .  

Controversy ar ises over the  use o f  anthropometric dumnies, cadavers, human 

volunteers, and labora tory  animals. The physical  p roper t ies  o f  dumnies are the 

most e a s i l y  obtained and con t ro l l ed  bu t  there i s  a quest ion whether they 

represent human kinematics. Three sets o f  parameters are used t o  model the 

dynamic behavior o f  the body: masses, j o i n t  s t ruc tures ,  and body geometry. 

F i r s t ,  the body i s  modeled by three r i g i d  mass elements represent ing the head, 

torso, and lower ex t remi t ies .  Second, these mass elements are  connected by b a l l  

j o i n t  s t ruc tures .  Over most o f  the  range o f  j o i n t  motion res is tance i s  provided 

by l i n e a r  t o rs iona l  spr ings which oppose the motion depending on the magnitude 

of the re1 a t i  ve angles between adjacent body segments. These are supplemented 



by stops loca ted  a t  t he  l i m i t  o f  p r a c t i c a l  mot ion o f  each j o i n t .  The stops 

are modeled by 1 i near, v i  s coe las t i  c t o r s i o n a l  spr ings possessing a h i gh  degree 

of s t i f f n e s s .  Th i rd ,  body geometry i s  represented by t he  moments o f  i n e r t i a  

of the  th ree  r i g i d  masses and by body con tac t  e l l i p s o i d s .  These e l l i p s o i d s ,  

which are r i g i d l y  a t tached t o  the  head, torso,  and lower  ex t r em i t i es ,  a l l ow  

the user  of the  model t o  ascer ta in  i f  a body p a r t  contacts  any p a r t  o f  the  

veh i c l e  i n t e r i o r  ( o r  e x t e r i o r )  and w i t h  what force,  

The ex te rna l  system r e s t r a i n i n g  an occupant i s  o r d i n a r i l y  de f ined  i n  terms 

o f  s p e c i f i c  devices such as a seat  be1 t o r  an a i rbag.  One common f ea tu re  o f  a1 1 

these devices i s  the f a c t  t h a t  they can be descr ibed i n  terms o f  a dynamic 

force-deformat ion p r o f  i 1 e. For example, an acceleration-dependent i n e r t i  a1 

r ee l  used i n  con junc t ion  w i t h  a shoulder harness w i l l  have a d i f f e r e n t  character -  

i s t i c  curve than a c o n t r o l  l e d  permanent deformat ion dev ice o r  one o f  the  harnesses 

used i n  most cu r ren t  product ion veh ic les .  I n  each case a d i f f e r e n t  formula 

must be used which computes f o r c e  as a f u n c t i o n  o f  deformat ion and deformat ion 

ra te .  Therefore, p rov is ions  must be made f o r  fo rces  t o  be app l ied  t o  t h e  

occupant i n  a r a t h e r  general manner i n  o rder  t h a t  they can be used i n  modeling 

any one o f  the proposed r e s t r a i n t  devices. 

Two types o f  i n t e r a c t i o n s  a re  poss ib l e  between the occupant and veh ic le :  

( 2 )  thn OCCUF?? )!!Sth 3 system o f  b e l t s  a t tached t s  both the  v e h i c l e  and himsel f ,  

i.e., the seat  b e l t  and/or shoulder harness, and ( b )  a c o l l e c t i o n  o f  e l l i p s o i d s  

represen t ing  body pa r t s  w i t h  a c o l  l e c t i o n  o f  geometric surfaces represen t ing  

the p r o f i l e  o f  a veh i c l e  i n t e r i o r  o r  e x t e r i o r .  These surfaces, each represented 

by a d i f f e r e n t  dynamic force-deformat ion r e l a t i o n s h i p ,  i n t e r a c t  w i t h  t he  con tac t  

e l l i p s o i d s  f i x e d  t o  the body o f  the  occupant t o  generate a complex i n t e r a c t i o n  

o f  forces and occupant motions represen t ing  the  c o l l i s i o n  o f  t he  occupant w i t h  

seat, r e s t r a i n t  system, o r  veh i c l e  s t r u c t u r a l  member. 



An example o f  a complex s e t  o f  f o rce  i n t e r a c t i o n s  between an occupant and 

a veh ic le  i n t e r i o r  i s  represented by  s imu la t i ng  the  a i rbag  r e s t r a i n t  system, 

The occupant i s  represented i n  t h e  usual way and may o r  may n o t  be res t ra ined  

by a l a p  b e l t .  Vehic le components such as the  seat  back, seat  cushion, f l o o r ,  

windshie ld,  and lower dash panel a re  described i n  terms o f  contac t  surfaces. 

I t i s  necessary t o  know the force-motion i n t e r r e l a t i o n s h i p  between the head o r  

to rso  and the bag before  the  s imu la t i on  can be c a r r i e d  out  as the  model i t s e l f  

cannot p r e d i c t  any force-deformat ion re la t i onsh ips .  They must be obtained using 

experimental procedures and be provided as i n p u t  data f o r  the  opera t ion  of the 

computer s imula t ion .  

I t should a l s o  be noted t h a t  t h i s  general f o rmu la t i on  a l lows s tud ies  of 

much more than a seated occupant res t ra ined  i n  some manner i n s i d e  t h e  veh ic le .  

Studies have been c a r r i e d  out  o f  more e s o t e r i c  concepts such as the  co l l aps ing  

airbag, the  ob l ique r o l l i n g  c o l l i s i o n ,  and the pedestr ian.  Also, s tud ies  of 

t he  dynamics o f  a c h i l d  i n  any one o f  t h e  l a r g e  number o f  seats and r e s t r a i n t  

devices a v a i l a b l e  on today's market are  poss ib le .  

The dece le ra t i on  p r o f i l e  o f  t he  crashing veh ic le  which i s  used i n  t h i s  model 

can prov ide a completely general six-degree-of-freedom motion i n p u t  t o  the  occupant 

compartment. The motions can inc lude  f r o n t  ' ( o r  r e a r ) ,  l a t e r a l ,  and v e r t i c a l  1 inear  

decelerat ions as w e l l  as p i t ch ing ,  spinning, and r o l l i n g  angular  decelerat ions.  

These i n p u t  dece lera t ions  may be used separately o r  i n  any combination. The shape 

o f  each dece le ra t i on  p r o f i l e  i n p u t  t o  the  model i s  l i m i t e d  t o  100 piecewise l i n e a r  

segments. Typ ica l  examples a re  shown i n  Figures 2 and 3. 

2.2 FORMULATION OF THE MODEL 

24.  The equations o f  mot ion are  der ived by Lagrangian techniques . 







where 

KE I s  the system k i n e t i c  energy 

PE i s  the  system po ten t i a l  energy 

DE i s  the  system d iss ipa ted  energy r a t e  

FZ a re  the c l ass i ca l  general ized forces 
i 

Zi a re  the c l ass i ca l  general i zed  coordinates o r  degrees o f  freedom o f  the  

model 

Since the  on ly  d r i v i n g  fo rce  i s  appl ied t o  the veh ic le  and no t  d i r e c t l y  t o  

the body, the FZ terms are a l l  zero. A f t e r  the energy terms have been w r i t t en ,  
i 

the r e s u l t i n g  equations of motion are rearranged so t h a t  a l l  the terms conta in ing 

general ized acce lerat ions appear on the  le f t -hand  s ide  and a l l  o ther  terms appear 

on the r ight -hand side. Thus rearranged, these equations a re  o f  the form 

$: 
where m i s  the ma t r i x  o f  general ized acce le ra t ion  c o e f f i c i e n t s  and Z i s  the gen- 

e r a l i z e d  acce le ra t ion  vector.  I n  t h i s  analys is  the r ight -hand s ide  o f  the  equa- 

t i on ,  0, w i l l  be c a l l e d  the "general ized force"  and con t r ibu t ions  t o  i t  from the  

k i n e t i c ,  po ten t i a l ,  and d i s s i p a t i v e  energies i n  Equation (2.2.1) w i l l  be r e f e r r e d  

t o  as the general ized force from t h a t  p a r t  o f  the  model. The t o t a l  "general ized 

force"  i s  the vec to r i a l  sum o f  each c o n t r i  but ing component ( g rav i t y ,  j o i n t s ,  be1 t s  

and contacts) .  The k i n e t i c  energy con t r ibu t ions  t o  the "general i z e d  force"  are 

cen t r i f uga l  and Cor io l  i s  fo rce  terms. 

K i n e t i c  energy alone determines the le f t -hand s ide  o f  the  equations o f  motion. 

I n  the  computational procedure, the inverse o f  the  matr ix ,  m'l , mu1 t i p 1  i e d  by the  

general i zed  vector,  5, y i e l d s  the s o l u t i o n  f o r  the general i zed  acce lerat ions,  i .  e. , 

The general ized force vector  may be expanded t o  show the var ious con t r ibu t ions  



where 
-+ 
Q1. i s  due t o  k i n e t i c  energy 
+ 
QG i s  due t o  g rav i t y  
+ 
Qc i s  due to contact forces 

6 i s  due t o  j o i n t s  
+ g i s  due to be l t s  

2.3 BODY 

The crash v i c t im  i s  simulated by three body segments: the head, the torso 

(w i th  attached arms), and the lower extremit ies ( r i g h t  and l e f t  legs combined). 

Figure 1 shows a crash v i c t im  i n  a t yp i ca l  seat ing conf igurat ion rest ra ined by 

a l ap  b e l t  and shoulder harness. Figure 4 i l l u s t r a t e s  the body segments and t h e i r  

lengths, centers o f  grav i ty ,  and moments o f  i n e r t i a .  

The basic i n e r t i a l  coordinate system has u n i t  vector i pointed forward, 
-+ 

pointed r i g h t ,  and K pointed downward and posi t ioned a t  an a r b i t r a r y  po in t  i n  

space. 

Let 

The coordinate systems imbedded i n  the torso, head, legs, and vehic le  w i  11 
Y 

f be re fe r red  t o  as el, e2, e3, and er, respect ive ly  where 
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-+ 

el i s  pos i t ioned a t  the t o r so  center  o f  g r a v i t y  so t h a t  il po in t s  ou t  o f  the  
+ + 

chest, jl po in t s  ou t  the r i g h t  arm, and kl po i n t s  ou t  the  bottom o f  the torso. 
-t 

e2 i s  pos i t ioned a t  the head center o f  g r a v i t y  so t h a t  i2 poin ts  ou t  the nose, 
-b -+ 
j2 po in ts  ou t  t he  r i g h t  ear, and k2 po in ts  down the neck. 

e3 i s  pos i t ioned a t  the  center o f  g r a v i t y  o f  the  lower ex t remi t ies  so t h a t  
-+ -+ -+ 
i3 protrudes forward from the knees, j3 po in ts  out  t he  r i g h t  side, and k3  po in ts  

ou t  the  bottom o f  the upper legs.  

e4 i s  pos i t ioned a t  a  p o i n t  "0" which i s  a r b i t r a r i l y  pos i t l oned  i n  the  veh ic le  
-t -+ -t 

w i t h  e4 extending forward, j4 extending r i g h t ,  and k4 extending downward. 

Figure 5 shows the re l a t i onsh ips  between t he  f i v e  basic coordinate systems, 

t h e i r  pos i t i ons ,  and o r ien ta t ions .  Note t h a t  the vector fin po in t s  from the i ne r -  

t i a l  system t o  t he  o r i g i n  o f  the nth movable coordinate system f o r  each o f  the 

f ou r  values o f  n. 

The r o t a t i o n s  o f  each o f  the movable coordinate systems a re  described by a  

se t  of Eu ler  angles as i l l u s t r a t e d  i n  Figure 6. It should be noted t h a t  any o f  

the systems o f  movable coordinates, en, a re  pos i t ioned i n i t i a l l y  p a r a l l e l  t o  the 

i n e r t i a l  system and the angles a re  appl i e d  i n  the  order yaw, p i t ch ,  and r o l l  . 
The arrows i n  Figure 6 show the d i r e c t i o n  o f  p o s i t i v e  r o t a t i o n .  When the  i n d i v i d -  

ual  r o t a t i o n s  are appl ied t o  a  coordinate system, i t  w i l l  be t r u e  t h a t  

cos$,si nencos (, ~ i n + ~ s i n e ~ c o s ( ~  C O S ~ , C O S $ ~  

+ ~ l n $ , s i n ( ~  L - cos$,,sinpn 

for  each n = 1, 4 
J 
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The r o t a t i o n a l  k i n e t i c  energy i s  

where 

I i n i s  the moment o f  i n e r t i a  about fn 
t I,, about jn 

Ign about kn 

and "nu i s  the body segment index (n=1 f o r  torso, n=2 f o r  head, n=3 for lower 

ex t remi t ies ) .  The quan t i t i es  a,,, a,, , and a,, shown i n  Equation (2.3.5)  

are the components o f  the angular v e l o c i t y  vector  Cn shown i n  Equation (2 .3 .6 ) -  

The t r ans la t i ona l  k i n e t i c  energy f o r  the body i s  - 3 

where ma i s  the mass o f  the ath body segmerit and xk, y,, I ,  are the components 

of the p o s i t i o n  vector o f  the body segment center o f  g r a v i t y  as shown i n  Figure 

5 and Equation (2.3.8). 

The t o t a l  k i n e t i c  energy i s  then j u s t  the sum o f  Trot and Ttrans. 

A three mass s t ruc tu re  connected by b a l l  j o i n t s  w i l l  e x h i b i t  twelve degrees 

of freedom. The twelve general ized coordinates used i n  t h i s  s imulat ion are X I ,  



I t  i s  t r ue  t h a t  
+ -t + -t 

R2 = R 1  - Plkl - p2k2 
and + + -b -+ (2.3.9) 

R3 = R 1  + p3kl + p 4 i 3  

where pi i s  the distance along the cen te r l ine  from the center o f  g rav i t y  o f  one of 

the body segments t o  one o f  the j o i n t s  o r  the end o f  the body segment as shown i n  

Figure 4. Equation (2.3.10) shows Equation (2.3.9) r ewr i t t en  i n  terms o f  

general i zed coordinates. 

When Equation (2.3.10) i s  subs t i tu ted  i n t o  Equation (2.3.7) and then, along 

w i t h  Equation (2.3.4), subs ti tu ted  i n t o  Equation (2.2.1 ) and rearranged i n t o  the 

form o f  Equation (2.2.2), the r e s u l t i n g  matr ix,  m, has the elements shown i n  

Equation (2.3.11). 

Since the matr ix,  m, i s  symnetric, only the diagonal and the terms above the 

diagonal are whown i n  Equation (2.3.11). Certain t r igonometr ic funct ions used 

i n  the matr ix  and throughout t h i s  repor t  are given i n  Equation (2.3.12). 
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(2 .3 .13 
continued) 



-PT8 = m2~1~2[~:(~31~12 " W51W12 - W61W22) 
- k:(v41w22 + v31w12) + ii(u3lu12 - v31w12 - v41w22) 
+ 2$1~1(~11~22 - W21W12) + 2ili1(~21~12 - VllW22) 
- 261&1(~41~12 + w3iwi2 + w4iW22)l 

- ~J:[I~~ - 132 + m2p$ - (122 - 132 + m2~~)~in2~2]~ine2cose2 

+ i2k2[l12 + Iz2 - 132 + 2rn2p$ - 2(122 - 132 + rn2p$)~in~+~Jcos~2 

- 2i2i2(~22 - 132 + rn2~:)~in42~os(2 

-QTs = m2plp2[8:(u31u22 ' w!jlv12 + w61v22) 

+ i:(v31~12 + v41v22) + 6:(~31~22 + v31v12 + v41v22) 

+ 24lil(vllv22 - v21~12) + 2ilb1(~21~12 - wllV22) 
+ 26161(w31v12 + w41v22 ' ~ 4 1 ~ 2 2 1 1  

- iZ(122 - 132 + m2~;)~22~32 
(2.3.13 

con t i nued) 
+ 6;(122 - 132 + m2p~)sin42~o~42 

- i2b2[I12 + - + 2m2p3 - 2 ( 1 ~ ~  - 132 + rn2~~)~in2~2Jco~e2 

-QTlo = m3~3~4[6:(~5iui3 - W61uj3) + (i: + 4:)(~31ui3 - v41~43) 
+ 2i~16i(~ii~i3 + ~2iui3) - 2i~ikl(~ii~!3 + ~ 2 1 ~ i 3 )  

- 2ilidw4luj3 - ~ 3 1 u i ~ ) I  - ;$(I23 - 133)~43cos43 
- 2$363[1,3 - 113 + m302 + (123 - 13~)sin~+~]sine~cose~ 
+ 2$363(123 - I 3 3 ) ~ ~ 3 ~ 3 3  



(2.3.13 
concluded) 

For a l l  o f  the body segments, formulation o f  the grav i ta t iona l  potent ia l  

energy and subst i tu t ion i n  Equation (2.2.1) w l l l  y i e l d  6,. 

2.4 ADDITION OF FORCES TO THE EQUATIONS OF MOTION 

Each o f  the remaining sections o f  this, pa r t  o f  the repor t  concerns i t s e l f  

w i th  the e f f e c t  upon the equations o f  motion from one o f  the force-producing fea- 

tures (contacts, be1 t s  and j o i n t s )  o f  the vehic le o r  body modeled i n  t h i s  simula- 

t ion.  The determination o f  force i s  unique t o  each o f  these features but the 

way i n  which the resu l t i ng  force i s  appl l ed  t o  the equations o f  motion i s  c m n  

t o  a l l  and w l l l  be discussed here. 

Consider a t yp ica l  force-producer and c a l l  i t  feature F. I n  t h i s  simulation, 

the magnitude o f  the force produced by F w l l l  be a funct ion o f  def lec t ion and 

def lect ion r a t e  where def lec t ion i s  defined appropriately f o r  each feature. 



For example, b e l t  de f lec t ion  i s  elongat ion o f  the  b e l t  beyond the  zero s lack con- 

d i t i o n ,  The d i r e c t i o n  of the f o r ce  i n  each case i s  t h a t  which w i l l  tend t o  maxi- 

ma l l y  decrease de f l ec t i on .  The f o r ce  produced can be separated i n t o  a  c o l l e c t i o n  

o f  deflection-dependent terms which w i l l  be c a l l e d  the  spr ing f o r ce  and a  co l l ec -  

t i o n  o f  de f lec t ion  rate-dependent terms which w i l l  be c a l l e d  t he  damping fo rce .  

where 
+ 
FF i s  the t o t a l  fo rce  produced by feature F 

+ 
F i s  the  sp r ing  fo rce  f o r  fea tu re  F S F 
+ 
F i s  the damping fo rce  f o r  feature F D F 

Further 

and, (2.4.2) 

where f (6 ) i s  an a n a l y t i c a l  t h i r d -o rde r  polynomial f unc t i on  o f  displacement, 6 , 

and g(i ) i s  a  1  inear  funct ion o f  displacement ra te ,  8 . The de f l ec t i on  and de f lec -  

t i o n  r a t e  (6 and d ) are computed as funct ions o f  the twelve general ized coordinates.  
+ 

The spr ing  force, SFF, w i l l  do work i n  the  c l ass i ca l  sense and y i e l d  a  poten- 

t i a l  energy 

VF = i 6  f ( x )dx  (2.4.3) 

and the con t r i bu t i ons  t o  (2.2.1) w i l l  be o f  the form 

fo r  i = 1, 12. 



The quant i ty  w i l l  be re fer red  t o  as the " lever  arm." I f  the general lzed 
i 

coordinate i s  ro ta t iona l  and the force f o r  the feature F such tha t  i t  tends t o  

physical ly  push o r  p u l l  the body segment i n  a d i rec t i on  perpendicular t o  the 1 ine 

j o in ing  the center o f  ro ta t i on  t o  the po in t  o f  appl icat ion o f  the force, then 

t h i s  quant i ty  w i l l  be the actual length o f  t ha t  l i n e  and hence, the lever  arm. 

I n  other cases, i t  contains factors which y i e l d  the perpendicular component 

of the force as we l l  and i s  an "e f fec t i ve  lever  am". I n  general, since 

-+ 
(where sQF i s  the generalized force vector cont r ibu t ion  due t o  the spring force 

of feature F) s t rongly resembles the re1 ation, 

Torque = Force x Lever arm 

t h i s  nomenclature has been adopted. 

The quant i ty  JF i s  d iss ipa t ive  I n  nature and w i l l  y i e l d  a d iss ipa t ive  energy 

rate.  

and the contr ibut ions t o  (2.2.1) w i l l  be of the form 

f o r  i = 1, 12. 

But i t  i s  a lso  t rue  tha t  

since 6 i s  a function only  o f  the generalized coordinates and not  t h e i r  rates. 

Therefore (2 .4 .7)  w i l l  take the form o f  (2.4.5) and r e c a l l i n g  (2.4.1) as 

wel l  as cor rec t ing  signs, i t  can be shown tha t  

+ 
J n r e  QF i s  the generalized force vector cont r ibu t ion  f o r  feature F. 



Equation (2.4.9) w i l l  ho ld  t r u e  i f  i t  i s  agreed t h a t  the  magnitude may 

reverse s igns when t he  f o r ce  reverses d i  r ec t i ons  . 
One l a s t  p roper ty  o f  l e v e r  arms should be noted. Using t he  chain  r u l e ,  

where the q ' s  are the  parameters i n c l u d i n g  general ized coord inate upon which 

d e f l e c t i o n  depends 

Hence the terms of due t o  body mot ion can be computed by sumning up 

each l e v e r  arm times the corresponding general ized v e l o c i t y .  I n  most cases, 

t h i s  i s  the  ac tua l  technique employed. 

So the l abo r  o f  e i t h e r  d e r i v i n g  o r  present ing the  imp l i ca t i ons  o f  f ea tu re  

F on the equations o f  motion can be simp1 i f i e d  t o  the  cons idera t ion  o f  def lec- 

t i o n  and l eve r  arms. I n  the  sect ions which f o l l o w  concerning t he  i n d i v i d u a l  

force-producers , d e f l e c t i o n  and l e v e r  arms w i l l  be e x p l i c i t l y  def ined. It 

w i l l  be l e f t  t o  the reader t o  s u b s t i t u t e  these q u a n t i t i e s  i n t o  t he  " fea tu re  F" 

equations given i n  t h i s  sect ion.  

De f l ec t i on  r a t e  w i l l  be discussed i n  terms o f  body motion, veh i c l e  motion, 

and mot ion r e l a t i v e  t o  the  veh ic le .  The exact  form o f  equat ion (2.4.10) which 

appl ies  f o r  the f ea tu re  under cons idera t ion  w i  11 a l so  be presented. 

b igure  I i I l u s t r a tes  the  load-de f iec t ion  cnar .acter is t ics  o f  a  t y p i c a l  

f ea tu re  F. Curve MAA'BC represents an ins tance o f  a  f o r ce  versus d e f l e c t i o n  
-+ 

p l o t  o f  lFFl  de f ined  i n  Equation ( 2 . 4 . 1 )  where 

-+ 
lSFFl = k16 t k26*  + k 3 d 3  

and -+ (2.4.11) 1 OFFl = cb 

This bas ic  model i s  mod i f ied  i n  t h ree  ways t o  achieve g rea te r  real ism, 

computer s t ab i  1  i t y ,  and spec ia l  mate r ia l  p rope r t i es  respec t i ve ly .  





Production o f  negative fo rce  by fea tu re  F i s  unreal i s t i c  f o r  the  k inds o f  

force-producers t ha t  a re  being discussed. Therefore, any segment, CN, o f  a load- 

de f lec t ion  curve i s  replaced by segment CO. I n  terms o f  computational manlpula- 

t i ons ,  if a negative fo rce  i s  computed, i t i s  set  t o  zero. Further, the def lec-  

t i o n  ( E )  a t  which the fo rce  f i r s t  goes zero i s  added t o  the permanent deformation 

(n). The de f l ec t i on  must exceed the permanent deformation before any fo rce  w i l l  

be computed dur ing reloading. 

The form o f  1TF[ embodied i n  Equation ( 24 .11 )  leads t o  a s tep func t ion  a t  

po i n t  0 as the curve i s  zero on the l e f t  s ide o f  po i n t  0 and continues from po in t  

M on the r i g h t  side. This cond i t i on  i s  i n t o l e rab le  t o  the  numerical procedures 

employed f o r  i n t eg ra t i on  and so segment MA i s  replaced by segment OA. 
-+ 

The d i ss i pa t i ve  force, IDFFI, i s  m u l t i p l i e d  by a c o e f f i c i e n t  which var ies  

l i n e a r l y  from zero a t  po i n t  0 t o  u n i t y  a t  a spec i f i ed  de f lec t ion ,  so, beyond 

p o i n t  0. 

I n  order t o  model special  energy-absorbi ng mate r ia l  s o r  s t ruc tu res  which 

undergo l a rge  deformations a t  a constant load, the program accepts as inpu t  a 

maximum l i m i t i n g  fo rce  and a special  slope f o r  the force-deformation curve when 

the mater ia l  unloads. This i s  appl icab le  t o  the b e l t  and contact  surface force- 

producers. The normal OABCO curve I s  used u n t i l  f o r ce  i s  pred ic ted t o  exceed 

+ k c  r n c -  .,., ,pbLi f ied ;;ax:iiium force, F max' The fo rce  i s  then he ld  a t  t h i s  l eve l  u n t i l  

unloading i s  pred ic ted t o  begin. A  permanent deformation, c '  , i s  added t o  n i n  

t h i s  case. Hence, if "saturat ion"  o f  the  maximum fo rce  occurs, the load-de f lec t ion  

curve takes the shape O A A ' B ' C ' O  as shown i n  Figure 7. 



The resu l t ing  analyt ica l  forms are 

6 f o r  6 1.0 
-b 

lDFFl = KCL when K m  

+ k2(61)2 + k 3 ( 6 1 ) 3  f o r  6 '20 

f o r  6 ' < 0  

.* + pmX i f  1 DFFl + I SFFJ?F,x and h?o 

6 - c '  )D i f  Fmx has been reached, 6 ' > ~ ' ,  and b<o. 

where 

6 ' = 6 - n  

= damping term f u l l  on def lect ion (set t o  one inch i f  un i ts  are 

inches o r  .1 radian i f  un i ts  are radians). 

n a permanent def lect ion which i s  I n l t l a l l y  zero and accumulated f o r  

each In te rac t  ion  separately 

c a damping constant 

kl , k2, k3 = non-1 inear spring constants 

Fmax = specif ied maximum force 

D specif ied unloading slope 

u = value o f  def lect ion a t  which h=o a f t e r  Fmax has been exceeded 



2.5 CONTACT FORCES 

In te rac t ions  o f  the crash v i c t i m  w i t h  the veh ic le  i n t e r i o r  are modeled by 

impingement of e l  1 i psoids attached t o  body segments i n t o  planar surfaces attached 

t o  the veh ic le  as shown i n  Figure 8. Neither the e l l  i pso id  nor the contact  sur- 

face f s  considered to deform as such although i n  e f f e c t  the contact  surface w i l l  

move away i n  response t o  "defor'mations" due t o  the e f f e c t  o f  permanent deforma- 

t i o n  as discussed i n  Par t  2 . 4  o f  t h i s  repor t .  The fo rce  from such an encounter 

i s  taken t o  be de f lec t ion  and de f lec t ion - ra te  dependent where de f l ec t i on  i s  de- 

f i ned  as the maximum perpendicular distance, 6, the  e l l i p s o i d  extends i n t o  the 

contact surface. The force acts t o  push the e l l i p s o i d  outward perpendicular t o  

the contact plane a t  the po in t  o f  maximum impingement. 

A t o t a l  o f  ten e l l i p s o i d s  i s  allowed. Each e l l i p s o i d  can be attached t o  

any o f  the body segments, centered a t  an a r b i t r a r y  displacement from the body 

segment center o f  g rav i t y ,  bu t  always located w i t h  p r i n c i p l e  axes p a r a l l e l  t o  

the body segment coordinate system (see Figure 9). Twenty-f i v e  planar contact  

surfaces i n  the shape o f  paral lelograms can be attached t o  the veh ic le  and moved 

r e l a t i v e  t o  the veh ic le  as a func t ion  o f  t ime t o  represent occupant compartment 

deformat ion o r  in t rus ion .  Each contact  surface i s  spec i f i ed  by three consecutive 

corner po in ts ,  given as a funct ion o f  time i n  tabu lar  form r e l a t i v e  t o  the veh ic le  

;;;,;iridte sj,t;ill (see Figure 10). Only the i n i t i a i  l o ca t i on  need be speci f ied 

i f  the contact  i s  s ta t ionary  r e l a t i v e  t o  the vehic le.  

The spr ing constants and damping constant used a re  considered t o  be propert ies 

o f  the contact  surface alone i n  t h i s  s imulat ion.  Contact surfaces are endowed w i th  

other special  proper t ies  some o f  which are i l l u s t r a t e d  i n  Figure 11. The three 

po in ts  i n  Figure 11 which define the shape o f  the contact  surface are speci f ied 

i n  the fo l low ing  order: 
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( 1 )  Po in t  1. Any o f  the  fou r  corner points;  

(2)  Po in t  2. E i t he r  adjacent corner point ;  and, 

( 3 )  Po in t  3. The o ther  corner p 9 i n t  adjacent t o  Po in t  1. 

The contact surface i l l u s t r a t e d  i s  165 inches from Po in t  1 t o  Po in t  2 and 108 

inches from Point  1 t o  Point  3 ,  The included angle i s  e igh ty  degrees. A sur- 

face coordinate system i s  s e t  up by the computer program w i t h  Po in t  1 serving 

as the o r i g i n ,  Po in t  2 as Po in t  (1,O) and Po in t  3 as Po in t  (0 , l )  w i t h  the axes 

taken p a r a l l e l  t o  the edges. This coordinate system sees a l l  contact surfaces 

as a u n i t  square regardless o f  shape o r  size. The p o i n t  on the contact 

surface a t  which the maximum impingement takes place i s  represented i n  t h i s  

system. When the coordinates of the p o i n t  are reported i n  the p r i n ted  output, 

each o f  the coordinates are m u l t i p l i e d  by the length o f  i t s  respect ive s ide  

so t h a t  p r i n t e d  r e s u l t s  are i n  inches. Thus, i f  Po in t  P represents the p o i n t  

of maximum impingement , i t  has i n t e r n a l  surface coordinates of ( .51,. 56) and 

w i  11 be reported as (85,60). 

Since the t o t a l  i n t e r a c t i o n  o f  the e l l i p s o i d  w i t h  the  paral lelogram i s  

represented by what happens a t  the p o i n t  o f  maximum impingement, a quan t i t y  

ca l l ed  the "edge constant" was introduced t o  handle cases where an e l l i p s o i d  

in te rac ted  w i t h  the edge of a contact surface o r  a t  a corner where contact 

surfaces meet. I n  t h i s  case, maximum impingement l i e s  outs ide the  region de- 

f ined by the paral lelogram b u t  y e t  the e l l i p s o i d  makes f i r m  contact w i t h  the 

surface. I t  i s  assumed i n  developing an ana ly t i ca l  t o o l  t o  handle t h i s  

problem t h a t  the contact force decreases as the p o i n t  o f  maximum impingement 

moves away from the edge of the contact surface. The computer s imulat ion 

approximately resolves these edge problems by employing the f o l  1 owi ng devi ce. 

The force i s  computed using the de f lec t ion  and d e f l e c t i o n  r a t e  i n  the normal 

manner. The r e s u l t i n g  fo rce  i s  m u l t i p l i e d  by an "effect iveness f a c t o r "  which 

ranges from one i n  a region i n  the middle o f  the  contact surface down t o  zero 



i n  the regions outs ide the contact surface. The e f fec t iveness  f a c t o r  i s  

i 1 l u s t r a t e d  i n  Figure 11 by p l o t t i n g  i t s  value corresponding t o  the  various 

po in ts  on and near the contact surface above the  l e v e l  of the  plane. For example: 

( 1  ) Effect iveness fac tor  f o r  contact  surface Po in t  P i s  shown as Po in t  

P '  above the surface and has the value o f  un i t y ;  

( 2 )  Effect iveness f a c t o r  f o r  Point  E i s  represented by Po in t  D, a lso  un i t y ;  

( 3 )  Po in t  A on the edge of the contact  surface has an ef fect iveness f a c t o r  

o f  112 shown as Point  K; and, 

( 4 )  Outside the contact surface a t  Po in t  B, the  ef fect iveness f a c t o r  i s  

reduced t o  zero i n d i c a t i n g  t h a t  no contact  w i l l  be pred ic ted  between an 

e l l i p s o i d  and a contact surface. 

The l i n e  BKD i s  a t race  o f  the values o f  the  f a c t o r  as the p o i n t  o f  maxi- 

mm impingement of an e l l i p s o i d  i n t o  the surface moves toward and beyond the 

edge o f  the contact surface along l i n e  EAB. The r e s u l t  i s  t h a t  f o r  a given 

de f l ec t i on ,  fo rce  w i  11 be reduced t o  zero as the e l l i p s o i d  moves o f f  the edge 

o f  the surface. The ef fect iveness f a c t o r  i s  l i n e a r  along l i n e s  such as BKD, 

GHD, KC, and H C I  bu t  parabo l ic  along DCL. The exact d e f i n i t i o n  o f  the e f fec -  

t iveness f a c t o r  i s  given below: 

E = R * S  

where 

E i s  the  ef fect iveness f a c t o r  

6 f o r  - A 

.5X . 5  t - f o r  - x<X<x 
i 

R = 1 f o r  ~ 2 ~ 2 1  - x 

I .5 + .5(1-K) f o r  1 - X I  + 
X 

t o r  X ~ I  + i 

(Continued on next page) 



s ={  I t o r  AIY~I - A 

I . 5  + .5(?) f o r  1 - A C Y ~ I  + A 

( 2 . 5 . 2  
concluded) 

f o r  ~ $ 1  + a 

where X, Y are the contact surface coordinates o f  the maximum impingement 

A i s  the edge constants speci f ied as input  t o  the computer program, which 

must l i e  i n  the range 0 ~ ~ 2 . 5  

The edge constant i s  the mechanism by which a user o f  the HSRI model speci f ies 

the i n t e rac t i on  o f  a body e l l  ipso ld  w i th  the edge o f  a contact surface and must be 

provided as input  data f o r  each contact surface i n  order t o  exercise the model. 

I t  should be selected on the basis of a comparison o f  the geometries o f  a par t icu-  

l a r  contact  surface and the body e l l i p s o i d  which i s  most l i k e l y  t o  i n t e rac t  w i t h  

the surface. For instance, the surface shown i n  Figure 11 i s  165 inches long along 

i t s  x-coordinate. I f  i t  i s  assumed tha t  a body e l l i p s o i d  w i t h  a semi-major ax is  

length of 54.45 inches i s  the most l i k e l y  o r  important in teract ion,  then the edge 

constant should be selected as 

A 54.451165 s 0.33 

If t h i s  value i s  used, a contact force equal t o  zero w i l l  be predicted i f  the con- 

t ac t  e l l  i pso ld  j u s t  misses the surface, but  when any pa r t  o f  the e l l i p s o i d  touches 

an edge o f  the contact surface, a small force w i l l  be computed. This force w i l l  be 

a t  a maximum when the contact e l l i p s o i d  in te rac ts  w i t h  the center region o f  the 

contact surface. 

Occasionally a body e l l i p s o i d  can approach a contact surface from e i t he r  side. 

Consider the case o f  a contact surface representing the top o f  a dash panel and a 

body e l l i p s o i d  attached t o  the knee o f  an unrestrained occupant. I n  some vehicles 

the top of the dash panel i s  d i r e c t l y  above the knees. Consider a hypothetical 

case where the vehic le  i s  impacted i n  the rear  and i s  pushed i n t o  the path of an 

3 9 



oncoming t ruck.  During the rear-end p a r t  o f  the c o l l i s i o n ,  the occupant i s  

o f t en  propel led upward along the slope o f  the seat back. During the f r o n t a l  

c o l l  i s i on ,  the occupant then moves forward. I n  t h i s  ser ies  o f  events i t  i s  

poss ib le  t h a t  the knees o f  the occupant could impact very h igh on the i n s t r u -  

ment panel due t o  the unusual i n i t i a l  pos i t i on i ng  f o r  the f r o n t a l  crash event. 

I t  i s  desired i n  t h i s  case t h a t  the knee f e e l  a  fo rce  from contact  w i t h  the 

top o f  the dash panel and no t  a  large fo rce  due t o  the i n i t i a l  seat ing 

pos i t i on  where the knee i s  below the panel. Another example o f  t h i s  k ind  o f  

problem i s  the r ea r  seat passenger which vau l t s  the f r o n t  seat, s t r i k i n g  the  

f r o n t  seat back. 

This s imulat ion resolves t h i s  k ind  o f  d i f f i c u l t y  by r equ i r i ng  the user 

t o  assign a p o s i t i v e  o r  f r o n t  s ide t o  each contact  surface. No fo rce  w i l l  be 

generated unless the e l l i p s o i d  approaches from the f r o n t  side. I n  order t o  

determine simply whether an e l l i p s o i d  has approached from the f r o n t  o r  back, 

the user i s  requi red t o  spec i fy  the "penetrat ion l i m i t , "  a  parameter which 

represents the maximum penet ra t ion i n t o  the surface which can occur i n  one i n -  

t eg ra t i on  time step. Then, i f  an e l l i p s o i d ' s  f i r s t  d e f l e c t i o n  i n t o  the surface 

i s  greater  than t h i s  value, the e l  l i p s o i d  i s  assumed t o  be coming up from be- 

h ind and no fo rce  i s  computed u n t i l  the e l l i p s o i d  gets t o t a l l y  i n  f r o n t  o f  the 

contact  surface and then comes back and h i t s  the surface. 

Ine penet ra t ion l i m i t  i s  i l l u s t r a t e d  i n  Figure I 1  by a plane i n  dot ted 

1 ines drawn underneath the contact  plane, CJ represents the penet ra t ion 1  i m i  t. 

The value o f  38 inches i s  about ten times the normal s i ze  o f  t h i s  parameter and 

i s  exaggerated on ly  f o r  i 1 l u s t r a t i v e  purposes. 

The p o s i t i v e  s ide spec i f i ca t i on  i s  made by t e l l i n g  the program whether the 

i n e r t i a l  o r i g i n  l i e s  behind o r  i n  f r o n t  o f  the contact  surface. The i n e r t i a l  

o r i g i n  should no t  l i e  exac t l y  on the i n f i n i t e  extension o f  any o f  the contact  

surfaces a1 though i t  i s  permissible t o  get a r b i t r a r i l y  c lose. The f r o n t  o f  

the contact  surface i s  shown i n  Figure 11 by an arrow passing through Po in t  1. 

4 0  



The ana l y t i ca l  expression f o r  de f l ec t i on  i s  

where ( x o ,  yo. z0 ) i s  the l oca t i on  o f  t h a t  po in t  i n  i n e r t i a l  coordinates on the  

e l l i p s o i d  which i s  tangent t o  a surface, p a r a l l e l  t o  the contact  surface, and 

which represents the po in t  o f  maximum penet ra t ion o f  the e l l i p s o i d  i n t o  the con- 

t a c t  surface. The quan t i t i e s  A ,  8 ,  C ,  D are computed from the general ized motion 

coordinates a t  each po in t  o f  time i n  the s imulat ion.  The var ious quan t i t i es  are 

defined i n  the fo l lowing ana l y t i ca l  expressions. 

X~ = u 7  + k ( u 2 A  * u2B + u 3 C )  

Yo = '13 k ( u 1 A  + ~ 1 4 8  LSC)  

zo = ~ 1 s  + k ( u 3 A  + PSB + ~ 1 6 C )  



The quant i t ies  A, B, C, D are the coeff icients o f  the contact plane according t o  

the i n e r t i a l  system. 

P = h ( i 2  - h) + h ( i 3  - i f)  + &(?I - $2)  

q = i l ( i 3  - i2) + i i2(2,  - f 3 )  + k 3 ( i 2  - 21) 

r = jl(i2 - i3) + g 2 ( f 3  - + j3(i1 - 2 2 )  

s = ? ) ( i 3 j 2  ' i 2 j 3 )  + i 2 ( g 1 j 3  ' g 3 j 1 )  

+ f 3 ( b h  - W 2 )  

The quant i t ies  p, q, r, s are coef f ic ients  o f  the contact plane according t o  the 

vehic le system. 

The quant i t ies  1.17, 1.18, ~9 a r e  the i n e r t i a l  coordinates o f  the e l l i p s o i d  center. 
The remaining quant i t ies  are defined as 

m i s  e l l i p s o i d  index, 

n i s  body segment index, 

a,,bm,c, are the sentmajor axes o f  e l l i p s o i d  n, 
-+ 

Xem'Yem'zem are the components o f  Rem or  the coordinates o f  the e l l i p s o i d  

center i n  the body segment coordinate system (see Figure 9), 
;f , ,  are the components o f  vector R1 f o r  i=l,2,3 o r  contact surface cor- 

ner pos i t i on  vectors i n  vehic le system (see Flgure 10). 

Lever arms are as fol lows: 



when n=l 

~ l ( A V 4 1  - B V 3 1 )  when n-2 

\ P 3 ( ~ ~ 3 1  - AV.1) when n=3 

when n=l 

- BW21 - ANl1) when n=2 !JM~% = 
+ BW21 - Cul 1 )  when n=3 

+ B ~ v ~ ~ V ~ ~  + C 2 ~ 2 1 ~ 3 1  A B ( V 1 1 V 4 1  + V 2 1 V 3 1 )  
(2.5.16) 

+ A C ( V 1 1 ~ 3 1  + V 3 1 ~ 2 1 )  + B C ( V 2 1 ~ 3 1  + V 4 1 ~ 2 1 ) ]  when n=l 

( ~ l ( A v 1 1  + B V 2 1  * 0 1 2 1 )  when n=2 

\;DI(AVII + B V 2 1  + CuZl) when n=3 



Note: The l eve r  arms f o r  generalized coordinates 7, 8 and 9 ($2, e2, and ,$2) are 

zero when n=l  o r  3. 

(-1% = B(u!32xem + Vl2ym + V32zm) - A(ui2xm + V22yem ' V41zem) 

+ p2(AVQ2 - BV32) + k[(B2 - A2)ul + AB(p2 - PI+) - ACu5 (2.5017) 

+ B C P ~ I  when n=2 

= A(- u$2xem + W 3 2 ~ ~ ~  + W12zm) + B(-  ~ 4 2 ~ ~  W42ygn + W22zem) 

+ C(- cos02xem - u42Ye,,, - ~ 1 2 ~ ~ )  + ~ 2 (  0112  - 81122 - AM121 

1 
+ $[A2(c$V32W12 + bkV12W32 - a h ~ i 2 ~  j2 )  + B2(c:V42W22 

+ bkV22W42 - a,$i2u42) + c2(-  c : u ~ ~ u ~ ~  - ~ $ I ~ ~ u I ~  

+ a,$ine2cose2) + AB{c ; (V~~W~~  + V42W12) + b;(Vl2Wk2 + V32W32) 

- a ; ( ~ i ~ ~ i ~  + U $ ~ U ~ ~ ) I  + A C { C ~ ( U ~ ~ W ~ ~  - V 3 2 ~ 1 2 )  (2.5.18) 

+ b;(u22W3* - V12ur2) + a;(~;~sin8~ - u ) ~ c o s ~ ~ ) }  

+ B C { C ; ( U ~ ~ W ~ ~  - V42~12) + bi(u22W42 - V22~42) 

+ a;(u1!,~sln8~ - u ~ ~ c o s ~ ~ ) I  when n=2 

Bc(v22~32 + V42~22 ) l  when n-2 

Note: The l eve r  arms f o r  general ized coordinates 10, 11, and 12 ($3, 03, and $3) 

are zero when n=l  o r  2. 

(mk = B(u;3xem + ' 1 3 ~ ~  + V33zem) - A(ui3xm + "25yem + V43zem) 

+ ~ 4 ( B u $ 3  - Aui3) + k[(B2 - A2)v l  + AB(v2 - ~ 4 )  (2.5.20) 

- ACPS + BCPJ when n=3 



( e ) F Z E  = A(- u;~x, + W33ym + Wl32,) + B(- u&3xm + W43ym ' W23zem) 

+ C(- coseaxm - U L + ~ Y ~ ~  - UI~Z,) - P ~ ( A u ~ o  + B u l j  + C C O S ~ ~ )  

1 + $ {A2(~ iV33W13 + biv13W33 - a,$i3~!3) + B2(c;V43W23 

+ biV23Wl*3 - a , $ ~ i ~ ~ i ~ )  + C2(- c ~ u ~ ~ u ~ ~  - b:u23u43 

* a:sine3cose3) + A B [ c ~ ( V ~ ~ W ~ ~  * v43W13)  * b$V13W43 + V23W33) 

- a i ( u i 3 u i s  + u j 3 u i s ) l  + AC[C:(UJ~WI~ - V33~13)  (2.5.21) 

+ ~ , ' $ u ~ ~ W ~ ~  - V13uU3) * a;(ui3sine3 - u ~ ~ c o s ~ ~ ) ]  

B C [ C ~ ( U ~ ~ W ~ J  - V 4 3 ~ 1 3 )  * bi(u23W43 - V 2 3 ~ 4 3 )  

* a : ( ~ & ~ s i n e ~  - u i3cose3) ] )  when n=3 

when n=3 

The d e f l e c t i o n  t ime r a t e  i s  dependent on n o t  o n l y  t h e  movement o f  the crash 

v i c t i m  b u t  a l s o  on bo th  the movement o f  the  v e h i c l e  and the movement o f  t h e  con- 

t a c t  sur face w i t h  respect  t o  the vehic le.  Therefore, Equation (2.4.10) here be- 

comes 

The f ~ r s t  term o f  (2.5.23) represents t h e  movement of the body and i s  the  

sum o f  each l e v e r  arm a l ready presented t imes the corresponding general i zed  v e l -  

o c i t y .  The second term o f  (2.5.23) represents the movement of the v e h i c l e  where 



The vehicle "lever arms" are glven below. 

The t h i r d  term o f  (2.5.23) represents the motion o f  the contact wi th respect to  

the vehicle where 

These contsct coeff icients or "lever arms" are defined below. 



The mot ion o f  any o f  the  contac t  surfaces i s  s p e c i f i e d  as i n p u t  data t o  the 

crash v i c t i m  s imu la to r  by present ing t h e  p o s i t i o n s  of the  th ree  d e f i n i n g  corner 

p o i n t s  a t  a  sequence o f  t ime po in ts .  I m p l i c i t  i n  t h i s  type o f  s p e c i f i c a t i o n  i s  

t h e  a b i l i t y  t o  change s ize,  shape and o r i e n t a t i o n  as we l l  as p o s i t i o n  of a  con- 

t a c t  surface as a  f u n c t i o n  o f  t ime. Figure 12 i l l u s t r a t e s  t h i s  general type of 

motion i n  a  contac t  surface s p e c i f i e d  a t  th ree  t ime po in ts .  The arrow eminating 

from the  contac t  sur face shows the  forward s ide o f  the surface. 

The con tac t  surface s t a r t s  o u t  i n  t h e  form of  a  square i n  the plane o f  the 

f i g u r e  a t  t=O, moves forward, sideways, ro ta tes ,  and becomes a  rec tang le  by t=tl, 

and moves back i n t o  the plane o f  the f i g u r e  as a  diamond shape o r i e n t e d  i n  t h e  

o the r  d i r e c t i o n  by t = t 2 .  The th ree  d e f i n i n g  p o i n t s  are numbered w i t h  arrows 

showing t h e i r  movements du r ing  the  in te rven ing  t imes between s p e c i f i c a t i o n s .  

Each of the  n ine  coordinates d e f i n i n g  the  p o s i t i o n  o f  the corner p o i n t s  are  

t rea ted  as piece-wise 1  inear  funct ions o f  t ime. A t y p i c a l  coordinate,  the x- 

coord inate  o f  Po in t  1, i s  shown i n  Figure 13. The coord inate  r a t e  i s  a  step 

f u n c t i o n  bu t  i s  made continuous by adding ramps from one l e v e l  t o  the next  w i t h i n  

a small  t ime i n t e r v a l .  Values f o r  corner coordinates and coord inate  r a t e s  together 

w i t h  the  d e r i v a t i v e s  o f  Equation (2.5.8) determine the  :, fo r  j=1-4 used i n  Equa- 
J 

t i o n  (2.5.23). 

2 .5  BELTS 

The b e l t  model i s  i l l u s t r a t e d  i n  F igure  14. The be1 t s  a re  represented by 

four independent segments, each anchored t o  the v e h i c l e  a t  an a r b i t r a r y  p o i n t  

and pinned t o  the  t o r s o  a t  an a r b i t r a r y  p o i n t .  D e f l e c t i o n  i s  def ined as elonga- 

t i o n  beyond the  e f f e c t i v e  leng th  o f  the b e l t  segment a t  t ime zero and i s  formu- 

l a t e d  as 



Vehicle 
System 

Fig. 12. A Moving Contact at Three 
Time Points 



Fig. 13, A Corner Coordinate Value and Rate 
as a Function of Time 
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Attachment to 

Vehicle System 

l nertial System 

Figure 14. Belt Segment N 

50 



where 

n i s  be1 t segment number 
+ 
u i s  anchor pos i t ion  vector (see Figure 12) n  
+ 
B, i s  attachment pos i t i on  vector 

A, i s  the spec i f ied  slack i n  the b e l t  

TABLE I. BELT INDEX SPECIFICATIONS 

The components o f  4, and if, are taken according t o  veh ic le  and torso respec- 

t i v e l y  as shown i n  Eq. (2.6.2). 

Then the i n e r t i a l  pos i t l on  o f  the anchor po in t  i s  



and the i n e r t i a l  posi t ion o f  the attachment po in t  on the torso i s  

+ t , ~ o s e ~ c o s ( ~  

and 

Further,  l e v e r  arms take the form 

where 

f o r  j81,12 





For be1 ts ,  deflection r a t e  i s  computed by Equation 

where the second term represents vehicle motion and i s  deflned i n  (2.5.24). 

a 6 i - f  a i r  jn-$ a$,. in-$ a& Then - - -a -  n-n3!+--+-- a u 
j fin aaj aaj 'n auj 

where 
C 



2 . 7  JOINTS 

The motion r e s i s t i n g  torques which e x i s t  a t  the two j o i n t  structures (neck 

and h i p )  have been modeled by 1 inear e l a s t i c  tors iona l  springs which tend t o  

hold the body i n  i t s  pos i t i on  a t  time zero (representing muscular ac t ion  tending 

t o  hold the  body i n  an equ i l i b r ium pos i t i on )  and s t i f f  l i n e a r  e l a s t i c  tors iona l  

springs which are appl ied on ly  a t  the end o f  the p rac t i ca l  range o f  j o i n t  motion. 

I n  addi t ion,  the torques associated w i t h  the j o i n t  stops include 1 inear damping 

effects. A t  each jo inhsepara te  torques are appl ied t o  r e s i s t  p i tch,  r o l l  and 

yaw motions. A schematic o f  j o i n t  structures i s  included as Figure 15. 

The motion res i s t i ng  torques are computed from r e l a t i v e  angular motions be- 

tween the various body segments. These are represented as a series o f  r e l a t i v e  

Euler angles shown i n  Figure 16 which transforms a system o f  coordinates pa ra l l e l  

to  the torso coordinate system t o  a system o f  coordinates pa ra l l e l  t o  the head 

coordinate system. The r e l a t i v e  angles are named 

bq j j  = r e l a t i v e  yaw, 

Aaij = r e l a t i v e  p i tch,  and 

bbij = r e l a t i v e  r o l l ,  

where the subscr ipts def ine the two body elements, i and j, between which the 

motions take place. The order o f  app l i ca t ion  o f  these angles i s  yaw, p i tch,  

then r o l l .  

To der ive these equations, reference i s  made t o  Equation (2.3.3) which shows 

the transformation between ei, a coordinate system f i x e d  i n  one o f  the body seg- 

ments, and e, the coordinate system f i xed  i n  i n e r t i a l  space. Equation ( 2 . 3 . 3 )  can 

be rewr i t ten  t o  show t h i s  transformation. 

el a Ale ( 2 . 7 . 1 )  



b d  Neck Joint d 
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Fig. 16. Joints 
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Fig. 16. (Wltive Euler Angler for Computing 
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For orthogonal transformations the inverse o f  Ai i s  the same as the transpose. 

T A i l  = Ai (2.7.2) 

Let e j  represent the coordinate system attached t o  the body segment adjacent 

t o  the body segment or ientated by el. Equation (2.7.1) becomes 

Thesys temof  r e l a t i v e E u l e r a n g l e s ~ ~  Aeij, a n d ~ 4 ~ ~  i s d e f i n e d f r m a  i d '  
transformation o f  the same form as Equation (2.3.3) which rotates a system paral-  

l e l  t o  e .  i n t o  a system pa ra l l e l  t o  ei as i l l u s t r a t e d  i n  Figure 16. 
J 

Recal l ing Equations (2.7.3) and (2.7.2), i t  i s  apparent t ha t  

e = A t l e  
J j = 'iej 

and 

subst i tu t ing  i n t o  Equation (2.7.1), i t w i l l  be seen tha t  

So i t i s  t rue  tha t  

c o s ~ y  . .sinbe .cosd( ~ i n A $ ~  j ~ i n ~ O .  COSA( C O S A ~  C O S A ( ~  i~ i d  1 j  i j i j  
S i i A $ i  jSinA+i - C O S A $ ~ ~ S ~ ~ A ( .  1 J 

i j The quant i t ies dl i  j, A e  , and A(i must be w r i t t e n  i n  terms o f  the general ized 

coordinates describing occupant motion. To do t h i s  one must use the o r i g ina l  forms 

of Ai and A j  described by Equation (2.3.3) i n  terms o f  the p i tch,  r o l l ,  and yaw 

generalized coordinates i n  order t o  form an equation equivalent t o  Equation (2.7.6). 

When t h i s  has been done, various elements o f  the matr ix  i n  Equation (2 .7 .6 )  and i t s  

equivalent can be used t o  def ine the r e l a t i v e  Euler angles as fol lows: 



s l n ~ $ ~  jcos~ei  

'$1 j t a n ~ ' ( c o s ~ $ , ~ c o s ~ e  j ) = t a n y p )  1 j (2.7.7) 

where N$ and Nij are given i n  terms o f  the generalized motion coordinates as i j 

def ined i n  Equation (2.3.12). 

S im i la r l y ,  deij i s  formed from the t h i r d  element i n  the f i r s t  row of the matr ix ,  

heij = sinml(Aei j) (2.7.9) 

where 

Aeij = u .sinei - V3ju;i - V .u' 
33 43 li 

(2.7.10) 

and i s  formed from the second and t h i r d  elements i n  the t h i r d  column o f  the 

matr ix,  
N e . .  

'$1 j = tan-'(+) i j 

where 

I n  order t o  compute the  torques ac t i ng  a t  a l l  j o i n t s ,  i t  i s  necessary t o  

define the angular de f l ec t i on  f o r  use i n  the equations given i n  Section 2.4 o f  

t h i s  repor t .  For computation o f  e l a s t i c  forces, the de f lec t ions  a re  given re l a -  

t i v e  t o  the i n i t i a l  pos i t i on  o f  the occupant a t  the beginning o f  the simulat ion, 



where the subscr ip t  1 r e fe r s  t o  the to rso  element and the subscr ip t  i can have 

the values i=2,3 depending on whether the motion i s  r e l a t i v e  'to the head o r  the 

lower ext remi t ies .  The to rs iona l  react ions which occur as a r e s u l t  o f  i n t e r -  

ac t i on  w i th  the motion r e s i s t i n g  stops are based on the r e l a t i v e  and stop angles 

as fol lows. 

sb$i = 1 ~ $ ~ ~ 1  - $is 

Pi, - 9 " s  , i n t e r a c t i o n  w i t h  upper stop 

- Ae i  , in te rac t i on  w i t h  lower stop 

where $is¶ elus, Bias , and (is are the var ious stop angles i l l u s t r a t e d  i n  F igure 

15. 

Based on the de f lec t ions  given i n  Equations (2.7.13) and (2.7.14L i t  i s  pos- 

s i  b l e  t o  determine the " lever  arms" used i n  computing the  con t r ibu t ions  t o  the 

generalized fo rce  vector from j o i n t  forces. For i=2,3 i nd i ca t i ng  e i t h e r  the head 

o r  lower extremit ies,  the l eve r  arms are given tn the f o l l ow ing  t ab le  o f  equations. 

(zero f o r  a l l  o ther  n) 
60  

Genera'ized Subscr ipt  Coordinate = n 

4 

5 

6 

31 + 1 

31 + 2 

31 + 3 

Constant x Lever Arm = [(N$i1)2 + (D$i1)2'J%r 
n 

sinei - u31Aeil 

- N+i1 

"11 

uolAei, - sinei 

u31(V41u;i - V31uij) [(Val - v 2 l ) c o ~ $ ~  
+ 2V31V41sin$i]u~i - V31V41~~sei 

(N$i1)2 + ( D q J 2  



(zero f o r  a l l  o ther  n) (2.7.16) 

'enera' 
Subscript = n 

4 

5 

6 

31 + 1 

3 i  + 2 

ah8 
Constant x Lever ~m = [ I  - (A& .)2] 1/2&. 

1J n 

' 4 1 ~ ; ~  - V31uii 

- (ullsinei + Wllu;i + W21~;i) 

Vlluii + V 2 1 ~ ; i  -  sine^ 
V31uii - V*IU;~ 

u3,cosei + V31~;i + V 4 1 ~ k i  

(zero f o r  a l l  o ther  n)  (2.7.17) 

Equations (2.7.13 - 2.7.17) are used t o  form the cont r ibut ions t o  the generalized 

force vector, 8, due t o  the j o i n t  s t ructures using the  formulas se t  f o r t h  i n  

Section 2.4 o f  t h i s  repor t .  

Subscr ipt  = n 

4 

5 

6 

3 i  + I 

3 i  + 2 

1 
Constant x Lever Am = [ ( N $ J ~ , ) ~  t (D)il)2].T 

- ~ o s e ~ ( u ~ ~ c o s e ~  + V3iuii + V41~;i) 

~ i n ( ~ s i n ~ e ~  - [V41cosyl - (s in41 + 2 ~ ~ ~ c o s y ~  )s in2yi  

+ ( 2 V 1 + ~ s i n y ~  - Vl l )s inyicos~i ]cos2~ 

+ (W21cos$i - Wllsinyi)sineicosei 

- (Dlil)(Aei l) 

~ o s e ~ ( u ~ ~ c o s e ~  + ~ ~ ~ u ; ~  + VS1uIi) 

V r l ~ ~ ~ $ i  - Vslsinyi 



3 $0 EXPERIMENTAL V E R I F I C A T I O N  O F  T H E  MODEL 

I n  t h i s  p a r t  of the repo r t  comparisons are made between the  predic t ions 

o f  the model and experiments i nvo l v ing  anthropometric dumnies which have been 

car r ied  out on the H S R I  impact sled, Beginning w i t h  a sect ion b u t l i n i n g  the 

c r i t e r i a  on which the va l i da t i on  i s  based, the repo r t  continues w i t h  a des- 

c r i p t i o n  of the s led tes ts  and concludes w i t h  sections descr ib ing the  degree 

t o  which the models describe the rea l  t e s t  s i tua t ion .  

3.1 CHOICE O F  C R I T E R I A  FOR V E R I F I C A T I O N  

The choice o f  a c r i t e r i o n  o f  v e r i f i c a t i o n  o f  the mathematical model 

describing human body impact i s  based on three premises: (a) whether o r  no t  

the mathematical analysis and computer program are correct ;  (b) the ex t rac t i on  

o f  appropriate experimental data on which the va l i da t i on  procedures can be 

based; and (c )  the observation t h a t  the mathematical model consis ts  o f  

parameters descr ib ing the occupant, the force f i e l d  cons is t ing  o f  be1 t s  and 

contact surfaces which acts on the occupant, and the ex te rna l l y  appl ied 

decelerat ion fo rc ing  funct ion. 

The use o f  a Lagrangian formulat ion o f  Newtonian mechanics as a basis f o r  

the model i s  based on a long h i s t o r y  o f  successful appl icat ions t o  problems 

i n  impact, and hence,offers no cause f o r  concern. Thus, sources o f  problems 

can a r i se  only  i n  w r i t i n g  down the  p a r t i c u l a r  equations and computer programs 

which apply t o  the present analyses. A l l  equations and computer programs 

have been derived independently by two o r  more persons leading t o  a very low 

incidence o f  e r ro rs  i n  the f i n a l  programs. 



The second premise, which i s  concerned w i t h  the  e x t r a c t i o n  o f  appropr ia te  

experimental data on whlch the v a l i d a t i o n  can be based, has been the  bas is  f o r  

a  major research e f f o r t ,  The a c q u i s i t i o n  o f  t h e  necessary t ransducer and 

photometr ic da ta  i s  s t ra igh t fo rward  and requ i res  on l y  the  proper useage of 

the appropr ia te  h igh  speed cameras, data tape recorders,  and 1 i g h t  beam 

osc i  11 ographs. The processing o f  t he  transducer data i s  a1 so re1  a t i  ve l y  

simple. For example, the  determinat ion of t h e  magnitude o f  t he  1 i n e a r  

acce le ra t ion  o? the  head o f  the  dumny requ i res  computation o f  the  simple 

vector  sum of the  t h ree  1 i near acce le ra t ion  components. 

The processing o f  the  photometr ic data i s  much more complex. Although 

procedures f o r  p l o t t i n g  the  t r a j e c t o r y  o f  a  p o i n t  i n  space, us ing  var ious 

automatic o r  opera to r -con t ro l led  photometr ic analyzers, a re  w ide ly  app l ied  

i n  the f i e l d  o f  motion analys is ,  they were n o t  developed f o r  determining 

the angular o r i e n t a t i o n  o f  a  body i n  space. Thus, i t  was necessary t o  develop 

techniques f o r  determining t h e  p i t ch ,  r o l l ,  and yaw angles o f  t h e  body o f  

the  t e s t  sub jec t  before proceeding t o  a  comparison o f  exper imental  and theo- 

r e t i c a l  r e s u l t s .  

Analysis and graphing o f  the  t e s t  data i s  o n l y  p a r t  o f  the  problem 

because p repara t ion  o f  a  we1 1-founded se t  o f  i n p u t  data i s  necessary f o r  t he  

S ~ L C S S S ~ ~ ~  q e r a t i o n  of any computer analys is .  Therefore, a  desc r i p t i on  

o f  the mass, geometric, and i n e r t i a l  p rope r t i es  o f  t h e  t e s t  sub jec t  i s  

required. Th is  must be supplemented by a geometr ical  p r o f i l e  o f  t he  veh i c l e  

components w i t h  which t he  t e s t  sub jec t  i s  expected t o  i n t e r a c t .  F i n a l l y ,  

the force-deformation c h a r a c t e r i s t i c s  o f  the  i n t e r a c t i o n s  between t he  t e s t  

subject  and the  veh i c l e  components must be measured i n  o rder  t o  spec i f y  the 

proper balance between sub jec t  motions and loadings.  



I n  order t o  def ine the t e s t  subject,  e i g h t  basic  body elements (head, 

two a n  elements, two l e g  elements, and three to rso  elements) were weighed 

and moments o f  i n e r t i a  were e i t h e r  measured using a t r i f i l a r  pendulum o r  

predicted using formulas s i m i l a r  t o  those o f  Hanavan25 and Patten. 26 This 

data was combined t o  describe the three mass elements o f  the cur ren t  model. 

After geometry o f  the t e s t  s led  and the  i n i t i a l  pos i t i on  o f  the dumny subject 

rere ca re fu l l y  measured, i t  was then necessary t o  develop t e s t  procedures 

cef in ing the force-motion re la t ionsh ips  between the t e s t  subject  and veh ic le  

elements. This was ca r r i ed  out f o r  the seat and f o r  a b e l t  r e s t r a i n t  system 

using a combination o f  photometric and transducer data described i n  Reference 27. 

The t h i r d  premise serves t o  de f ine  the mathematical models as a system 

o f  parameters descr ib ing the occupant, the force f i e l d  cons is t ing  o f  be1 t s  

and contact surfaces which acts on the occupant, and the  e x t e r n a l l y  appl ied 

decelerat ion fo rc ing  funct ion.  A1 1 these basic parameters must be included 

i n  any t e s t  va l ida t ion .  

To proper ly  study the f i e l d  o f  forces ac t i ng  on the  subject  i t  i s  nec- 

essary t o  simulate both contact surfaces (such as a seat cushion and seat 

back) and be1 t s  ( such as a l a p  be1 t and s ing le  diagonal shoulder harness). 

The use o f  an occupant unrestrained by b e l t s  would no t  prov ide a t e s t  o f  

shis sect ion of the analysis.  Both f r o n t a l  and s ide impacts were c a r r i e d  

out t o  ve r i f y  the model. I n  the  f r o n t a l  impact comparisons a l so  can be made 

w i t h  the pred ic t ions  o f  a pure ly  p lanar  model such as the HSRI Two-Dimensional 

Mathematical Crash Vict im ~ l r n u l a t o r . ~ ~  Use o f  a f r o n t a l  impact t e s t  does no t  

provide a complete t e s t  o f  the operat ion o f  the three-dimensional model. 

Therefore, a l a t e r a l  impact, which can be c a r r i e d  ou t  on the  impact sled, 

was selected as the most appropriate t o o l  f o r  v a l i d a t i n g  the  non-planar 

proper t ies o f  the three-dimensional model. 



Based on these three premises, two impact s led  t e s t s  were selected f o r  

the va l f  da t ion  procedure. Both t e s t s  used a 50th pe rcen t i l e  male anthropometric 

dumry and were c a r r i e d  out  a t  speeds o f  approximately 30 mph. I n  each case 

the dumrly was res t ra ined by a l a p  be1 t and a s i n g l e  diagonal shoulder harness. 

The f i r s t  t e s t  represented a forward-facing impact and the second a d i r e c t  s ide 

impact. Thus, these two t e s t s  represented a complete and economical t e s t  o f  

the basic  parameters described i n  the Model - the occupant, the r e s t r a i n t  

and i n t e r i o r  contact forces, and the  veh ic le  decelerat ion. 

3.2 THE EXPERIMENTS 

The two v a l i d a t i o n  experiments were ca r r i ed  out on the HSRI impact s led  

(Figure l a ) ,  which i s  o f  the accelerat ion-decelerat ion type. It i s  acceler- 

ated over a 12-foot distance up t o  a top speed t o  40 mph using a compressed 

a i r -actuated p u l l e r  arm. The decelerat ion st roke has a maximum length of 

three f e e t  and a maximum po ten t i a l  o f  88 G ' s .  For the purposes o f  h igh 

speed photography a t o t a l  o f  50 kw. o f  l i g h t i n g  i s  avai lab le.  Real t ime and 

high speed movies were taken as we l l  as s t i l l  photos before and a f t e r  each 

tes t .  

T r i a x i a l  accelerometer packs were located i n  the  head and chest of the 

50th pe rcen t i l e  S ie r ra  dunmy, The accelerometers were K i s t l e r  P iezotmn 81 8 's .  

A Statham strain-gage accelerometer was used t o  record the  s led  decelerat ion 

pulse. Four Lebow seat -be l t  load transducers were mounted on the seat b e l t  

and shoul der harness. 

The data was recorded simultaneously on a Honeywell 7600 tape recorder 

and a Honewell 1612 Visicorder.  No f i l t e r i n g  was used dur ing the i n i t i a l  

recording other  than the 1 i m i t a t i o n  o f  the 1 ight-beam galvanometers t o  

frequencies under 1000 cps. The f o l  lowing transducer data was recorded: 





(a )  lower r i g h t  shoulder be1 t force; (b )  l e f t  l a p  be1 t force;  (c )  upper l e f t  

shoulder b e l t  force; (d )  r i g h t  l a p  b e l t  force; (e) s led  decelerat ion;  ( f )  head 

an te r i  o r -pos te r i o r  G-loadi ng; (g)  chest an te r i o r -pos te r i o r  El oadi ng; (h)  head 

s u p e r i o r - i n f e r i o r  G-loading; (i ) chest supe r io r - i n fe r i o r  G-loadi ng; (j) head 

l e f t - r i g h t  G-loading; ( k )  chest l e f t - r i g h t  G-loading; (1)  impact ve loc i t y ;  

and, (m) t im ing  s ignals.  

The setup f o r  the f r o n t a l  impact t e s t  i s  shown i n  Figure 18, The bucket 

seat i s  bol t ed  securely t o  a framework which i s  attached t o  the s led.  This 

framework serves as a mount f o r  a t tach ing  b e l t s  and o ther  types of r e s t r a i n t  

systems, and can be ro ta ted  t o  simulate l a t e r a l  o r  ob l ique impact. This has 

been done f o r  the l a t e r a l  impact t e s t  as i s  shown i n  Figure 19. I n  t h i s  setup 

a ser ies o f  b e l t s  a re  shown which maintain the  i n i t i a l  p o s i t i o n  o f  the  dunmy 

dur ing the i n i t i a l  acce lera t ion  o f  the sled. These are released before im- 

pact  and do not  i n t e r f e r e  w i t h  the motions of the  dunmy. 

The t e s t  data presented i n  Figures 20 through 39 were obtained as a re- 

s u l t  o f  e i t h e r  de ta i l ed  analys is  o f  the  h igh speed f i l m s  us ing a Vanguard 

F i lm Analyzer o r  by measuring po in t s  on the o s c i l  lographic recordings. A1 1 

accelerat ion and be1 t transducer data were determined from the o s c i l  lographic 

records and appropr iate sums and resul  t a n t  values computed. 

For the f ron t  impact t es t ,  the excursion and forward motion o f  the head 

were dett trr~~inea d i r e c t l y  by measurements o f  tne motion o f  a t a r g e t  placed on 

the head of the dumry. Likewise the  angle o f  head p i t c h  and the upper l e g  

were obtained by d i r e c t  measurement (and the subsequent scal i n g  and tabu1 a t i o n  

by means of s p e c i a l l y  developed computer programs). The motion o f  the H-point 

was very d i f f i c u l t  t o  determine as no d i r e c t  measurements were possib le.  How- 

ever, i t s  l o c a t i o n  was determinable by tr igonometry us ing data from a t h i g h  

target ,  a lower back ta rge t ,  and the angle o f  the  upper l e g  w i t h  the horizon- 

t a l .  These data, determined on the Vanguard Analyzer, were then processed on 



FIGURE 18. FRONTAL I M P A C T  T E S T  SETUP 



FIGURE 1 9 .  LATERAL IMPACT TEST SETUP 
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the HSRI 1130 d i g i t a l  computer us ing the appropriate t r igonometr ic  data hand- 

l i n g  subroutines. 

I n  the  l a t e r a l  impact t es t ,  l a t e r a l  motion o f  the three primary body 

elements was measured d i r e c t l y  from the f i l m ,  However, the  p i t ch ,  r o l l  and 

yaw of the head required use o f  special  computer programs capable o f  proces- 

s ing Vanguard Analyzer data from two f i l m s  simultaneously, Thf s was necessary 

i n  t h a t  the views from two cameras are requi red t o  de f ine  the l o c a t i o n  o f  the 

three angles i n  space. 

3.3 PREPARATION OF DATA SETS FOR THE COMPUTER SIMULATION 

The preparat ion o f  data sets f o r  the v a l i d a t i o n  exercises o f  the  model 

involved determinat ion o f  the mass and i n e r t i a l  proper t ies o f  the HSRI 50th 

pe rcen t i l e  male S ie r ra  dummy as we l l  as the force-deformation i n te rac t i ons  

between the dummy and h i s  seat and r e s t r a i n t  system. Various o ther  quan t i t i es  

such as the i n i t i a l  impact ve loc i t y ,  the s led  decelerat ion p r o f i l e ,  and the  

pos i t ion ing  of the dunmy a t  the beginning o f  the decelerat ion event were de- 

termined d i r e c t l y  from the t e s t  movies o r  transducer data. 

The center o f  g r a v i t y  o f  the various body par ts  was found by suspending 

the  piece by wires and observing the l oca t i on  o f  i n te rsec t i ng  l i n e s  o f  act ion. 

Moments of i n e r t i a  f o r  e igh t  body par ts  were found by suspending each piece 

on a t r i f i l a r  pendulum. The weights were measured on a prec is ion  scale. This 

data i s  tabulated i n  Table 2 and Figure 40. This in format ion i s  f e l t  t o  be 

accurate w i  t h i n  1 % as repeated measurements were taken on the  various quant i  t i e s .  

A cor rec t ion  t o  the moments o f  i n e r t i a  was made based on the weight and d i s -  

t r i b u t i o n  o f  the body sk in  element. 

I n  determining the moments o f  i n e r t i a  f o r  the three-dimensional ,model, 

the masses given i n  Table 2 were combined t o  describe a three-mass model 

cons is t ing  of head, torso, and lower ext remi t ies.  The weights o f  the arms 

were combined w i th  the to rso  and the weights o f  the  lower legs w i t h  the  lower 
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extremi t ies.  The head was simulated by an e l l  ipso id  and the to rso  and lower 

ex t remi t ies  by e l l i p t i c a l  cy l inders.  Front and s ide views o f  the r e s u l t i n g  

composite are shown i n  Figure 41. The dimensions shown i n  t h i s  f i g u r e  r e s u l t  

from a series o f  anthropometric measurements taken on the dumrly inc lud ing  

seated height, seated cerv ica l  height,  head length, head breadth, chest 

breadth, maximum chest thickness, buttock-knee length, seated h i p  breadth, 

seated knee breadth, and thigh-thickness. A t abu la t i on  o f  the r e s u l t i n g  

moments o f  i n e r t i a  i s  shown i n  Table 3. It should be noted t h a t  the compo- 

s i t e  moments o f  i n e r t i a  about the y-ax is ,  when computed by t h i s  technique, 

agreed w i th  the values measured and l i s t e d  i n  Table 2 w i t h  1%. 

Because no data i n  a form su i tab le  f o r  use as i n p u t  data t o  the computer 

program i s  ava i lab le  on the load-deformation proper t ies o f  seats, two s t a t i c  

t es t s  were ca r r i ed  out. The t e s t  conf igurat ions are  shown i n  Figure 42 and 

the resu l t s  i n  Figures 43 and 44. I n  determining the curve f o r  load-def lect ion 

under the buttocks, the de f l ec t i on  was measured by tak ing  height  readings "h" 

a t  points  on the pe l v i s  as shown, as weight was added. For determining the 

load-def lect ion curve a t  the f r o n t  o f  the seat, the dumy was hung as shown 

w i t h  the legs up, knees locked, and the buttocks j u s t  touching the cushion. 

The h i p  j o i n t  was loose. The legs were lowered gradual ly,  and load scale 

readings were taken a t  progressive po in ts  u n t i l  the scale read zero. A t  t h i s  

i i ~ r ~ e  the srhr  f r o n t  i s  support ing the legs. heights were then added u n t i l  the 

seat f ron t  bottomed out o f  the seat frame. This t e s t  has the disadvantages of 

being s t a t i c  and only  applying the load over p a r t  o f  the seat. However, i t  

does have the advantage o f  determining a curve which includes deformation 

proper t ies o f  both the seat and durmv used i n  the t e s t .  

Another quant i ty  leading t o  d i f f i c u l t i e s  i n  measurement was the  seat be1 t 

load-def lect ion cha rac te r i s t i c .  I n  t h i s  case, deformation proper t ies o f  the  

be1 t, buckles, veh ic le  attachment points ,  and o f  the durm\y i t s e l f  must be r e -  

f lec ted  i n  the modulus which i s  used i n  the model. 
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TABLE 2 .  MOMENTS OF INERTIA FOR THREE-DIMENSIONAL MODEL 

3tUVltNI 
BODY SEGMENT WEIGHT-LBS. I x - i  n. 1 b. sec2 I y - i n .  1 b. sec2 Iz- in.1 b. sec2 

head 15.781 ,3672 ,442 ,221 

to rso  90.46 12.78 11.5 3.65 

1 ower 
ex t remi t ies  50.33 

Thus, the 1 oad-deformation cha rac te r i s t i cs  o f  t he  seat be1 t s  were 

measured by making use o f  data gathered dur ing the  t e s t  i t s e l f .  Force t rans-  

ducers were used t o  record the loads i n  the b e l t s  and the  high speed movies 

recorded a view o f  the ac t ion  o f  the be l t s .  It was thus possible, using the 

known loca t i on  o f  the t i-point, the b e l t  angle, and the  l o c a t i o n  o f  the  

b e l t  attachment po in t  i n  the vehicle, t o  construct  a t ab le  o f  the seat-bel t  

length as a func t ion  o f  time. This, when combined w i t h  the  data from the 

load c e l l  s, was used t o  construct  Figure 45. The deformation cha rac te r i s t i cs  

f o r  the shoulder harness elements were determined i n  a s i m i l a r  manner by 

measuring the deformation from the h igh speed movies and loads from the force 

transducers. 

? A COMPARITnNS OF THE PREDICTIONS OF THE HSRI MATHEMATICAL MODELS FOR 
A FRONT IMPACT TEST 

Figures 20-28 show the pred ic t ions  o f  both the two- and three-dimensional 

mathematical models and the  r e s u l t s  o f  a f r o n t a l  impact s imulat ion i nvo l v ing  

a 50th pe rcen t i l e  male dummy res t ra ined by l a p  be1 t and s ing le  diagonal shoulder 

harness. Compared are loading forces and accelerat ions app l ied  t o  the  dumr\y 

and the  r e s u l t i n g  motions. 
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Figure 21 shows the resu l tan t  chest l i n e a r  accelerat ions i n  G's. Agree- 

ment between a l l  three curves i s  remarkably good both i n  respect t o  phase and 

peak G-values. I n  addi t ion,  a l l  three curves show i n t e r a c t i o n  w i t h  the  seat 

back dur ing rebound. The pred ic t ions  o f  the  two-dimensional model are l i m i t e d  

t o  a  resu l tan t  computed i n  the forward and v e r t i c a l  plane, However, t h i s  

does not  a f fec t  the performance of t he  model t o  any great  extent  as a l l  

nonplanar to rso  accelerat ions are e i t h e r  measured o r  p red ic ted  by the three- 

dimensional model t o  be l ess  than 10 G's. 

The agreement between t e s t  and analys is  as shown i n  Figure 22 i s  n o t  as 

good f o r  r e s u l t a n t  head accelerat ions. Both the two- and three-dimensional 

models p r e d i c t  an accelerat ion spike as the head p i tches forward t o  i n t e r a c t  

w i t h  the angular stop located a t  the neck j o i n t .  The three-dimensional model 

p red ic ts  the h ighest  value. I n  add i t ion ,  t h i s  peak leads the  one pred ic ted  

by the  two-dimensional model and the value measured i n  the  t e s t  i n  phase, 

r e f l e c t i n g  the increasing s t i f f n e s s  of the dynamic system as the number o f  

masses are reduced. 

Figures 23 and 24 show the comparative seat b e l t  and shoulder harness 

loads. There i s  general agreement among the three curves on each graph 

both i n  phase and i n  magnitude, The pred ic t ions  o f  both the  two- and th ree-  

Pimaneisnal rm!fl!c are w i t h i n  approximately 15% o f  the peak values measured 

i n  the tes t .  

The forward motion o f  the  H-point and o f  the head center  o f  g r a v i t y  i s  

shown i n  Figures 25  and 26, respect ive ly .  Both graphs have s i m i l a r  proper t ies.  

I n  each case, rebound from the b e l t s  i s  slowest i n  the t e s t  and f a s t e s t  i n  the  

three-dimensional model. I n  add i t i on  t o  t h i s ,  the l a r g e s t  degree of forward 

m t i o n  i s  observed i n  the tes t ,  whereas the smal lest  amount o f  motion occurs 

f o r  the three-dimensional model. This again r e f l e c t s  the increasing s t i f f ness  



o f  models possessing decreasing numbers o f  mass elements and i s  t o  be expected. 

The percentage d i f f e r e n c e  between p red i c t ed  motions and those observed d u r i n g  

the  t e s t s  i s  approximately 10% w i t h  t h e  except ion o f  head forward mot ion pre-  

d i c t e d  by the  three-dimensional  model. The e r r o r  i n  t h i s  case i s  approximately 

36%, i n d i c a t i n g  again  t h a t  head mot ion i s  l i m i t e d  by t h e  l a c k  o f  f l e x i b i l i t y  

o f  the  model. Th is  cou ld  be a problem i n  s imu la t ions  where i t  i s  des i red  t o  

sense con tac t  w i t h  v e h i c l e  i n t e r i o r  elements. However, i t  i s  r a t h e r  easy 

t o  compensate f o r  t h i s  by s u f f i c i e n t l y  i nc reas ing  t he  s i z e  o f  the  head con tac t  

sensing e l  1  i pso id  t o  cancel t h e  e r r o r .  

The p i t c h  angle o f  the  head i s  p l o t t e d  i n  F igure 27 . Both the  two- and 

three-dimensional  models p r e d i c t  a  peak va lue which d i f f e r s  f rom the  t e s t  

value by approximately 32%. I t  i s  f e l t  a t  t h i s  t ime  t h a t  t h e  g rea te r  f l e x i -  

b i l  i t y  o f  the  d u w  neck leads t o  t h i s  e r r o r  i n  bo th  cases. Th is  phenomenon 

can be compensated f o r  by i nc reas ing  t he  j o i n t  s top  angles f rom the  values 

measured i n  t he  t e s t ,  thus p r o v i d i n g  g rea te r  " f l e x i b i l  i ty. " 

The f i n a l  q u a n t i t y  which has been s tud ied  i s  t h e  p i t c h  angle o f  t he  upper 

l e g  which i s  shown i n  F igure 28. A subs tan t i a l  e r r o r  i n  magnitude e x i s t s  

between t he  curve based on the  three-dimensional  model and t he  o the r  two 

curves. A pr imary  reason f o r  t h e  increase o f  t h i s  p i t c h  angle  i s  t h e  f o r c e  

app l ied  a t  t he  knee due t o  t h e  i n t e r a c t i o n  o f  t h e  f o o t  w i t h  t h e  veh i c l e  toe -  

board. The e r r o r  i n  t h e  p r e d i c t i o n  of the  three-dimensional  model e x i s t s  

because a con tac t  e l l i p s o i d  was n o t  a t tached t o  t h e  lower  e x t r e m i t y  mass t o  

represent  the  e f f e c t  o f  t he  lower  leg .  Adding t h i s  con tac t  w i l l  c o r r e c t  the  

problem. 

3 . 5  COMPARISON OF THE PREDICTIONS OF THE THREE-DIMENSIONAL MODEL WITH A SIDE  
IMPACT SLED TEST 

Figures 29-39 show p r e d i c t i o n s  o f  t he  three-dimensional  model and compare 

them w i t h  a  s i de  impact s l e d  t e s t  i n v o l v i n g  a 50th p e r c e n t i l e  male dummy 
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rest ra ined by a l a p  be1 t and s ing le  diagonal shoulder harness. Compared are . 

the force, accelerat ion and motions which are experienced by the dunmy. . , 

The seat i s  modeled by two contact surfaces corresponding t o  the seat 

pan and seat back. The corners o f  these surfaces are spec i f i ed  on the basis 

o f  measurements taken o f  the f r o n t  two corners o f  the  seat cushion, the ends 

o f  the junc t ion  between seat cushion and seat back, and the  upper two corners 

o f  the seat back. The two surfaces extend beyond t h e i r  j unc t i on  - the seat 

back below the seat cushion and the seat cushion behind the  seat back. This 

i s  done because the be1 t s  tend t o  p u l l  the occupant i n t o  the region o f  t h i s  

surface junct ion.  I t  i s  not  desired t o  have one o f  the contact sensing e l l  i p -  

soids s l i p  o f f  the end o f  the contact surfaces descr ib ing the seat. The force-  

deformation charac ter is t i cs  are assumed t o  be the same as those used i n  the 

f r o n t  impact simulat ion. 

The be1 t s  are def ined i n  terms o f  two sets o f  attachment points .  Four 

b e l t  elements are used represent ing upper and lower shoulder harnesses and 

l e f t  as we l l  as r i g h t  l ap  be1 t segments. The four  attachment po in ts  on the 

s led  are located eas i l y  by d i r e c t  measurement. The four  attachment points  

on the body are assumed t o  be those po in ts  on the occupant where the be1 t 

element f i r s t  makes contact. They were measured when the dumqy was s i t t i n g  

O i l  tne s led  i n  tne pre- test  conf igurat ion.  

During the t e s t  i t  was observed t h a t  the dumy i n i t i a l l y  s l i d  t o  the s ide 

under the b e l t s  about four inches before s lack was absorbed. On t h i s  basis 

the model was exercised twice t o  simulate t h i s  t es t .  For the f i r s t  40 ms, the 

dunmy was a1 lowed t o  s l  i de  f r e e l y  t o  the s ide on the seat surface u n t i l  be1 t 

slippage was absorbed. A t  40 ms, the model was res ta r ted  w i t h  no slack i n  the 

be1 t elements. This e f f e c t i v e l y  modeled a s i t u a t i o n  i nvo l v ing  s l i p p i n g  be1 t s  



a1 though i t  i s  a  r a t h e r  awkward and time-consuming procedure. The f o r ce -  

deformat ion c h a r a c t e r i s t i c s  o f  t h e  b e l t s  ( i n i t i a l l y  assumed t o  be t he  same as 

f o r  t he  f r o n t  s l e d  t e s t  on t he  bas is  t h a t  t h e  b e l t s  i n t e r a c t  w i t h  the  same 

s t r uc tu res  i n  t he  dumny i n  bo th  t e s t s )  were mod i f ied  t o  r e f l e c t  t h e  change i n  

l eng th  of the  .var ious b e l t  segments. For example, as t he  dummy s l i d e s  t o  the  

l e f t  on the  cushion, the  r i g h t  element o f  t h e  l a p  be1 t becomes longer .  During 

the l oad -ca r r y i ng  phase o f  t h e  s imu la t ion ,  the  l e f t  element i s  s t i f f e r  than 

the r i g h t  element. 

I n  o rder  t o  represent  body contacts  w i t h  t he  seat  cushion and seat  back, 

a  se r i es  o f  con tac t  sensing spheres were at tached t o  t he  t o r s o  element a t  

s t r a t e g i c  l oca t i ons .  A f t e r  several  t r i a l s  i t  was found t h a t  t h e  key l oca t i ons  

were l e f t  shoulder,  r i g h t  shoulder, l e f t  bu t tock ,  and r i g h t  but tock,  Th is  

combination has been used success fu l l y  i n  many add i t i ona l  seat  and r e s t r a i n t  

system stud ies.  

The displacement t o  t he  s ide  o f  the  t h ree  bas ic  elements-head, to rso ,  and 

lower ex t r em i t i es  - i s  shown i n  Figures 30-32. I n  a l l  cases t h e  agreement 

between theory  and t e s t  i s  q u i t e  good ( l e s s  than 10%). The peak values f o r  

displacement a re  i n  phase i n  t he  two cases. 

I n  order  t o  determine t he  a b i l i t y  o f  t he  model t o  p r e d i c t  o r i e n t a t i o n  i n  

space i t  was necessary t o  dev ise techniques f o r  measuring these q u a n t i t i e s  

pnotomez;ricai iy. Th is  was accomplished f o r  t he  head o f  t h e  dumrly and the  

r e s u l t s  are g iven i n  Figures 33-35. Agreement between t he  p red ic ted  and 

measured values o f  these q u a n t i t i e s  i s  n o t  nea r l y  as good as f o r  the  l i n e a r  

motions. However, t he  reasons f o r  t h i s  a re  f a i r l y  c l ea r .  

The f i r s t  poss ib le  reason invo lves  a  comparison between the mathematical 

model and human a~a tomy,  I n  t h i s  model and a l l  o thers  which have been developed 

up t o  the  present  t ime, t he  mass o f  t h e  head and neck a re  assumed t o  be d i s -  

t r i b u t e d  symmetr ica l ly  about a  l i n e  passing through t he  head-neck j o i n t  and 



the cen te r  o f  g r a v i t y  o f  the  head. I n  r e a l i t y ,  t h i s  mass i s  n o t  symnetr ic  

about the  l i n e  o f  r o t a t i o n .  Although t h i s  assumption leads t o  a  major  

s i m p l i f i c a t i o n  i n  the equat ions o f  motions, i t  appears t o  l e a d  t o  a  s i g n i f i c a n t  

e r r o r  i n  t h e  a b i l i t y  o f  t h e  model t o  p r e d i c t  head yaw. Whether t h e  performance 

o f  t he  model can be improved by a proper  s e l e c t i o n  o f  t h e  i n i t i a l  p o s i t i o n i n g  

o f  the  occupant and t h e  l o c a t i o n  o f  the mot ion s tops i s  n o t  known a t  t h i s  t ime. 

I n  a l l  t h ree  r o t a t i o n a l  motions, t he  p red i c t ed  values a re  h i ghe r  than t h e  

measured values. The bes t  agreement i s  f o r  r o l l  mot ion (30%). The second 

poss ib le  reason f o r  disagreement i nvo l ves  t he  s e l e c t i o n  o f  j o i n t  stops. I n  

anthropometr ic  s tud ies  i n v o l v i n g  human sub jec ts  and dummies t h e  1  i m i t s  o f  

vo lun ta ry  mot ion ( o r  l o c a t i o n  o f  m o t i o n - l i m i t i n g  s tops)  a re  made on t he  bas is  

o f  a s i n g l e  r equ i r ed  p i t c h ,  r o l l ,  o r  yaw movement. The j o i n t  s top  l o c a t i o n s  

used i n  the  present  exerc ises o f  t h e  model used these values. However, i t  

i s  unknown where stops a re  l oca ted  when a  combinat ion o f  t h e  t h r e e  poss ib l e  

motions a re  al lowed. For example, i t  i s  expected i n  a  s i d e  impact t e s t  t h a t  

the  predominant r o t a t i o n a l  mot ion would be r o l l .  The expected r o l l  does occur  

and agreement between p r e d i c t i o n  and exper iment i s  f a i r l y  good, When t h e  r o l l  

s top  i s  on, i t  can be shown t h a t  t h e  l i m i t  s tops f o r  p i t c h  and yaw are  decreased. 

Thus, the  values used i n  the computer s imu la t i on  a re  probably  t o o  l a r g e  and 

a d m i t  t he  exceqsive p red i c t ed  values. Because no known da ta  has been gathered 

f o r  combinations o f  r o t a t i o n s ,  t h i s  seemed t o  be t h e  o n l y  l o g i c a l  course. 

There a re  two methods f o r  c o r r e c t i n g  t h i s  problem. The f i r s t  i s  a  

" q u i c k - f i x "  and invo lves  choosing sma l l e r  values f o r  yaw and p i t c h  s tops t o  

decrease t he  p red i c t ed  motions. The second (and p r e f e r r e d )  s o l u t i o n  i nvo l ves  

a  de te rmina t ion  o f  t he  ac tua l  range o f  mot ion f o r  t h e  neck j o i n t  s t r u c t u r e  

based on a  research s tudy o f  a l l  p o s s i b l e  mot ion combinations. The results 

o f  t h a t  s tudy would be a  recommendation f o r  Smproving t h e  i n p u t  da ta  t o  be 

used w i t h  t he  model o r  f o r  p o s s i b l y  a l t e r i n g  t h e  mathematical fo rmu la t ion .  



The head and chest  l a t e r a l  acce le ra t ions  a re  shown i n  Figures 36 and 37. 

In the  case o f  t he  head acce le ra t ion ,  t he  f i r s t  peak observed i n  the  p r e d i c t i o n  

o f  the  model occurs a t  t he  same t ime as t h e  mot ion t o  t h e  s i d e  i s  a r res ted  

and corresponds w i t h i n  5% o f  t he  peak value measured dur ing  t h e  t e s t .  I t 

should be noted t h a t  t h i s  value 1 ags t h e  phys ica l  event by n e a r l y  20 m i l  1  i - 

seconds, approximately t he  same phase s h i f t  which was caused by the i n i t i a l  

load ings t o  t he  t o r s o  produced by the b e l t s .  The second peak on both t races  

occurs when the head i n t e r a c t s  w i t h  t he  seat back. For the  to rso ,  the t e s t  

value i s  observed t o  be 25% h ighe r  than t h e  p red i c t ed  value. 

The f i n a l  two comparisons between theory  and t e s t  are  t h e  b c l t  load ings 

shown i n  Figures 38 and 39. The p red i c t ed  seat  b e l t  peak loop  l oad ing  i s  low 

by 10% and t he  p red i c t ed  shoulder harness peak loop l oad ing  i s  h igh  by 

approximately the  same amount p rov i d i ng  good agreement between theory  and t e s t .  



4.0 USER'S GUIDE TO ME HSRI THREE-DIMENSIONAL 
CRASH VICTIM SIMULATOR 

The u s e r ' s  guide comnences w i t h  a d e t a i l e d  d e s c r i p t i o n  o f  the  i n p u t  data f o r  

the  model. Th is  i s  fo l lowed by d iscuss ion  o f  normal program output ,  op t i ona l  pro- 

gram output ,  and program e r r o r  messages. 

Methods f o r  running t h e  model from a t e l e t y p e  and o b t a i n i n g  in fo rmat ion  from 

the  model through t h a t  device a re  t r e a t e d  before the  i n t e g r a t i o n  techniques em- 

p l  oyed i n  the  rode1 a re  presented, 

Pa r t  4 concludes w i t h  sect ions descr ib ing  the  phys ica l  l a y o u t  of t h e  program 

both from a func t iona l  and from a procedural  p o i n t  o f  view. 

4.1 DESCRIPTION OF PROGRAM INPUT DATA 

Inpu t  t o  the HSRI Three-Dimensional Crash V i c t im  Simulator  cons is ts  of  se r ies  

of e i gh t y  character  1  ines which w i l l  be c a l l e d  cards. Almost a l l  of t h e  i n p u t  

cards have a comnon format which i s  shown i n  Table 4. 

TABLE 4. THE STANDARD INPUT CARD FORMAT 

ID 

1 

2 

3 

4 

Card 
COI umns 

1 

2 - 10 

11 - 20 

21 - 30 

31 - 40 

r 

Desc r i p t i on  

G l e t t e r ,  A through Z, which ac t s  t o  i d e n t i f y  t he  
in format ion being s p e c i f i e d  on t h i s  card.  

Numeric data i n  f l o a t i n g  p o i n t  format.  The decimal 
p o i n t  must be expl  i c i t l y  inc luded  except f o r  r i g h t -  
ad justed in tegers .  "D-formatii i s  permiss ib le  b u t  
must be r i gh t -ad jus ted .  Normally l e f t - a d j u s t e d  "F- 
format" i s  used f o r  convenience. 

Numeric data 

Numeric data  

Numeric data 



(Ta b l  e  4. Continued) 

\ 

Seven of the standard i npu t  cards t r i g g e r  specia l  reading sequences f o r  

special  in format ion which would n o t  e a s i l y  f i t  the standard format. These 

I r 

5 

6 

7 

8 

special  reading sequences are sumnarized i n  Table 5 and presented i n  d e t a i l  

i n  Table 7. 

TABLE 5, SPECIAL READING SEQUENCES 

Card 
COI umns 

41 - 50 

51 - 60 

61 - 70 

71 - 80 

I 

Descr ipt ion 

Numeric data 

Numeric data 

Numeric data 

Numeric data 

I Sequence I I I I 

Standard 
Card W h i  c  h  
Tr iggers 

Thi s  
Length o f  Sequence 

1 B 1 Fixed length.  I Card count o f  one. Alpha-numeric t i t l e  
f o r  e l l i p s o i d .  

J A1 pha-numeric t i t 1  e 
f o r  contact  plus cor- 
ner pos i t ions .  

Termination 
o f  Sequence 

L 

P 

S 

Satura t ion  maximum 
force  and unloading 
slope. 

Descr ipt ion o f  
In format ion Contained 

Variable length  con- 
s i s t i n g  o f  one card 
p lus  one card f o r  
each t ime po in t .  

Table o f  debug code 
words versus e f fec-  
t i v e  times. 

Card count of (J- 
card, f i e l d  two) 
p lus one, 

Switch cont ro l  l e d  
i n i t i a t i o n  o f  se- 

. Only i f  
L-card, f i e l d  8)  quence 

i s  non-zero. 

Var iable length.  

Fixed 1  ength. I n teg ra t i on  weights. I 

Card count o f  one. 

Continues t o  read 
u n t i l  a  negat ive 
t ime on specia l  card 
i s  encountered. 

Card count o f  one. 

(Continued on next page) 



(Table 5, an t l nuea )  

Table 6 contains a t yp i ca l  complete data se t  f o r  the  model. The numbers a t  

the l e f t  are 1 ine numbers. I n  1 ine one, the l e t t e r  "A" represents the pos i t i on  

o f  column one and so on. Note the special reading sequences beginning a t  l i n e s  

5, 7, 9, 11, 13, 15, 26, 29, 32, 35, 38, 41, 45, 47, 49, 77, 83, 87,and87.6. 

Note a1 so the omission o f  the special sequence a f t e r  l i n e  50. Table 7 contains 

a d e t a i l e d e x p l a n a t i o n o f  each card type t o g e t h e r w i t h a l l  t h e s p e c i a l  reading 

sequences. The reader i s  urged t o  use Table 7 t o  decode the run  spec i f i ca t ion  

contained i n  the data set  presented i n  Table 6 and then check h i s  impressions 

against Table 9 i n  Section 4 .2which contains the program's printedsumnary 

o f  what i t  understood from t h i s  same data set. Table 8 sumnarizes Table 7 

i n  a more usable form. 

Order of cards i s  i r r e l evan t  except t h a t  the 2-card must always be l a s t  and 

special reading sequences must be together and i n  proper order. When the program 

f in i shes  operation using a f i r s t  data deck, i t  w i l l  look f o r  a second. If i t  

f fn i :  m r e  data,  i t  w i l l  continue; otherwise, i t  w i l l  s ign  o f f .  On a second data 

deck, general ly only those cards which contain changes from the f i r s t  data deck 

need be specif ied. Part  o r  a1 1 o f  acce lerat ion tables previously used may be re- 

moved by use of the 0-card and new N-cards can be read a f t e r  the 0-card t o  make 

addi t ions.  Calculat ion o f  i n e r t l a l  I n i t i a l  condi t ions i s  not repeated unless 

spec i f i ca l l y  requested (see card T, f i e l d  5) but  the establ ished i n i t i a l  condi- 

t i ons  w i l l  pe r s i s t .  The Z-card must be present. The program w i l l  continue t o  

look f o r  data sets u n t i l  i t  encounters the end o f  a l l  data. 

L 

h 

Standard 
Card Which 
Tr l ggers 

This 
Sequence 

V 

Y 

Termination 
o f  Sequence 

Card count o f  one. 

Card count o f  one. 

Length o f  Sequence 

Fixed length. 

Fixed length. 

Descr ipt ion o f  
Deformation Contained 

Alpha-numeric run 
t i t l e .  

A1 pha-numeric event 
names. 
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TAt  LE 7. INPUT DATA CARDS (3-D MODEL, 12-70) 

Cards Field Symbol F i gure Quanti t y  Units 
F 5 1921 t=O 5 , 6 I n i t i a l  head yaw.* deg . 
F 6 t=o 5 6 I n i t i a l  head yaw ra t e .  * deg/sec. 

F 7 Ce,lt=O 5,6 I n i t i a l  head pitch.* (May not be exac t ly  ninety 
degrees in magnitude. ) 

F 8 l o  5.6 I n i t i a l  head p i tch  ra te .*  

deg . 
deg/sec. 

G 1 [421t=0 5,6 I n i t i a l  head r o l l  .* deg . 
G 2 Ci21 ,., 5,6 I n i t i a l  head r o l l  rate.* deg/sec. 

G 3 [*3]t=0 5 , 6 I n i t i a l  l egs  yaw.* deg . 
G 4 [631t.o 5 3  I n i t i a l  l egs  yaw rate.* deg/sec . 
G 5 Ce31t=o 5.6 I n i t i a l  l egs  pitch.* (May not be exact ly  ninety deg . 

degrees in  magnitude.) 
G 6 [i31t=o 5,6 I n i t i a l  l egs  p i tch  rate.* deg/sec. 

G 7 C@31t=0 5,6 I n i t i a l  l egs  r o l l . *  deg . 
G 8 3 t o  596 I n i t i a l  legs  r o l l  ra te .*  

H 1 1x41 t,O 5,6 I n i t i a l  vehicle  x. 

deg/sec. 

In. 

H 2 [h 1 t=o 5 6 I n i t i a l  forward veloci ty  of vehicle.  i nlsec . 

*These quant i t i es  will  be interpreted e i t h e r  r e l a t i v e  t o  the  i n e r t i a l  system o r  the  vehicle  system according t o  the  
--. switch in T-card, f i e l d  f i ve .  

QI 





TABLE 7. INPUT DATA CARDS (3-D MODEL, 12-70) 

Cards F ie ld  Symbol F i  qure Quantity Units 

J 3 - This f i e l d  i s  se t  t o  any negative quant i ty  i f  the 
o r i g i n  i s  i n  back o f  t h i s  contact, o r  t o  arv posi- 
t i v e  quanti ty i f  the o r ig in '  i s  i n  f r o n t  o f  t h i s  
contact. 

J 4 Contact l i n e a r  e l a s t i c  coef f i c ien t .  l b / i n .  k l k  

J 5 Contact quadratic e l a s t i c  coef f i c ien t .  l b / i n2  k2k 

J 6 Contact cubic e l a s t i c  coef f i c ien t .  1 b/ in3 k3k 

J 7 Contact l i n e a r  damping coef f i c ien t .  l b  sec/in. Ck 

J 8 - Penetration l i m i t .  in .  

The 3 card t r i gge rs  a special reading sequence, the f i r s t  card o f  which has the fo l lowing special format. 

1 - - A1 pha-numeric t i t l e  o f  contact surface. (centered i n  - 
colunms one through sixteen) 

- 2 11 Edge constant. (columns 21 through 30) - 
Ak 

- 3 Fmax. k 7 Maximum force t o  be a1 lowed. (columns 31 through 40) lbs. 

4 Dk 7 Saturation unloading slope. Must be steep enough t o  Ib / i n .  
completely unload before load curve zero force de- 
f lect ion.  (columns 41 through 50) 



TABLE 7. INPUT DATA CARDS (3-0 HODEL, 12-70) 

Cards F ie ld  Symbol Figure Quant i ty  Units 

The special reading sequence i ~ i t i a t e d  by the 3 card then concludes by reading one card f o r  each time po in t  specif ied 
i n  f i e l d  two of the 3 card. Each o f  these cards has the fo l lowing special format. 

Time a t  which the contact assumes the pos i t ion  and sec . 
shape speci f ied i n  the remaining f i e l d s  on t h i s  card. 
These cards must be i n  ascending order on time values. 
(columns 1 through 8) 

x coordinate o f  the middle o f  the three speci f ied in .  
consecutive corner points. (columns 9 through 16) 

y coordinate o f  the  middle o f  the three speci f ied in.  
consecutive corner points. (columns 17 through 24) 

z coordinate o f  the middle o f  the three speci f ied in.  
consecutive corner points. (columns 25 through 32) 

x coordinate o f  one endpoint o f  the three specif ied in. 
consecutive corner points. (columns 33 through 40) 

y coordinate o f  one endpoint o f  the three specif ied in .  
consecutive corner points. (columns 41 through 48) 

z coordinate of one endpoint of the three specif ied in.  
consecutive corner points.  (columns 49 through 56) 

x coordinate o f  the other endpoint o f  the three in .  
specif ied consecutive corner points. (columns 57 
through 64) 
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TABLE 8. 3-0 INPUT FORMATS SUMMARY 

BODY PARTS A n .gt. 0 Mn(nass) Iln(arwnd i)12,,(around j)13,,(around k )  lower j o i n t  t o  c.g. upper j o i n t  t o  c.q. 

n . 1 t . O  same tn hn wn same same 

B m(ell.#) n(ssg.#) xm em Z em am bm 'rn 
center r e l a t i v e  t o  en semiaxis lengths along in, jn and kn 

if n=O, e l l .  re,mved, i f  a, b, c, = 0, e l l .  restored. 

(1 -1 6 a1 pha e l  1. name) This card must fo l low B card. 

JOINTS C n yaw elas t yaw stop yaw stop r o l l  e l a s t  r o l l  stop r o l l  stop Yaw 

n=l i s  neck, n=2 i s  h i p  angle angle damping 

D n p i t c h  e l a s t  upper p i t c h  upper p i t c h  l m e r  p i t c h  lower p i t c h  p i t c h  r o l l  
stop stop angle stop stop angle damping damping , 

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

INITIAL 
CONDITIONS E chest x chest jc chest y chest j chest z chest ; chest yaw chest 

(Note: see yaw dot  
card T. 
f j e ld  5. ) F chest p i t c h  chest p i t c h  chest r o l l  chest r o l l  head yaw head yaw dot head p i t c h  head 

dot  dot  p i t c h  D 
- -- 

G head r o l l  head r o l l  legs yaw legs yaw legs p i t c h  legs p i t c h  legs r o l l  1 egs 
dot  dot  dot  r o l l  dot  

H c a r t  x c a r t  x dot  c a r t  y c a r t  y dot  c a r t  z c a r t  z dot  

I c a r t  yaw c rt yaw c a r t  p i t c h  c a r t  p i t c h  c a r t  r o l l  80 t c a r t  r o l l  dot  

(end o f  i n i t i a l  condit ions) dot  

CONTACT 
SPECS J contact# # o f  times minuslbehind 1 s t  e l a s t  2nd e l a s t  high e las t  damp i ng penetrat ion 

speci f ied plus = f ron t  constant constant constant constant 1 im i  t 
d 

i f  0, drop i f  a l l  0 ,  re ins ta te  t h i s  contact 
IU 
w r 1-16) alpha contact name edge constant i n  (21-30) max force (31-40) unloading scope (41-50). 

h is  card must fo l low J card. 





TABLE 8. 3-D INPUT FORMATS SUMMARY (con t 'd . )  
- -- - - - 

INTEGRATION 
CONTROLS R maximum p r i n t  s t a r t i n g  pred- cer  accel . min. record ing vel .  change extrap. 

t ime step t ime s tep method met hod magnitude con t ro l  1 i m i  t change 
0 i s  Euler 0 i s  Adams 0 i s  none 1 im i  t 
1 i s  Mod RK 1 i s  M i lne  1 i s  movie 
2 i s  Reg RK 2 i s  stnmnary 

3 i s  both 
( f i e l d  two a m u l t i p l e  o f  f i e l d  one) 

- - 

S v e l o c i t y  t ime maximum # execution 
convergence eps i lon  o f  subdiv. t ime l i m i t  
parameter (min. ) 

(Weight card must f o l l o w  S card and has 12 f i e l d s  o f  6 columns each conta in ing the r e l a t i v e  weights o f  the 
12 general ized coordinates respect ive ly .  These weights w i l l  be normalized by the program t o  add t o  one. 
A l l  zeroes on t h i s  card w i l l  cause an e r r o r  re turn.  ) c3-l 

ul 

SWITCHES T maximum g rav i  ty 0 p r i n t s  0 i s  a l l  body i n i t i a l  con- 0 i s  no energy p r i n t o u t  
ti me i f  minus, i n p u t  values, 1 no b e l t a n g .  d i  t i o n s  #0 i s  energy p r i n t o u t  

32.2 i s  fO, i n h i b i t s  2 no c a r t  var. 0 i s  i n e r t i a l  
used. i n p u t  output. 3 no body ang. $0 i s  c a r t  re1 . 

( the  sumnary 
output  i n h i b i t i o n s  
are i nc l us i ve .  ) 

PROFILE 
MOD. U Modify ing f ac to r s  f o r  i npu t  c a r t  accelerat ion t ab le  no. 

1 2 3 4 5 6 

TITLE V (no f i e l ds ,  t r i g g e r s  reading o f  a special  card columns 1-80 which are used f o r  a s u b t i t l e .  The spec ia l  
alpha card must f o l l o w  the V card.) 





4.2 DESCRIPTION OF NORMAL PROGRAM OUTPUT 

The pr in ted  output o f  the HSRI  Three-Dimensional Crash Vlct im Simulator i s  

d iv ided i n t o  three genera1 categories. The f i r s t  category i s  normal output, t h a t  

which emerges from a successful run when no special information i s  required. The 

second category i s  aux i l  l a r y  o r  debugging output, which i s  extensive information 

on the inner workings o f  the program under contro l  o f  input  data. The t h i r d  

category i s  messages which appear only  when ce r ta in  e r ro r  condit ions ar ise.  This 

sect ion deals wi th the f i r s t  category. Section 4.3 w i l l  present the other two 

categories. 

Normal output i s  divided i n t o  three parts.  The f i r s t  pa r t  i s  one o r  more 

pages a t  the beginning, i s  labeled " Input  Data," and presents the problem speci- 

f i e d  by the input  data deck i n  a somewhat readable form. The second p a r t  i s  the 

bulk  of the normal output, i s  ca l l ed  "Output Data," and records the simulated 

model parameters over the time in te rva l  o f  i n te res t .  The l a s t  four  pages com- 

p r f s e  the " I n j u r y  Data" which contains some estimators f o r  the bod i l y  damage 

i n f l e c t e d  on the v i c t i m  by the crash. 

Each page o f  normal output begins w i t h ,  a three l i n e  heading. The f i r s t  

1 ine i d e n t i f i e s  the model, the pa r t  o f  normal output i n  which t h i s  page i s  In-  

cluded, the  date o f  the run, and the page number. The middle 1 i ne  i s  the de- 

bcl  i p i j v e  run t i t l e  suppl i ed  by the user. The t h i r d  1 ine  i s  the statement o f  

po l i cy  on un i t s .  Thus, ve loc i t i es  are expressed i n  inches per second o r  degrees 

per second. 

Table 9 contains the program's presentat ion o f  the input  data set  com- 

p r i s i n g  Table 6. The coordinate posi t ions and Euler angles are the same described 

i n  Section 2.3 and i l l u s t r a t e d  i n  Figure 6. The i n i t i a l  condit ions pr in ted  are 



THREE DIMENSIONAL CRASH VICTIM SIMULATOR INPUT DATA 
2-0 VS. 3-D COMPARISON. TEST NO. A - 0 4 5 ,  SATURATION TEST 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

INITIAL CONDITIONS - = 

VEHICLE TORSO HEAD LEGS 
DISPLACEMENT VELOCITY DISPLACEMENT VELOCITY DISPLACEMENT VELOCITY DISPLACEMENT VELOCITY 

X 0 . 0  5 3 6 .  1 9 . 4 0  536.  1 7 . 0 2  5 3 6 .  3 3 . 9 3  5 3 6 .  
Y 0 . 0  0 .  0 . 0  0. - 0 . 0  - 0 .  0 . 0  - 0 
Z 0 . 0  0 .  1 8 . 0 0  0 .  1 . 4 0  0 .  2 4 . 4 4  - 0 .  
YAA 0 . 0  0 .  0 . 0  0 .  0 . 0  0 .  0 . 0  n .  
PITCH 0.0 0 .  2 0 . 0 0  0. - 1 5 . 0 0  0 .  7 . 0 0  (1 . 
PULL 0 . 0  0 .  0 . 0  0 .  0 . 0  0 .  0 . 0  0 

BODY PROPERTIES 
MOMENTS OF INERTIA D I STANCI: PROM 

MASS WIIGHT AHOUT I ABOUT *I ABOUT i( C.G. TO 1,OWER .IOINT C . C .  TO 1J1'1'1 I( .10151 
TORSO 0.2340 90 .4  1 2 . 7 8 0 0  11 .SO00 5 .6500 8 . 3 7  
HEAD 0 . 0 4 0 8  1 5 . 8  0 . 3 6 7 2  0 . 4 4 2 0  0 . 2 2 1 0  6 . 0 0  
LEGS 0 . 1 3 0 0  50 .2  1 . 5 7 2 0  2 . 5 9 0 0  3 . 5 4 0 0  7 . 2 5  

BODY CONTACT ELLIPSOIDS 
ELLIPSOID FLLIPSOID BODY CENTER RELATIVE TO SEGMENT C.G. SEMIAXIS LENGTHS ALONG SEGMENT SYS 
NUMBER DESCRIPTION SEGMENT X Y Z I J K 

1 CHEST TORSO 0 . 0  0 . 0  - 7 . 1 0  4 . 6 0  8 . 5 0  4 . h 0  
2  HIP TORSO 0 . 0  0 . 0  7 . 1 0  4 . 6 0  8 . 5 0  4  . 6 0  
3  KNEE LEGS 0 . 0  0 . 0  0 . 0  3 . 0 0  7 . 0 0  3 . 0 0  
4 HEAD HEAD 0 . 0  0 . 0  0 . 0  4 . 2 5  3 . 0 0  6 .00  
5  RIGHT SIDE TORSO 0 . 0  5 .30  0 .0  4 . 5 0  3 . 5 0  1 0 . 8 0  
6 LEFT SIDE TORSO 0 . 0  - 5 . 3 0  0 . 0  4 . 5 0  3 . 5 0  1 0 . 8 0  

JOINTS 
ELASTIC CONSTANTS STOP CONSTANTS DAMPING CONSTANTS EFFECTIVE ANGLE 

YAW PITCH ROLL YAW LOW PITCH UP ROLL YAW PITCH ROLL YAW LO PITCfI ROLL 
NECK 600.  6  6 0 0 .  1 1 0 0 0 0 .  1 5 0 0 0 0 .  1 5 0 0 0 0 .  1 1 0 0 0 0 .  2 .  2 .  2 .  6 0 .  - 7 0 .  7 0 .  S O  
HIP 8 0 0 .  8 0 0 .  8 0 0 .  1100CO. 1 5 0 0 0 0 .  1 5 0 0 0 0 .  1 1 0 0 0 0 .  2 .  2.  2 .  4 5 .  - 3 5 .  45 .  30 .  

VEHICLE INTERIOR INTERACTIVE COMPONENTS 

ANCHOR 
SLACK POINT 

BELTS 
ATTACHMENT 

POINT 
SPRING DAMPING MAXIMUM Ilh'LOADT N(; 

CONSTANT CONSTANT FORCI: SLOP1 
X Y Z X Y  z 1 2  3 

I.I.~T SIIOULDER 0.5  0 . 0  - 9 . 5 0  0 . 0  0 . 0  - 2 . 5 0  - 1 1 . 0 0  3 5 0 . 0 0  0 . 0  0 . 0  i . o n  1 4 0 0 . 0  s 5 n . o  
RI~~IITSI1OIII.I)P.R 0 . 5  1 4 . 5 0 1 1 . 0 0  3 6 . 0 0  0 . 0  5 .30  1 . 7 0  3 5 0 . 0 0  0 . 0  0 . 0  1 . 0 0  5 0 0 . 0 0 5 5 0 . 0  

CONTACTS 
. - . . . . . . - . 
N(II,fBliR DESCRIPTION ELASTIC CONSTANTS DAMPING PENETRATION EDGE MAXIMUM UNI.OAIIIN(; L)IRt(:TlOh 

1 2  3  CONSTANT LIMIT CONSTANT FORCE SLOPE 
1  SEAT BACK 3 7 . 2 1  5 . 3 1  1 . 5 7  1 . 0 0  1 5 . 0 0  0 . 4 5 5  0 . 0  0 . 0  BEtIIND 
2 SEAT CUSHION 250.00  5 . 3 1  1 . 5 7  1 . 0 0  1 5 . 0 0  0 . 4 5 5  0 . 0  0 . 0  FRONT 
3 LEFT PAN EDGE 0 . 1 0  0 . 0  0 . 0  1 . 0 0  2 5 . 0 0  0 . 3 7 5  0 . 0  0 . 0  BEHIND 
4 RIGHT PAN EDGE 2 5 0 . 0 0  0 . 0  0 . 0  1 . 0 0  1 . 0 0  0 . 3 7 5  0 . 0  0 . 0  BEHIND 
5 LEFT BACK EDGE 0 . 1 0  0 . 0  0 . 0  1 . 0 0  25 .00  0 . 4 6 0  0 . 0  0 . 0  BLHIND 
6  RIGHT BACK EDGE 2 5 0 . 0 0  0 . 0  0 . 0  1 . 0 0  1 . 0 0  0 . 4 6 0  0 . 0  0 . 0  BEtiIND 

CONTACT 
NUMBER 

1 
1 

TIME CORNER 
Y 

CONTACT POSITIONS 

ADJACENT CORNER 
Z X Y 2 

OTHER ADJACENT CORNER 
X Y Z 

2 2 . 1 0  1 1 . 0 0  39 .90  
3 6 . 0 0  1 1 . 0 0  3 6 . 0 0  
3 8 . 3 0  - 1 1 . 0 0  3 5 . 7 0  
3 8 . 3 0  1 1 . 0 0  3 5 . 7 0  

1 . 7 0  - 1 1 . 0 0  1 3 . 8 0  
1 . 7 0  1 1 . 0 0  1 3 . 8 0  

TABLE IX 
NORMAL OUTPUT OF INPUT DATA 



PROGRAM CONTROLS 

blAXlblUM TIME STOP = 0 . 0 0 0 5 0 ,  FINAL TIME= 0 . 2 0 0 0 ,  PRINT TIME STEP* 0 . 0 0 5 0 ,  INTEGRATION STARTING. MOD= 
HI, PRED.-COR.. MILNE-HAMMING 
INTEGRATION WEIGHTS. 0 . 0 0 1  0 . 0 0 1  0 . 0 0 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1 1  0 . 1 1  
VtLOCITY CllANGE LIMIT- 0 . 5 0 0 0 ~  01. EXTRAPOLATION CHANGE LIMIT. 0 . 1 0 0 0 D  0 1 ,  ACCELERATION MINIMUM 

L.I.Lo(:ITYCONVERGENCE PARAMFII:R= 0 . 5 0 0 0 D - 0 2 ,  MAXIMUM TIME SUBDIVISIONS= 1 0 ,  TIME EPSILON. 0.48831)-07 
SUlrlM,ZRY INIIIBITION= OFF, RECORDIKG CONTROL. NONE, GRAVITY (0-UNITS). 1 . 0 0 ,  INITIAL POSITIONAL 
'IRANSFORMATION= ON ENERGY PRINT- ON, PROFILE MODIFIERS- 1 . 0 0 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  
LOCAI. EXECUTION TIME LIMIT- 1 0 . 0 0 0 0 0 0  

TOLERANCES 

i;Al)l) INDFX = 1 . 0 0 0 . 0  PITCll CONC[ISSION= 2000.0  IiEAD (;-LOADING- 44 . 0  I:IIEST G-LOADINGa45.0 
(:ill:s'r FRACTURE- 1 8 0 0 .  o 

KNI 1. FORCE= 1 5 0 0 . 0  Rl.l.'l S= 1XO0,O 5 0 0 0 . 0  - 0 . 0  - 0 . 0  
NI ('K ANGl.IiS - 7 0 . 0 0  7.U.  00 - h 0 . 0 0  6 0 . 0 0  - 4 0 . 0 0  3 0 . 0 0  
t l  11' >\NGI,f:S - 3 0 . 0 0  S O .  UO - 9 0 . 0 0  3 0 . 0 0  0 . 0  0 . 0  

1)ESIGNAT IONS 

lEHICLE ACCELERATION PROFILES 

T IME FdRWARD(G-UNITS) TIME RIGIIT(G-UNITS) TIME DOWN TIME YAW TIME PITCH TIME ROLL 
0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  0 .  0 . 0  0 .  0 . 0  0 .  
0 . 0 0 2 5  - 3 0 . 0 2  0 . 5 0 0 0  0 . 0  2 , 0 0 0 0  0 . 0  2 . 0 0 0 0  0 .  2 . 0 0 0 0  0. 2 . 0 0 0 0  0 .  
0 . 0 0 5 0  - 1 0 . 0 0  
0 . 0 0 6 0  - 4 0 . 1 1  
0 . 0 0 0 0  - 1 0 . 0 0  
0 . 0 1 5 0  0 . 0  
0 . 0 2 0 0  - 1 2 . 9 4  
0 . 0 2 5 0  - 1 4 . 9 6  
O.r l700  - 2 2 . 9 8  
(i . (1 8 0 U 0 . 0  
[J . 1 O(J0 
( 1 .  s o u 0  

TABLE IX 
NORMAL OUTPUT OF INPUT DATA (CONT.) 



always r e l a t i v e  to the i n e r t i a l  frame whether they were speci f ied t o  the program 

r e l a t i v e  to the veh ic le  o r  the i n e r t i a l  frame. For b rev i ty ,  "Lower Extremit ies" 

i s  shortened t o  "Legs" throughout the p r i n tou t  output. I n i t i a l  coordinates and 

v e l o c i t i e s  o f  Head and Legs Centers o f  Gravi ty  are pr in ted  along w i t h  the speci- 

f i ed  values f o r  completeness e 

Weight i s  p r i n ted  along s ide of mass f o r  each body segment f o r  convenience. 

The Moments o f  I n e r t i a  are pr in ted  whether they are calculated by the program o r  

put i n  by the user. 

I n  the sect ion discussing body contact e l l i pso ids ,  there i s  one l i n e  f o r  

each of the ten possible e l l i pso ids .  The ( X ,  Y, Z )  o f  the p r i n t o u t  i s  (xem, 

y,, z,) o f  Section 2.5 and I, J, K columns are a,, b,,,, cm o f  the same sect ion. 

Under "Jo in ts "  the u n i t s  o f  the "E las t i c  Constants" and "Stop Constants" 

a re  in. lb. /rad. and not  degrees as i s  implied. The unsymmetric p i t c h  values 

together w i t h  the symnetric yaw and r o l l  values are given under "Stop Constants" 

and "E f fec t i ve  Angle." 

One l i n e  for  each spec i f ied  be1 t segment i s  pr in ted.  I t  should be reca l led  

tha t  the "Anchor Point" i s  r e l a t i v e  t o  the vehic le whereas the "Attachment Point"  

i s  r e l a t i v e  t o  the Torso Body Segment System (see Figure 14). 

The information about contacts i s  summarized i n  two paragraphs on the pr in ted  

output. The f i r s t  paragraph contains one l i n e  f o r  each o f  the contacts used i n  

t h i s  run o f  which there may be up t o  25. The "1 ", " 2 " ,  and "3" under "E las t ic  

Constants" re fe r  t o  the subscripts i n  Equation (2.4.10). A l l  other quant i t ies  

are as explained i n  Section 2.5. The second paragraph contains one 1  ine  f o r  

each o f  the times points  up t o  300 used i n  t h i s  run. The time points  are organ- 

ized f i r s t  on the number o f  the contact t o  which they apply and then on the time 

a t  which they become e f fec t i ve .  The f i r s t  time po in t  f o r  each contact must be 



t ime zero which w i l l  ho ld  u n t i l  another t ime value i s  g iven and so on (see Sect ion 

2.5).  the corner po in t s  a re  po in t s  one, two, and th ree  respec t i ve l y  and are g iven 

i n  veh i c l e  coordinates.  

"Program Controls," "Tolerances," and "Designations" a re  se l f -exp lana to ry  

when r e f e r r e d  t o  Sections 4.1 and 4.5. 

The s i x  veh i c l e  acce le ra t ion  p r o f i l e s  a re  presented i n  columns under the  t i t l e  

"Vehic le  Accelerat ion P r o f i l e s . "  A l l  the t ime po in t s  a c t u a l l y  suppl ied a re  shown 

m u l t i p l i e d  by the respec t i ve  p r o f i l e  m o d i f i e r  so t he  p r o f i l e  shown here i s  the 

actua l  one which w i l l  be used. 

The "Output Data" begins w i t h  two pages o f  "Vehic le  Kinematics." Values on 

these pages a re  r e l a t i v e  t o  the  i n e r t i a l  system (see Sect ibn 2.3 and Figure 5 ) .  

The acce le ra t i on  values are i n t e rpo la ted  from the p r o f i l e s  suppl i e d  by the  user 

and t he  v e l o c i t i e s  and displacements a re  in tegra ted  from these same p r o f i l e s .  

L inear  acce le ra t ions  a re  i n  g -un i t s .  Table 10 conta ins these two pages from the  

run  produced by the data se t  i n  Table 6, 

Imnediate ly  f o l l ow ing  these two pages a re  s i x  pages o f  s i m i l a r  r e s u l t s  f o r  

the th ree  body segments. The two pages f o r  the  t o r so  values from t h i s  same run  

comprise Table 11 and a re  t y p i c a l  of any of the body segment outputs.  L inear  

acce lerat ions a re  i n e r t i a l  and i n  g-un i ts .  L inear  displacements a re  r e l a t i v e  

t o  the veh i c l e  system and a re  i n  inches. A l l  o ther  q u a n t i t i e s  a re  i n e r t i a l  and 

i n  the u n i t s  imp l led  by the  po l  i c y  on un i t s .  

The nex t  two pages deal w i t h  b e l t  ou tpu t  and make up Table 12. The b e l t  

angles repor ted a re  the d i r e c t i o n  angles o f  each b e l t  segment w i t h  respect  t o  

the i n e r t i a l  system. For instance, " X "  under "RIGHT SHOULDER" i s  t he  angle 

between the vec to r  f o f  the  i n e r t i a l  system and t he  r i g h t  shoulder b e l t  segment 

(see F igure 14).  



X-DISP. 

TlIRCE DIMENSIONAL CRASlI VICTIM SIMULATOR OUTPUT DATA FEE 23, 1971 PAGE ! 
2-D VS. 3-D COMPARISON. TEST NO. A-D45, SATURATION TEST 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

VEHICLE KINEMATICS 

X-VEL. X-ACCEL. Y-DISP. Y-VEL. Y-ACCEL. 2-DISP. 2-VEL. 2-ACCCL. 



TIME 

0.0 
0.0050 
0.0100 
0.0150 
0.0200 
0.0250 
0.0300 
0.0350 
0.0400 
0.0450 
0.0500 
0.0550 
0.0600 
0.0650 
0.0700 
0.0750 
0.0800 
0.0850 
0.0900 
0.0950 
0.1000 
0.1050 
0.1100 
0.1150 
0.1200 
0.1250 
0.1300 
0.1350 
0.1400 
0.1450 
0.1500 
0.1550 
0.1600 
0.1650 
0.1700 
0.1750 
0.1R00 
0.1850 
0.1900 
0.1950 
0.2000 

THREE DIMEHSIOHAL CRASH VICTIM SIMULATOR OUTPUT DATE 
2-D VS. 3 - D  COMPARISON. TEST NO. A-045, SATURATION TEST 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

YAW 

D I S P .  VEL . ACCEL . 

VEHICLE KINEMATICS 

PITCH ROLL 

D I S P .  VEL. ACCEL. D I S P .  VEL . 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

TABLE 10. NORMAL OUTPUT OF VEHICLE VALUES (page 2 )  

FEB 23 ,  1971 
Page 4 

ACCEL . 



TIME 

0.0 
0.0050 
0.0100 
0.0150 
0.0200 
0.0250 
0.0300 
0.0350 
0.0401) 
0.0450 
0.0500 
0.0550 
0.0600 
0.0650 
0.0700 
0.0750 
0.0800 
0.0850 
0.0900 
0.0950 
0.1000 
0.1050 
0.1100 
0.1150 
0.1200 
0.1250 
0.1300 
0,1350 
0.1400 
0.1450 
0.1500 
0.1550 
0.1600 
0.1650 
0.1700 
0.1750 
0.1800 
0.1850 
0.1900 
0.1950 
0.2000 

TIIREE DIMENSIONAL CRASH VICTIM SIMULATOR OUTPUT DATA 
2-D VS. 3-D COMPARISON. TEST NO. A-045, RATUPATION TEST 

mITS ARE INCHES, DEGREES, POUNDS, AND SEMNDS UNLESS NOTED. 

BODY KINEMATICS 

TORSO 

X-DISP. X-VEL. X-ACCEL. Y-DISP. Y-VEL. Y-ACCEL. Z-DISP. Z-VEL. 

FER 23, 1971 
Page 7 

TABLE 11. N O R M U  OUTPUT OF TORSO VALUES 



TIME 

THREE DIMENSIONAL CRASH VICTIM SIMULATOR OUTPUT DATA FEB. 23, 1971 
2-D VS. 3-D COMPARISON. TEST NO. A-045, SATURATION TEST PAGE 8 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

BODY KINEMATICS 

TORSO 

YAW PITCH ROLL 

DISP. 

0.0 
-0.00 
-0.00 
-0.00 
-0.09 
-0.39 
-0.85 
-1.32 
-1.63 
-1.61 
-1.23 
-0.55 

VEL. ACCEL. DISP. VEL. 

20.00 0.0 
20.00 0.05 
19.99 -3.24 
19.96 -12.30 
19.90 -7.10 
19.91 13.60 
20.05 43.46 
20.36 81.75 
20.88 124.82 
21.61 166.16 
22.52 196.58 
23.52 199.99 
24.45 140.36 
24.50 -123.54 
23.61 -196.00 
22.61 -201.54 
21.64 -184.59 
20.80 -146.62 
20.19 -93.73 
19.87 -39.02 
19.78 0.85 
19.83 13.83 
19.87 -2.78 
19.76 -56.82 
18.93 -278.20 
17.29 -352.41 
15.43 -391.03 
13.41 -417.81 
11.27 -435.30 
9.09 -434.61 
6.95 -418.98 
4.93 -384.77 
3.13 -332.50 
1.63 -264.38 
0.51 -182.97 
-0.14 -88.79 
-0.36 19.09 
0.03 139.56 
1.65 266.54 
2.70 392.31 
4.95 507.19 

ACCEL . DISP. VEL. ACCEL. 

0.86803 02 0.0 0.0 0.121OE 01 
-0.1906E 03 0.00 0.01 0.1197E 01 
-0,13243 04 0.00 0.01 0.11703 01 
-0.8619E 03 -0.00 -2.61 -0.21843 04 
0.29033 04 -0.06 -24.51 -0.63413 04 
0.50983 04 -0.27 -56.79 -0.5857E 04 
0.6861E 04 -0.61 -79.97 -0.3011E 04 
0.8312E 04 -1.04 -86.20 0.61493 01 
0.8699E 04 -1.44 -73.62 0.43253 04 
0.75493 04 -1.75 -45.09 0.69223 04 
0.37053 04 -1.88 -10.36 0.6845E 04 
-0.2380E 04 -1.85 23.25 0.63303 04 
-0.399OE 05 -1.66 49.18 0.35643 04 
-0.4588E 05 -1.41 37.90 -0,11863 05 
-0.31433 04 -1.32 11.39 -0.27353 04 
0.1106E 04 -1.30 -5.88 -0.3590E 04 
0.56183 04 -1.37 -20.33 -0.19113 04 
0.9377E 04 -1.49 -26.20 0.28893 03 
0.1132E 05 -1.60 -20.19 0.1029E 04 
0.9987E 04 -1.69 -15.05 O.1018E 04 
0.55493 04 -1.75 -8.99 0.1551E 04 
-0.45343 03 -1.77 0.42 0.20773 04 
-0.59213 04 -1.74 9.05 0.98123 03 
-0.3131E 05 -1.69 15.70 0.86423 04 
-0,36973 05 -1 -55 27.22 -0.5609E 04 
-0.80693 04 -1.47 6.63 -0.3501E 04 
-0.6813E 04 -1.48 -9.09 -0.26133 04 
-0.3974E 04 -1.56 -21.86 -0.2590E 04 
-0.2167E 04 -1.70 -18.38 -0.41363 04 
0.1862E 04 -1.96 -67.12 -0.69293 04 
0.47553 04 -2.38 -98.59 -0.48153 04 
0.87613 04 -2.92 -114.90 -0.22583 04 
0.1215E 05 -3.52 -123.54 -0.1249E 04 
0.14963 05 -4.15 -128.29 -0.77283 03 
0,17593 05 -4.79 -128.62 0.83653 03 
0.20130 05 -5.42 -120.36 0.2588E 04 
0.2297E 05 -5.97 -97.23 0.65943 04 
0.2497E 05 -6.36 -57.38 0.88623 04 
0.2567E 05 -6.53 -8.97 0.1052E 05 
0.2441E 05 -6.44 49.05 0.12873 05 
0.2120E 05 -6.02 121.25 0.1614E 05 

TABLE 11. NORMAL OUTPUT OF TORSO VALUES (paqe 2) 



TIME 
L E F T  

SHOULDER 

THREE DIMENSIONAL CRASH V I C T I M  SIMULATION OUTPUT DATA FEB 23, 1 9 7 1  
2 - D  VS.  3-D COMPARISON. T E S T  NO. A - 0 4 5 ,  SATURATION T E S T  PAGE 1 I 

U N I T S  ARE INCHES,  DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

BELT LOADS 

RIGHT LEFT RIGHT SUM O F  SUM OF 
SHOULDER SEAT BELT SEAT BELT SHOULDER RESTRAINTS SCAT BELTS 

TABLE 12 .  NORMAL OUTPUT O F  9 F L T  VALUES 



THREE DIMENSIONAL CRASH VICTIM SIMULATOR OUTPUT DATA FEB 2 3 ,  1971  
2 - D  V S .  3 - D  COMPARISON. TEST NO. A - 0 4 5 ,  SATURATION TEST P a g e  12 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

BELT ANGLES 

TIME LEFT SHOULDER RIGHT SHOULDER LEFT SEAT BELT R I G l f  SEAT BELT 

TABLE 12. NORMAL OUTPUT OF BELT VALUES ( p a q e  2 )  



The next two pages are concerned w i th  j o i n t  values. The f i r s t  page i s  the 

torques ac tua l ly  produced i n  each o f  the j o i n t s  against motion i n  the r e l a t i v e  

Euler angles (see Section 2.7). The second page l i s t s  the values o f  the r e l a t i v e  

angles together wi th the posi t ion o f  the h ip w i th  respect t o  the vehicle system. 

Table 13 shows the output f o r  j o in t s .  

Then there usual ly fo l low several pages o f  contact output. Up to  fo r t y  

e l  1 ipsoid-contact in teract ions whi ch actual l y  produce force are reported over 

the time span o f  in terest ,  four interact ions per page. I f  more than fo r t y  i n t e r -  

actions occur, only the f i r s t  f o r t y  untnhibi ted f o r  p r i n t i ng  are reported a1 though 

any addit ional are computed and t h e i r  e f fec ts  on the motion taken i n t o  account. 

If t h i s  occurs and the information on the addi t ion interact ions i s  necessary, i t  

can be obtained by repeating the run a f t e r  adding W-cards to i nh ib ig  the p r i n t i ng  

o f  some o r  a l l  o f  the in teract ions reported i n  the current run (see Table 7, 

W-card). Table 14 i s  a typ ica l  page on contact output showing four in teract ions.  

The force i s  given rounded to  the closest pound so forces less than a hal f  pound 

are reported as zero. Def lect ion Value and Rate i s  the point  o f  maximum impringe- 

ment. Impact X and Y i s  the modified contact surface coordinates o f  the point  o f  

maximum impringement as explained i n  Sectio,n 2.5 and are i n  inches. 

The opt ional k ine t i c  energy pr in tou t  and the " In ju ry  Data" par t  o f  the output 

are self-explanatory and are included as Table 15. The reader who wises to  learn 

more of the i n j u r y  predic t ion features o f  t h i s  simulator i s  directed to  reference 

28. 

If the P r i n t  Time Step i s  such tha t  more than forty-one time points occur 

during the in te rva l  o f  in terest ,  the complete normal output occurs for the first 

forty-one time polnts and then complete normal output i s  pr in ted f o r  the second 

forty-one tlme points where that  l a s t  tlme point  o f  the f i r s t  p r i n t i ng  becomes 

the f i r s t  po in t  of the second forty-one f o r  sake o f  cont inui ty .  



YAW 

0.0 
- 0 . 0  
- 0 . 0  
- 0 . 0  
- 0 . 7  
- 2 . 8  
- 5 . 7  
-7 .7  
- 6 . 8  
-1 .6  

6.2 
10.4 
- 7 . 9  

112 .6  
325.6 

TIIREE DIFICNSIONAL CRASIl V I C T I M  SIblULATOR OUTPUT DATA F E B  2 3 ,  1971 PAGE 2 3  
2 - D  VS.  3-D COMPARISON. T E S T  NO. A - 0 4 5 ,  SATURATION T E S T  

W I T S  A F U  INCIIES,  DEGREES, POUNDS, and SECONDS UNLESS NOTED. 

J O I N T  FORCES 

MOMENTS DUE TO J O I N T  E L A S T I C I T Y  MOMENTS DUE T O  J O I N T  STOP 

NECK HIP NECK H I P  

P I T C I I  ROLL YAW P I T C l l  ROLL YAW P I T C H  ROLL YAW P I T C H  ROLL 

TADLE 1 3 .  NORMAL OUTPUT OF J O I N T  VALUES. 



YAW 

THREE DI1.USNSIONAL CRASH VICTIM SIMULATOR OUTPUT DATA FEB 2 3 ,  1 9 7 1  PACE 1 4  
2 - D  V S .  3 - D  COMPARISON. T E S T  NO. A - 0 4 5 ,  SATURATION T E S T  

U N I T S  ARE I N C H E S ,  DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

RELATIVE EULER ANGLES 
IIEAD LEGS 
PITCII ROLL YAW PITCH ROLL 

RELATIVE HIP P O S I T I O N  

TABU 1 3.  NORMAL OUTPUT OF JOINT VALUES (page 2 )  





TIIREE DIMENSIONAL CRASH VICTItI SIMULATOR OUTPUT DATA FEB 23, 1971 PAGE 19 
2-D VS. 3-D COMPARISON. TEST NO. A-045, SATURATION TEST 

UNITS ARE IICllES , DEGREES, POUNDS, and SECONDS UNLESS NOTED. 
BODY KINETIC ENERGY 

TRANSLATIOIIAL ROTATIONAL 

TIME TORSO IIEAD LEGS W M R S O  HEAD LEGS ALL TORSO 

33626. 
33570. 
33479. 
33226. 
32318. 
30700. 
28478. 
25655. 
22331. 
18696. 
14993. 
11537. 
0678. 

TOTAL 

HEAD LEGS ALL 

TABLE 15. OPTIONAL NORMAL OUTPUT 



THREE DIlE7JSIOIJAL CRASH VICTIM SIMULATOR INJURY DATA FED 2 3 ,  1971  PAGE 2 0  
2-D VS. 3-D COMPARISON. TEST NO. A-045 ,  SATURATION TEST 

UNITS ARE IIICIIES , DEGREES, POUI1DS1 AND SECONDS UNLESS NOTED. 

SUMFlARY OF TOLERANCE DATA USED IN INJURY CRITERIA 

MAX I MUM WEIGIITIlIG 
QUANTITY ACCEPTABLE VALUE NATURE OF INJURY OR DATA CODE 

1 .  SEVERITY INDEX 1 .  1 0 0 0  1 .  INTERNAL HEAD INJURY. DANGEROUS TO 1 .  2 2 / 2 6  
LIFE.  

2 .  IIEAD PITCH ACCELER- 2 .  2 0 0 0  RAD/SEC/SEC 2 .  5 0 %  CHANCE OF CEREBRAL CONCUSSION. 2 .  1 2 / 2 6  
ATION 

3 .  HEAD LATERAL (;-LEVEL 3. 46 G PEAK 3 .  HUMAN VOLUNTEER SUBJECT EXPERIENCED 3. 1 / 2 6  
HEADACHE AIID SORE NECK FOR 3 DAYS. 

4 .  CIIEST LOAD 4 .  lG00 LD 4 .  RIB FRACTURE OF CADAVER. 4.  1 3 / 2 6  
5 .  SIlOULDER BELT LOAD 5 .  1 8 0 0  LD COMBINED 5 .  PREDICTED TOLERANCE LEVEL IJITHOUT 5. 1 / 2 6  

INJURY. 
6 .  PELVIC BELT LOAD 6 .  5 0 0 0  LD 6 .  !U\XI?IUPI VOLUNTARY LOAD. 6 .  1 / 2 6  
7 .  KNEE LOAD (EACH) 7 .  1 5 0 0  LB 7 .  COFWINUTED PATELLA FRACTURE. 7. 1 2 / 2 6  
8 .  CIIEST A-P G-LOAD 8 .  4 5 G  PEAK 8 .  VOLUNTEER DATA WITH NO INJURY. 8 .  4 / 2 6  

(DURATION= .09  SEC, RISE TIME = 5 0 0  
G/SEC) HIGHER RISE TIMES OR LONGER 
DURATIOIJS CAII DECREASE THIS VALUE 
SIGliIFICAtITLY . 

9 .  CllCST S - 1  G-LOAD 9 .  2 5 G P E A K  9. VOLUtJTCER DATA. FRACTURED VERTEDRAE 9 .  1 6 / 2 6  
ODSERVEI) AT THIS LEVEL. 

LIST OF RCFCRENCES 

1.  GADD, C.W., "USE OF A WEIGIITED-IMPULSE CRITL'IIION FOR ESTIMATING INJURY HAZARD*', PROC. 10TlI. 
STAPP CAR CRASH CONF., NOV. 1 9 6 6 ,  P .  9 5 - 1 0 0 .  

2 .  OHIlAYA, A.K. ET AL, "COlIPARATIVE TOLERANCES FOR CEREBRAL CONCUSSION BY HEAD IMPACT AND WHIP- 
LASII IllJURY IN PRIIIATES", 1970  IIITERIIATIONAL AUTOMOBILE SAFETY CONFERENCE COMPENDIUM, SAE PUB. 
NO. P - 3 0 ,  P.  8 0 8 - 8 1 7 .  

3 .  ZABOROWSKI , A.B. , ' 'HUMAN TOLERAUCC TO LATERAL IMPACT IIITH LAP BELT ONLY' ' , PROC. 8TH. STAPP 
CAR CRASH CONF., OCT. 1 9 6 4 ,  P. 3 4 - 7 1 .  

4 .  GADD, C.W. AND PATRICK, L. t I . ,  "SYSTEII VERSUS LABORATORY IPIPACT TESTS FOR ESTIIIATINC, INJURY 
IIAZARD", SAE PAPER NO. 6 8 0 0 5 3 ,  JAN. 1968 .  

5 .  -, ESTIIlATED PROBABLE THRESIIOLD OF IlJJURY BY BIOMECIIAI4ICS TASK FORCE OF SAE OCCUPANT RESTRAINT 
SYSTCIIS SUBCOMMITTEE. 

6 .  STAPP, J . P .  AND ENFIELD, D.L., "EVALUATION OF THE LAP-TYPE AUTOMOBILE SAFETY BELT WITH REFER- 
ENCE TO H U M I  TOLERANCE", SAE PAPER NO. 62A, 1958 .  

7. SIJYDER, R.G.,"HUMAN IMPACT TOLERANCE", 1 9 7 0  INTERNATIONAL AUTOMOBILE SAFETY CONFERENCE COM- 
PEIIDIUM, SAE PUD. 140. P - 3 0 ,  P. 7 1 2 - 7 8 2 .  

8.  IDID. 
9 .  IBID. 

NOTE: TIIE WEIGIITING CODE I S  BASED ON VAN KIRK, D.J .  AND LANGE, W.A., DETAILED INJURY SCALE FOR 
ACCIDENT INVESTIGATION", PROC. OF TIIE 12TI1. STAPP CAR CRASH CONFERENCE, OCT. 1 9 6 8 ,  P. 2 4 0 -  
2 5 3 .  MINOR INJURY = 7 - 4 / 2 6 ,  IIODERATE INJURY - 8 - 1 0 / 2 6 ,  MODERATELY SEVERE INJURY = 1 2 - 1 4 / 2 6 ,  
SEVERE INJURY 1 6 - 1 8 / 2 6 ,  CRITICAL INJURY = 2 0 - 2 2 / 2 6 ,  FATAL INJURY - 2 4 - 2 6 / 2 6 .  



THREE DIMENSIONAL CRASH VICTIM SIMULATOR INJURY DATA FEB 23, 1971 
2-D VS. 3-D COMPARISON. TEST NO. A-045, SATURATION TEST Page 21 

UNITS ARE INCHES, DEGREES, POUNDS, AND SECONDS UNLESS NOTED. 

SUMMARY OF ANGULAR MOTION LIMITS USED IN INJURY CRITERIA 

JOINT MOTION DIRECTION STIFF TORSO 

1. NECK PITCH 
PITCH 
ROLL 
YAW 

2. HIP PITCH 
PITCH 
ROLL 
YAW . 

HYPEREXTENSION 
FLEXION 

LATERAL FLEXION 
ROTATION 

HYPEREXTENSION 
FLEXION 

LATERAL FLEXION 
LEG SPREAD 

60 DEG 
60 DEG 
40 DEG 
70 DEG 

0 DEG 
120 DEG 
0 DEG 
30 DEG 

NOTE: ALL QUANTITIES MEASURED FROM AN ERECT STANDING POSITION EXCEPT LEG SPREAD 

NOTE: THESE DATA ARE DERIVED FROM SAE 1963 AND REPRESENT VOLUNTARY MOTION RANGES. 

TABLE 15. OPTIONAL NORMAL OUTPUT (page 3) 
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4.3 DESCRIPTION OF AUXI LLARY PROGRAM OUTPUT. 

Auxi l  l a r y  o r  debugging p r i n t ou t  f o r  t h i s  program i s  organized i n  terms o f  

s ix teen four- leve l  switches. Each switch corresponds t o  a  p a r t i c u l a r  sect ion 

o f  the program. The l eve l s  o f  a  p a r t i c u l a r  switch con t ro l  the depth o f  d e t a i l  

of the debugging p r i n t o u t  from the sect ion o f  the program which the switch covers. 

Higher l e v e l s  o f  a  switch include a l l  the p r i n t o u t  from lower l eve l s  from the 

switch. 

The four  l eve l s  are represented by in te rgers  zero through three. Zero rep- 

resents no debugging p r in tou t ,  and high l eve l  s  are represented by l a rge r  integers 

as described i n  Table 16. 

TABLE 16. DEBUG SWITCH DEFINITION 

0 = summary output on ly  

1  = primary debugging in format ion such as forces 

2 = secondary debugging in format ion such as the con t r ibu t ions  
t o  the  general ized fo rce  vector o f  each fo rce  component. 

3  = t e r t i a r y  debugging in format ion t o  a l low a de ta i l ed  inspect ion 
o f  the inner workings o f  the program. 

To avoid needless volume o f  p r i n t i ng ,  each o f  the s ix teen switches i s  a l -  

lowed t o  vary i t s  leve l  as a  func t ion  o f  simulated t ime dur ing a run o f  the 

program. I n  order t o  avoid inpu t lng  s ix teen separate tab les o f  debug l eve l  

versus e f f e c t i v e  time, advantage i s  taken o f  the b inary  cha rac te r i s t i c s  o f  the 

IBM 360167 computer. The four  l eve l s  o f  a  debugging switch can be represented 

by two b inary  b i t s .  The p o s s i b i l i t i e s  f o r  a l l  s ix teen switches can then be 

represented by t h i r t y - two  b i t s .  Eight hexadecimal d i g i t s  a lso represent t h i r t y -  

two b i t s .  Hence debugging con t ro l  i s  achieved by use of a  tab le  of e i gh t  hexa- 

decimal d i g i t  con t ro l  words versus e f f e c t i v e  tlme. When any o r  a l l  o f  the switches 



change leve ls ,  a new cont ro l  word i n  the tab le  i s  needed. The switches corres- 

pond t o  groups o f  two b i t s  from the l e f t  o f  the word, i.e., switch one i s  con- 

t r o l l e d  by the le f t -most  two b i t s ,  switch two by the next two, and so on. The 

switch w i l l  take on the speci f ied l eve l  a t  the f i r s t  t ime step i n  simulated t ime 

beyond the e f f e c t i v e  t ime speci f ied.  

As an example setup of the hexadecimal debugging cont ro l  word, consider the 

case where p r i n t ou t  o f  the quan t i t y  "QJ," the j o i n t  general ized force vector, i s  

desired. This i s  spec i f ied under debug switch 4, debug l eve l  2. As each d i g i t  

of the hexadecimal word covers two debug switches, t h i s  p r i n t ou t  w i l l  be covered 

by the second two b i t s  o f  the second d i g i t .  Because no special p r i n t ou t  i s  de- 

s i red  from debug switch 3, the f i r s t  two b i t s  descr ib ing the second hexadecimal 

d i g i t  must be "00." Because the desired debug l eve l  i s  2, the l a s t  two b i t s  of 

the second d i g i t  must be "10." Therefore the second d i g i t  takes on the value 

"0010" o r  "2." Thus, the hexadecimal word w i l l  be "02000000" a t  the e f f ec t i ve  

time . 
The tab le  o f  e f f e c t i v e  times and cont ro l  words i s  spec i f ied t o  the program 

by means o f  the P-card described i n  Table 7. The t o t a l  span o f  simulated t ime 

for  the run should be covered by e f fec t i ve  times o f  cont ro l  words i f  the P-card 

I s  used a t  a l l .  Removals from cont ro l  word tables can be made by use of the 0- 

card with  : tab le  number o f  seven and new addi t ions by the P-card again. 

The user i s  warned t h a t  the volume o f  p r i n t ou t  i s  s t a r t l i n g l y  huge and hence 

utmost d isc re t ion  must be exercised i n  the use o f  t h i s  feature. 

Table 17 contains a de ta i led  l i s t  o f  the s ixteen debug switches and the 

quan t i t i es  which w i l l  be p r in ted  f o r  each debug leve l  o f  each switch. Table 13 

should be used i n  conjunct ion w i t h  the Symbol Dic t ionary  (see Section 4.8), 

Table 26, and ( i n  some cases) a l i s t i n g  o f  the program. Each l i n e  i n  

Table 17 corresponds t o  one l i n e  i n  the p r i n t ed  output so t h i s  tab le  can be used 

t o  i d e n t i f y  ind iv idua l  quant i t ies .  I n  some cases, i t  has been necessary because 

1 5 3  





TABLE 17. DEBUG FORMATS (page 2 )  

Debug Debug 
S w i t c h  L e v e l  Q u a n t i t y  SUBROUTINE 

4 PDA(1 ,I ,1) PDA(1.1.2) PDA(1.1.3) PDA(1,1,4) PDA(1,1,5) PDA(1,1,6) 
4 3 PDA(1.2,l) PDA(1.2.2) PDA(1.2.3) PDA(1.2.4) PDA(1.2.5) PDA(1.2.6) JOINT 

PDA(1,3,1) PDA(1.3.2) PDA(1.3,3) PDA(1.3.4) PDA(1.3.5) PDA(1.3.6) 

PDA(2.1 . I )  PDA(2.1.2) PDA(2.1.3) PDA(2,1,4) PDA(2,1,5) PDA(2,1,6) 
4 3 PDA(2.2.1) PDA(2.2.2) PDA(2.2.3) PDA(2,2,4) PDA(2.2.5) PDA(2,2,6) JOINT 

PDA(2.3.1) PDA(2.3.2) PDA(2,3,3) PDA(2.3.4) PDA(2,3.5) PDA(2,3,6) 

5 1 5 1 BC(29.1) BC(30.I) BC(31.1) ~ C ( 3 2 . 1 )  These q u a n t i t i e s  a r e  i n s i d e  a n  up CONTAC 
t o  25-deep l o o p  o n  I. 

4 

"7 5 1 
5 1 XHAT(1) XHAT(2) XHAT(3) XHAT(4) XHAT(5) XHAT(6) XHAT(7) XHAT(8) XHAT(9) 

vr 
CONTAC 

DHAT(1) DHAT(2) DAHT(3) DHAT(4) DHAT(5) DHAT(6) DHAT(7) DHAT(8) DHAT(9) 

These q u a n t i t i e s  a r e  i n s i d e  a n  u p  t o  25-deep l o o p  o n  I. 

5 1 5 1 I BC(4.I) BC(5.I) BC(6.1) BC(7.1) BC(8.1) BC(9,I) BC(10,I) BC(11.I) BC(12,I) CONTAC 
q C ( 4 1 , I )  These q u a n t i t i e s  a r e  i n s i d e  a n  u p  t o  25-deep l o o p  o n  I. 

5 2 I BB(1.1) BB(2.1) BB(3.I)  BB(4.1) BB(5.1) BB(6,I)  BB(7,I)  BB(8.1) 

*BB(9,1) 

5 2 BB(10,I)  BB(11 ,I) BB(12,I) BC(14.1) BC(15,I) BC(16,I) BC(17,I)  BC(18.I) CONTAC 

fSC(19.1) 

BC(20.1) BC(21 ,I) BC(22,I) BC(23.I) 
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o f  space t o  m t e r  more than one 1 i n e  f o r  a s ing le  p r i n t e d  l i n e  i n  the output.  

Such "cont inuat ion"  l i n e s  are marked w i t h  a *. 
Under the column e n t i t l e d  "Quant i ty "  there appears a facs im i l e  of each 

output 1 i ne  inc lud ing  the 1 i n e  i n d e n t i f i c a t i o n  and showing the Fortram name 

of each p r i n t e d  quant i ty .  The name O r  t 13 s u b r ~ u t i n e  from which t h i s  p r i n t -  

out  i s  made i s  given i n  the column 'ioztlied "Subroutine." 

These p r i n tou ts  are orgacized s;? 4 e S q  swi tch and debug l e v e l  and not  

on the order i n  which they appear. 

Table 18 contains a summary of ane rciaterial presented i n  Table 1 7  f o r  

the convenience of the user. A shor t  descr ip t ion  o f  each s e t  o f  quan t i t i es  

i s  given instead o f  the e x p l i c i t  formt. 

Er ro r  messages produced by t h i s  s imulator  are shown i n  Table 19 

which i s  se l f -explanatory.  

4.4 INTEGRATION TECHNIQUES AND PROGRAM CONTROLS 

The equations o f  motion a r i s i n g  i n  the s imulat ion o f  the three-dimensional 

crash v i c t i m  are, i n  form, a system o f  twelve simultaneous, nonl inear,  second- 

order, ord inary d i f f e r e n t i a l  equations i n  twelve unknowns. I n  t h i s  system the 

second der iva t ives  o f  the twelve unknowns appear on ly  l i n e a r l y ,  so t h a t  i t  i s  

possib le t o  solve f o r  them i n  terms o f  the f i r s t  der iva t ives ,  the  unknowns, and 

various constants. 

Hence t h i s  system o f  equations i s  in tegra ted  by employing predic tor-corrector  

techniques f o r  an i n i t i a l  value problem, together w i t h  a s t a r t i n g  method fo r  

i n i t i a l  i z i n g  the requi red h i s t o r y  o f  establ ished values. Two separate pred ic to r -  

co r rec to r  methods are ava i l ab le  i n  the HSRI Three-Dimensional Crash V ic t im Simu- 

l a t o r .  The one most cormonly used i s  the c lass i ca l  Mi lne method as modified by 

Hamning f o r  f a s t e r  convergence. With the M i  lne-Hamning method, and much o f  the 



TABLE 18. SUMMARY OF DEBUG FORMATS 

Debug Debug 
Switch Level Descr ipt ion 

1  1  B e l t  Anchors and attachment pos i t i ons  f o r  current  b e l t  secament. 

1  2 Components o f  b e l t  length  and der ivat ives.  

1 3 P a r t i  a1 s  o f  attachment pos i t ions 

2 1  B e l t  def lec t ion,  ra te ,  and force. 

2 2 B e l t  general ized force cont r ibut ions.  

2 3 B e l t  l ever  arms ( f o r  cur rent  be1 t segment). 
d 

Q, 
~r 3 1 In tegra t ion  step and eva luat ion sumnary 

3 2 Number o f  steps a t  each step s ize  

4 1  J o i n t  def lec t ions,  rates, e l  a s t i c  and stop forces. 

4 2 Jo i  n t  general i zed forces. 

4 3 Relat ive angle components and lever  arms 

5 1  Contact plane coe f f i c ien ts ,  corner posi t ions,  and der ivat ives 

5 2, 3 Contact plane cont r ibut ions t o  lever  arms 

6 1  E l  1  i pso id  center pos i t i on  



TABLE 18, SUMMARY OF DEBUG FORMATS (Page 2) 

Debug Debug 
Switch Level Descr ipt ion 

6 2, 3 E l  ' i pso id  cont r ibut ions t o  l eve r  arms 

7 1 Coritact plane - e l  l i p s o i d  i n te rac t i on  deflect ions, ra te ,  force, impact pos i t i on  
and "effect iveness" cont r ibut ions.  

7 - 2 Total generalized fo rce  f o r  a1 1 contact in te rac t ions  

7 3 Tanqent po in ts  t o  p a r a l l e l  plane, -- leve r  arms, and b u i l d  up o f  generalized force. 

8 1 Vehicle i n teg ra t i on  values - - - - - 

- 9 1 Current i n teg ra t i on  step 1 eve1 ..--I as t estab'l ished time, execution -- tisle 
Q, 
Q) 

9 ..-- 2 L,ast in tegrated values and correct<ons -. - --..- 
9 3 -< - ime h i s  t o r y  o f  in tegrated values --- 

10 1 Lo_ad-def l e c t i  on parameter sumnary fo r  each fo rce  determination - 

11 1 Current general ized values, der ivat ive,  and forces 

11 2 s s  matrlr 

11 3 Current l abe l l ed  coordinate combinations 

12 1 Grav i ta t iona l  and k i n e t i c  enerqy general ized forces 

12 3 Intermediate b u i l d i n g  blocks f o r  QT 







l o g i c  which surrounds i t s  use, we have fo l lowed t he  approach taken i n  t h e  

SSP subrout ines, HPCG and DHPcG?~ The Milne-Harming method can be summarized 

by Equat ion (4.4.1). 

For k = 1,12: 

where 

'k , j  
i s  the value of the  k - t h  genera l ized coord ina te  i n  t he  recorded 

h i s t o r y  of es tab l  ished values which corresponds t o  t ime t - j ~ t  where t i s  

the  l a s t  recorded es tab l i shed  t ime and ~t i s  t he  c u r r e n t  i n t e g r a t i o n  t ime 

step. Note: where k appears as a s u b s c r i p t  i n  a formula, t h a t  formula i s  

eva luated f o r  values o f  k f r o m  one t o  twe lve  be fo re  any th ing  e l s e  i s  done. 

'k,jB'k,j a r e  r e s p e c t i v e l y  f i r s t  and second d e r i v a t i v e s  o f  t h e  corres-  

ponding general  i z e d  coord inates.  



P are the r e s u l t s  o f  the  Mi lne p red i c to r  f o r  the corresponding ' k , j 9  k , j  

general ized coordinates and v e l o c i t i e s .  

H are the pred ic t ions  f o r  the corresponding general i zed coordi -  " k , l '  k , l  

nates and v e l o c i t i e s  used inc lud ing  the Hamning modi f icat ion.  

H are computed by evaluat ion o f  Equation (2.2.3) using the values k , l  
Hk, and ilk,l as general ized coordinates and v e l o c i t i e s .  

c k , j 9 t k , j  are the r e s u l t s  o f  the Milne co r rec to r  f o r  the general ized 
. . . . 

coovdinates and v e l o c i t i e s .  Note: the k  impl ies t h a t  H, 9l  ,H2,, , . . . ,HI, ,, 
are a1 1 being re fe r red  t o  here, 

~ k , i . t k , l  are the corrected values o f  the general i r e d  coordinates and 

v e l o c i t i e s  a f t e r  the Hamning mod i f i ca t l sn  has been appl ied.  These are the 

values tested f o r  convergence. I f  convergence f a i l s  w i t h  the s i n g l e  correc- 

tbn, the in tegra t io r ,  titi le s tep  t is ~ a l v e d  d m d h t e l y .  

The a1 te rna te  pred ic to r -cor rec tor  i s  the  c lass i ca l  Adams-Moul ton method 

which exh ib i t s  much greater  s t a b i l i t y .  When t h i s  op t ion  i s  employed, up t o  

ten correct ions are permit ted t o  ob ta in  convergence before the  t ime step i s  

halved. The Adams-Moulton method i s  used both i n  four -po in t  and f i ve -po in t  

forms based on how many establ ished p r i n t s  a re  ava i l ab le  i n  the t ime h i s t o r y .  

The two forms are presented i n  Equation (4.4.2). 

tour -po in t ,  Tor K = 1 ,12 :  

(Continued on next  page) 



Five-point ,  f o r  k  = 1,12: 
(4.4.2 
can t inued)  

where 

b c 'k , i9  k , l '  k, l ' tk, i 'Zk,j*tk, j '  and zk , j have corresponding d e f i n i t i o n s  

as i n  Equation (4.4.1). 

Pk,l a r e  computed by eva lua t i on  o f  Equation (2.2.3) us ing  the  values 

Pk,l and dPSl as coordinates and v e l o c i t i e s .  

ci a r e  the constants presented i n  Table 20. 

Actual  experience w i t h  t he  computer program i nd i ca tes  t h a t  the  M i  l ne -  

Hamming method f a i l e d  o n l y  once t o  achieve good r e s u l t s .  A corresponding 

run  us ing the Adams-Moul t on  method d i d  produce good r e s u l t s  bu t  a t  consider-  

ab le  expense. On s t ra i gh t f o rwa rd  runs, the two methods a re  approximately 

equ iva len t  i n  e f f i c i e n c y  w i t h  a  s l i g h t  advantage t o  the  Milne-Hamning. On 

runs o f  moderate d i f f i c u l t y ,  the Milne-Hamning method i s  much b e t t e r .  

Three s t a r t i n g  methods a re  ava i lab le .  The normal method i s  a  Runge- 

Kut ta  procedure as spec ia l  1 y mod i f ied  by Ral s t o f l t o  ga in  maximum convergence. 

This method i s  h i g h l y  unstable,  b u t  w i t h  a p a r t i a l  second i t e r a t i o n  f o r  i m -  

provement o f  r e s u l t s ,  i t  has never f a i l e d  i n  our  ac tua l  experience. The sec- 

ond i n t e g r a t i o n  s t a r t i n g  method o f f e r e d  i s  a  c l a s s i c a l  Runge-Kutta method 



TABLE 20. INTEGRATION RULE COEFFICIENTS 

0.41 666666666666667 
0.66666666666666667 - 0.083333333333333333 
2.2916666666666667 - 2.4583333333333333 
1 ,541 6666666666667 

0.791 66666666666667 - 0.20833333333333333 
0.041 666666666666667 
2.6402777777777778 - 3.8527777777777778 
3.6333333333333333 - 1 ,7694444444444444 
0.3486111111111111 
0.8972222222222222 - 3.3666656665666667 
0,1472222222222222 

0.21 81 0038822592047 - 3.0509651 486929308 

c 3 5  ' c 3 6  ' c 3 7  

C3oC36 + C32C37 These are computed 

c38 + c 3 9  ' c 4 0  + c41 

c 3 0 c 3 9  ' c 3 2 c 4 0  + c 3 5 c 4 1  



w i t h  g rea te r  s t a b i l  i t y  and l e s s  accuracy. Equation ( 4 . 4 . 3 )  presents a gen- 

e r a l  four -po in t  Runge-Kutta method f o r  second-order equat ions. Spec i f i c  

Runge-Kutta methods a re  obta ined by an appropr ia te  s e t  o f  constants  ~ 3 0  

through c41 and the  computed constants  cb2  through c 5 ~ .  The constants  needed 

f o r  the  normal Runge-Kutta a r e  presented i n  Table 20 i n  t h e  l e f t  column and 

those needed f o r  the Rals ton m o d i f i c a t i o n  a re  i n  t h e  r i g h t  column. 

For k = 1,12: 

tl = t 



where 

t ~t,c,.Z~,,, and ikBl are as de f ined  w i t h  Equations (4.4.1) Zk,a9Zk,os * . . 
and (4.4.2), and Kk,l,Kk,2sKk,, , and Kk a r e  a l l  computed by eva lua t ions  o f  

9 4 

Equation ( 2 . 2 . 3 )  us ing  t he  corresponding tmB~k,fl,Kk,m g i ven  above as coord in-  

a tes and v e l o c i t i e s .  

The t h i r d  s t a r t i n g  method uses the  Eu le r  method t o  e s t a b l i s h  the second 

po in t ,  the  t rapezo ida l  r u l e  t o  e s t a b l i s h  t h e  t h i r d  p o i n t ,  and Simpson's r u l e  

t o  e s t a b l i s h  the f o u r t h  p o i n t .  This t h i r d  o p t i o n  uses a r e g u l a r  p r e d i c t o r -  

c o r r e c t o r  type i t e r a t i o n  t o  es tab l  i sh convergence a t  each o f  t h e  1 evels .  

Equation (4.4.4) shows the formulas used. 

Mod i f ied  Eu le r  Method (one p o i n t )  

Mod i f ied  Trapezoidal Rule (two p o i n t s )  

- 
P k s l  ‘ z k 9 ~  + dt(~lik,O - c2Zk , - l )  

c k , l  = t k,o ~ t ( c , P ~ , ,  + c,ikSo + CP,Z~,-~ " 1 

C k 9 1  ' zk,o ' dt(c,tk,l + c,ik,o + c7Zk,-1 1 

Mod i f ied  Simpson's Rule ( t h r e e  p o i n t s )  

p k 9 1  a 2kso + A ~ ( ~ ~ ~ ~ ~ ~  + c L + ' ~ , - ~  + c5'k,-2) 

- ) ' k , ~  - 'k,o + ~ ~ ( ~ 1 1 ' k , 1  + '12'k,0 + ' i~ ' k , - l  + C142k,-2 



. . 
'k,i = ' k , ~  ' ~ ~ ( ~ l l ' k , l  + c 1 2 Z k , ~  ' 'lSik,-1 ' 'lbik,-2 1 

(4 .4 .4  - 
'k,1 - 'k,o ' n t ( c ~ l E k , i  ' C ~ Z ~ ~ , O  + ~ l j ' k , - l  ' ~ l p ~ k , - 2 )  Concl uded) 

where d e f i n i t i o n s  are s i m i l a r  t o  those i n  Equation ( 4 . 4 . 2 ) .  

Determi na t iono f  convergence i s  un i  form among a1 7 the  var ious methods em- 

ployed. The absolute e r r o r  o f  the weighted averages o f  f i r s t  de r i va t i ves  ob- 

ta ined  by two seperate ca l cu l a t i ons  o f  t he  s o l u t i o n  t o  the system o f  equations 

a t  a p a r t i c u l a r  t ime i s  requ i red  t o  have l ess  magnitude than a spec i f i ed  value. 

The convergence t e s t  can be expressed by the f o l l ow ing  i nequa l i t y .  

where N i s  a method sca l ing  constant. 

- 
k are the  absolute i n t e g r a t i o n  weights. These are t he  r e l a t i v e  i n t e -  

g ra t i on  weights read i n  the S-card sequence a f t e r  they have been normalized 

t o  add t o  one 

2'" a re  def ined as the  cu r ren t  t r i a l  values of general ized k , l  
v e l o c i t i e s  a t  the  new t ime 

2'"') are  def ined as the  previous t r i a l  values o f  general ized 
k, 1 

v e l o c i t i e s  a t  the  new t ime 

t ( n )  = ; and If the Mi lne-Haming method i s  being employed, N=l, k,, k,l 

?i~;') = kk,l (see Equation ( 4 . 4 . 1 ) ) .  I f  the  t e s t  f a i l s ,  the  i n t e g r a t i o n  

t ime step i s  immediately halved. 



I f  e i t h e r  Runge-Kutta method i s  being employed, N = f-5, ti?! = t k , l  
determined a t  the o r i g i n a l  t ime step and f ( "  = 2 determined by two k, l  k , l  

app l ica t ions  o f  the r u l e  a t  ha l f  the o r i g i n a l  t ime step. I f  the  t e s t  f a i l s ,  

( 4  the t ime step i s  halved, the ti:;' are s e t  t o  the t:?!, and the  new tkSl 

are determined by two appl icat ions of the r u l e  a t  ha l f  the  cur ren t  t ime step. 

This  i t e r a t i o n  i s  continued u n t i l  convergence i s  a t ta ined o r  u n t i l  the allowed 

number of halvings i s  exceeded. Once convergence has been achieved, tqree 

points  o f  the required four po in ts  i n  the t ime h i s t o r y  have been establ ished, 

The four th p o i n t  i s  ca lcu lated by one more app l i ca t i on  s f  the r u l e  a t  the 

h a l f  i n teg ra t i on  step. A s ing le  i t e r a t i o n  i s  then taken t o  improve the four 

establ i shed values by using four-point  i n t e r p o l a t i o n  formulas f o r  the d i s -  

placements and v e l o c i t i e s  and a  reva lua t ion  o f  the accelerat ions f o r  the 

second, t h i r d ,  and fou r th  po in ts  s f  the h i s to ry ,  each i n  turn.  I f  the cur ren t  

time i s  considered t o  be t h a t  of the l a s t  o f  the f o u r  establ ished points ,  

and ~t i s  the h a l f  time stepb then the equations used i n  order o f  app l i ca t i on  

i n  the i t e r a t i o n  are those presented i n  Equation (4 .4 .6 ) .  

For k = 1,12, 



where Zk,-, a re  recomputed a f t e r  the  f i r s t  two equat ions and the  new values 

a re  throughout t h e  r e s t  o f  t h e  equat ions. Zk,-l a re  recomputed a f t e r  the  

f o u r t h  equat ion, and z ~ , ~  are  recomputed a f t e r  the s i x t h  equat ion.  

I f  any o f  t he  methods s e t  f o r t h  i n  Equations (4.4.2) and (4.4.4) i s  
.. (n) = t = P , and tk being employed, N = 1, tk,l k ,  1 ,1 k , l '  

I f  the  t e s t  f a i l s ,  

P are s e t  t o  t he  Ck,, , Ek,l the Pk, l  k , l  , and t he  corresponding c o r r e c t o r  

equat ions a re  used again. Th is  i t e r a t i o n  i s  t r i e d  t en  t imes t o  o b t a i n  con- 

vergence be fo re  the  t ime s tep  i s  halved. 

I n  a1 1  cases, when convergence f a i l s  and the  t ime s tep  i n t e r v a l  i s  

halved, the miss ing  p o i n t s  i n  t he  t ime h i s t o r y  a re  supp l ied  by use o f  s i x t h -  

o rder  Bessel c e n t r a l  d i f f e r e n c e  i n t e r p o l a t i o n  formulasland a  s i n g l e  i t e r a -  

t i o n .  The number o f  ha lv ings  i s  incremented and checked aga ins t  the  l i m i t .  

Then the f o l l ow ing  i t e r a t i o n  i s  employed. 

a t  
A t  = 

f o r  k = 1,12, 

(Continued on Next Page) 



(4 .4 .7  
Concluded) 

If convergence succeeds by a fac tor  of f i f t y  b e t t e r  than required, the 

t ime step i s  doubled if other  condi t ions are met, These condi t ions are 

t h a t  the  cur ren t  i n teg ra t i on  t ime step s i z e  i s  smaller than atmax, t i ra t  the 

t ime h i s t o r y  contains a t  l e a s t  seven good points ,  and t h a t  the  new l a r g e r  

step w i  11 no t  jump over the next increment o f  btprnt. I f  these cond i t ions  

a r e  a l l  met, the fo l lowing reshuf f l ing  and c a l c u l a t i o n  takes place. 



A t  = 2 ~ t  

f o r  k  = 1,12, 

z - - 
k , - l  'k,-2 

z = z k,-2 k , - 4  
, e tc .  

z k,-3 = 'k,-6 , e tc .  

z = z k,-4 k,-8 , etc .  

Experience d i c t a t e s  t h a t  convergence by i t s e l f  i s  n o t  s u f f i c i e n t  t o  

guarantee good r e s u l t s  i n  a l l  impact s i t u a t i o n s .  Since i n i t i a l  va lue pro- 

cedures seldom are  capable of rega in ing  any l o s t  accuracy, i t  i s  of utmost 

importance t o  prevent the  s o l u t i o n  from d e v i a t i n g  from the  t r u e  s o l u t i o n .  

During a  t ime i n t e r v a l  i n  which impact occurs, the  s o l u t i o n  i s  smooth both 

be fo re  and dur ing  t he  impact, b u t  changes shape a b r u p t l y  s h o r t l y  a f t e r  t he  

moment of impact. Ca l cu la t i on  of a good s o l u t i o n  o f ten  requ i res  decreasing 

t h e  i n t e g r a t i o n  t ime s tep before the  convergence t e s t  i s  v i o l a t e d .  Th is  

s i t u a t i o n  i s  recognized by e x t r a p o l a t i n g  the  va lue of second d e r i v a t i v e s  a t  

a p a r t i c u l a r  t ime, based on the  t ime h i s t o r y  o f  t h e i r  es tab l i shed  values, and 

comparing these aga ins t  t h e i r  p red i c ted  values. I f  the  disagreement i s  too  

g r e a t ,  the  t ime s tep  i s  halved. Th is  t e s t  i s  fo rma l i zed  i n  Equation ( 4 . 4 . 9 ) .  



For k = 1,12, 

o r  f a i  1  i ng t h a t  

o r  e = 0 and 

k= 1 

"("-') i s  def ined as i t  war for  Eqdatlon (-..4.5) e ~ c a p r  r h  L r i t  i; where Zk 
,1 

used on ly  when thr! M i  1 ne-Hami ,y mc IRod t k ?  rlji,;;?~~sm!4~c :@.A: -;;+ifi I .  - ;Y- 1 - 
employed and eZlim i s  the  Bxt rayo la t ion  change l i m i t .  

Further,  i t  has been noted t h a t  occasional ly  the  l e v e l  of a c t i v i t y  can 

become too great  f o r  computation of good r e s u l t s  a t  a  p a r t i c u l a r  t ime step 

w i  thaut  convergence f a i l i n g .  A t e s t  has been incorporated t o  I i m i t  the value 

of the weighted average of the second de r i va t i ves  mu1 t i p 1  i e d  by the i n t e g r a t i o n  

step. This weighted average v e l o c i t y  change has been taken as a  measure of 

the  " a c t i v i t y  load" during the  t ime step. I f  the  a c t i v i t y  load i s  too great,  

the  t ime step i s  halved. 

where dVlim i s  the v e l o c i t y  change l i m i t  

z~Y;') i s  defined here as i n  Equation (4 .4 ,9)  



Both these t e s t s  are app l ied  o n l y  a f t e r  p r e d i c t i o n  i n  the  two pre-  

d i c t o r - c o r r e c t o r  methods and must be passed before c o r r e c t i o n  i s  begun. 

E i t h e r  o f  these t e s t s  w i l l  be skipped i f  t he  corresponding l i m i t  i s  speci-  

f i e d  as zero. 

The l e a s t  impor tant  f ea tu re  o f  t he  i n t e g r a t i o n  scheme used i n  the com- 

pu te r  s o l u t i o n  i s  intended ma in ly  t o  keep ou t  the  i n t r o d u c t i o n  o f  small e r r o r s  

i n  the so lu t i ons  and normal p r i n t o u t .  The computed values o f  t he  second 

d e r i v a t i v e s  are scanned and se t  a t  zero if they a re  sma l le r  i n  magnitude 

than a  spec i f i ed  value. I f  t h i s  op t i on  i s  no t  desired, t he  acce le ra t ion  

minimum magnitude parameter i s  se t  a t  zero. Th is  op t i on  helps the accuracy 

i n  some extreme cases, bu t  mos t l y  i t  ac ts  t o  remove i r r e l e v a n t  d e t a i l  from 

the regu la r  p r i n t o u t .  

The bas ic  i n t e g r a t i o n  c o n t r o l  parameter i s  the  maximum i n t e g r a t i o n  t ime 

step. Under c e r t a i n  cond i t i ons ,  which a l ready have been discussed i n  t h i s  

sect ion,  the  program w i l l  c u t  down the  s i ze  o f  the  i n t e g r a t i o n  t ime s tep by 

ha l v i ng  i t  up t o  a  s p e c i f i e d  number o f  t imes. Regular p r i n t o u t  occurs a t  

mu1 t i  p les  o f  the p r i n t  t ime s tep  parameter which i t s e l f  must be an i n t e g r a l  

mu1 t i  p l e  o f  the  maximum t ime step. 

The t ime eps i l on  parameter i s  the  absolu te  d i f ference between two com- 

puted times which must be exceeded f o r  them t o  be t r ea ted  as d i s t i n c t  by the 

program. When the  execut ion t ime 1  i m i t  parameter i s  non-zero, i t  causes the 

program t o  keep t r ack  o f  how much c e n t r a l  processing u n i t  (C.P.U.) t ime i t  

has used and s i gn  o f f  when t h i s  l i m i t  i s  exceeded. 



This program has b u i l t - i n  t e s t s  against  body i n j u r y  tolerances which 

lead t o  supplementary pages of p r i n t e d  output descr ib ing the v i o l a t i o n s  o f  

these tolerances and the probable i n j u r i e s  r e s u l t i n g .  The reader who i s  

in te res ted  i n  more d e t a i l s  beyond the X-card i n  Table 7 and the s e l f -  

*explanatory output  shown i n  Table 15 i s  d i rec ted  t o  Reference 28. An 

excel l en t o v e r a l l  treatment o f  the top i cs  considered i n  t h i s  sect ion w i  1 ? 

be found i n  Reference 32. 



4 . 5  USE OF THE PROGRAM I N  THE MICHIGAN TERMINAL SYSTEM 

Th is  program i s  designed t o  be used norma l l y  i n  batch mode. I t  i s  a l s o  

poss ib le  t o  exerc ise  t h i s  model from te rmina ls  w i t h  t he  use o f  a  companion 

program, TALK3. The b u l k  of t h i s  sec t i on  c o n s t i t u t e s  a  u s e r ' s  guide f o r  

TALK3. P i c t o r i a l  ou tpu t  can be prov ided by use of another companion program 

3DP which i s  discussed' i n  P a r t  5. 

Normal batch mode execut ion o f  the  program has i n p u t  coming i n  on SCARDS, 

normal ou tpu t  coming o u t  on SPRINT, and debugging ou tpu t  coming ou t  on l o g i c a l  

u n i t  number s i x .  By use of t he  Q-card i n  t he  data,  t he  i n p u t  stream can be 

changed t o  any o f  t he  l o g i c a l  u n i t  numbers zero through n i ne  wherever i n  the 

data deck t h a t  course of a c t i o n  m igh t  be usefu l .  Th is  o p t i o n  i s  thought t o  

a i d  i n  the  o rgan i za t i on  of data, bu t  has never been used i n  t he  Michigan 

Termi na l  System (MTS) . 
Two o the r  op t i ona l  outputs  a re  ava i  1  ab le  t o  p rov ide  "conversat ion" 

between the program and the two companion programs. These two op t ions  a re  

c o n t r o l l e d  by a sw i tch  i n  t he  R-card, s i x t h  f i e l d .  The spec ia l  output  f o r  

the p i c t o r i a l  program comes ou t  on l o g i c a l  u n i t  number one and t h a t  f o r  TALK3 

on l o g i c a l  u n i t  number two. 

The f u l l  r u n  statement f o r  the  program i n  MTS i s  

where 

DATA i s  a  f i l e  con ta in ing  the  i n p u t  data deck 

PICTORIAL i s  an empty f i l e  t o  ho ld  t he  spec ia l  ou tpu t  f o r  3DP 



SUMMARY i s  an empty f i l e  t o  hold the special  b inary  output f o r  

TALK3 

DEBUG i s  an empty f i l e  t o  ho ld  the a u x i l l a r y  output 

PRINTOUT i s  an empty f i l e  t o  hold the normal output  

Normal batch operat ion c a l l s  fo r  the run statement: 

Here both 6 and SPRINT defaul t  t o  *SINK* ( the  normal p r i n t  stream) and 1 

and 2 are unused by an appropriate value i n  the c o n t r o l l i n g  switch. Running 

the program over a terminal usua l ly  requi res a run statement: 

$RUN SP78 :THREED SCARDS=DATA ?=SUMMARY SPRINT=+DUWY* (or a f i 1e) 

w i t h  1 and 6 unused. 

4.5.1 GENERAL DESCRIPTION OF TALK3. The program TALKS presents a 

way of ex t rac t i ng  pieces of the normal p r i n t o u t  in format ion.  I t  i s  designed 

t o  be used i n  conversational mode, w i t h  the user being prompted f o r  

i ns t ruc t i ons .  However, once the user i s  f am i l i a r  w i t h  the program i t  would 

be easier  t o  put  the i ns t ruc t i ons  i n  a f i l e  which would decrease p r i n t i n g  

and time spent on the terminal .  

TALK3 i s  ca l l ed  using: 

$RUN SP78:TALK3 1 =SUMMARY 

where SUMM4RY i s  the f i l e  conta in ing the special  output from the 3-D model. 

The program begins w i t h  the statement 

'ENTER 6 I F  CONVERSATIONAL, 7 I F  NOT' 



For normal usage the  user w i l l  t ype 6. I f  t he  user wants t o  bypass con- 

ve r sa t i on  w i t h  the  program, a  7 should be entered. I n  t h i s  case t he  $RUN 

statement should be: 

$RUN SP78: TALK3 1=SUMMARY 4=INSTS 7=*DUMMY * 
where INSTS i s  t he  f i l e  con ta in ing  t he  i n s t r u c t i o n s  which would o therwise 

be g iven  by the user from te rmina l .  These i n s t r u c t i o n s  must conform t o  the  

requ i red  format.  Consequently, i n  t he  f o l l o w i n g  sect ions,  whenever i n s t r u c -  

t i o n s  must be entered, the format w i l l  be g iven.  

'ENTER 1  I F  GENERAL, 2 I F  CONTACT, 3  I F  COMPLEX, 4  I F  LIST, 5  I F  DONE' 

Format: (11) 

Enter  1, 2, 3 o r  4, depending on the  type o f  i n fo rmat ion  des i red  (see 

Sect ions 4.5.2, 4.5.3, 4.5.4, o r  4.5.5, r espec t i ve l y ) ,  o r  a  5  i f  you a re  

through us i n  g  the  program. 

4.5.2 THE GENERAL TYPE OF INFORMATION REQUEST. The r e s u l t s  o f  115 

d i f f e r e n t  va r iab les  a re  s to red  by the 3-0 model. (See Tables 21 and 22  f o r  

l i s t i n g s o f  these va r i ab l es . )  Th is  type o f  in format ion request w i l l  l i s t  

from one t o  f i v e  va r iab les  aga ins t  t ime i n  a  s p e c i f i e d  t ime per iod .  The 

"conversat ion"  i s  as fo l l ows :  

'HOW MANY VARIABLES ' 
Format: (11) 

Enter  a number from 1  t o  5  i n d i c a t i n g  t h e  number o f  va r i ab l es  t o  be l i s t e d .  

' ENTER VARIABLE NUMBERS ' 
' ( 1 ( 1 ( 1 ( ) ( 1 ' 
Format: (5 ( IX ,  13, I X ) )  

En te r  the  s p e c i f i e d  number o f  va r i ab l e  numbers (see Table 21 ) so t h a t  they 

appear under bu t  w i t h i n  the  sets  o f  parenthes is .  

'ENTER TIME INTERVAL ' 
'FROM ( ) t o  ( 1 
Format: (5X, F7.5, 4X, F7.5) 

Enter  the t ime i n t e r v a l  i n  t he  appropr ia te  p laces.  



A t  t h i s  p o i n t  the speci f ied information w i l l  be p r i n ted  and the program 

w i l l  r e t u r n  t o  the  in format ion type question. 

4.5.3 THE CONTACT TYPE OF INFORMATION REQUEST. There i s  a maximum o f  

40 contact in te rac t ions  fo r  which information i s  stored. This type o f  

in format ion request enables the user t o  ask about any o r  a l l  o f  t h i s  data. 

The communications are: 

' ENTER CONTACT NUMBER ' 

Format: (12) 

'ENTER ELLIPSOID NUMBER' 

Format: (12) 

The numbers entered here correspond t o  the numbers used i n  the 3-D 

model , w i t h  one exception. E f a zero i s  entered for e i t h e r  the contact 

number o r  the e l l i p s o i d  number, then a l l  possible combinations are i n v e s t i -  

gated. For example, i f  e l  1 i pso id  1 i s  the head, and 0 and 1 are entered, 

then the resu l t s  o f  any contact w i t h  the head would be pr in ted.  Note: Both 

the contact number and the e l l i p s o i d  number cannot be 0 a t  the same time. 

' ENTER TIME INTERVAL ' 
'FROM ( t o  ( I - (  ) = MAX. NO OF LINES TO BE PRINTED' 

Format: (5X, F7.5, 4X, F7.5, 5X, 13) 

I n  the f i r s t  two spaces enter  the time i n t e r v a l .  Since any l i n e  con- 

t a i n i n g  a l l  zeros w i l l  no t  be pr in ted ,  fo r  any t ime i n t e r v a l  there i s  an 

uncer ta in number of l i n e s  t o  be pr in ted .  The t h i r d  en t r y  enables the user 

t o  l i m i t  t h i s  p r i n t i n g .  For example, if the user i s  in te res ted  on ly  i n  when 

contact f i r s t  occurs, he would only  want t o  p r i n t  two o r  three time steps. 



I f  the  s p e c i f i e d  con tac t  d i d  n o t  occur dur ing  the  g iven  t ime i n t e r v a l  

no th ing  w i l l  be p r i n t e d  and t h e  program w i l l  prompt an i n fo rma t i on  type. 

I f  the  user  does n o t  possess t he  requ i red  knowledge o f  t he  con tac t  and e l l i p -  

so id  numbers used i n  t he  c rash  v i c t i m  s imu la to r  run, he i s  r e f e r r e d  t o  

Sect ion 4.5.5. 

4.5.4 THE COMPLEX TYPE OF INFORMATION REQUEST. Th is  type of informa- 

t i o n  request  answers such quest ions as what was the  head's r o l l  when i t  h i t  

the  door. The "conversat ion"  i s :  

' ENTER DECISION VARIABLE ' 

Format: (110) 

The dec i s i on  v a r i a b l e  w i l l  be t es ted  aga ins t  a  comparison value i n  o rder  

t o  determine the  t ime which w i l l  be p r in ted .  I n  the example above, the  

con tac t  f o r c e  o f  the  head aga ins t  t h e  door i s  t he  dec i s i on  va r i ab le ,  and 

we become i n t e r e s t e d  i n  seeing head r o l l  when t h a t  f o r c e  becomes p o s i t i v e .  

I f  the  dec i s i on  v a r i a b l e  i s  one o f  the  115 va r i ab les  f rom Sect ion 4.5.2, 

i t s  number i s  s imply  entered. I f  the  v a r i a b l e  i s  a  CONTACT quan t i t y ,  a code 

should be entered which i s  made up as fo l lows:  

D i g i t  1: 1  (To i n d i c a t e  a con tac t )  

D i g i t s  2 & 3: Contact Number 

D i g i t s  4 & 5 :  E l l i p s o i d  Number 

D i g i t  6: A number f rom 1  t o  5 represen t ing  the  q u a n t i t y  of 
i n t e r e s t  i n  t he  con tac t  t h a t  was s p e c i f i e d  

1  = Force 

2  = D e f l e c t i o n  Value 



3 = Def lec t ion  Rate 

4 = X - Impact 

5 = Y - Impact 

For example: 105043 represents the  def lec t ion  r a t e  of the contact i n t e r -  

ac t ion  between surface 5 and e l l i p s o i d  4. A zero cannot be entered here f o r  

contacts o r  e l  1 ipsoids. 

' ENTER COMPARISON VALUE ' 

Format: (F15.8) 

This i s  the value w i t h  which the decls ion var iab le  w i l l  be compared. 

'ENTER COMPARISON MODE - 1 i f  GT, 2 i f  LT' 

Format: (11) 

Enter 1 i f  the  per iod of i n t e r e s t  i s  when the decis ion v a ~ i a b l e  surpasses 
4 

the comparison value. 

Enter 2 i f  i t  i s  t o  be surpassed by the comparison value. 

' HOW MANY VARIABLES ' 

Format: (11) 

Enter the number o f  var iables t h a t  w i l l  be p r in ted  when the  decis ion var iab le  

reaches i t s  c r i t i c a l  value, (Maximum = 4) 

' ENTER VARIABLE NUMBERS' 
( I (  I  ( 1 ( ) 

Format: (4(1X, 16, 11) 



TABLE 21. VARIABLES ( i n  numerical order)  

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Head 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehi c l  e 

X-Disp 

X-Di sp 

X- D i  sp 

X-Di sp 

X-Vel 

X- Vel 

X- Vel 

X- Vel 

X- Accel 

X- Accel 

X-Accel 

X- Accel 

Y-Disp 

Y-Disp 

Y-Di sp 

Y-Disp 

Y-Vel 

Y-Vel 

Y-Vel 

Y-Vel 

Y-  Accel 

Y -Accel 

Y -Accel 

Y-Accel 

2- D i  sp 



TABLE 21. VARIABLES (page 2) 

Head 

Torso 

Legs 

Vehi c l  e 

Head 

Torso 

Legs 

Vehi c l  e 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehi c l  e 

Head 

Z-Di sp 

Z-Disp 

Z-Disp 

E- Vel 

2-Vel 

Z- Vel 

Z- Ve I 

2- Accel 

Z- Accel 

Z- Accel 

2- Accel 

Y aw-Di sp 

Yaw-Disp 

Yaw-Di sp 

Yaw-Disp 

Yaw-Vel 

Y aw-Vel 

Yaw-Vel 

Yaw-Vel 

Yaw- Accel 

Yaw-Accel 

Y aw-Accel 

Y aw-Accel 

Pitch-Disp 

P i  tch-Disp 



TABLE 21. VARIABLES (page 3) 

Head 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehi c l  e 

Head 

Torso 

Legs 

Vehicle 

Head 

Torso 

Legs 

Vehicle 

Vehi c l  e 

Torso 

Legs 

Vehi c l  e 

Head 

Torso 

Legs 

B e l t  Load 

Be1 t Load 

B e l t  Load 

P i  tch-Di sp 

Pi tch-Disp 

P i  tch-Vel 

P i  tch-Vel 

P i  tch-Vel 

P i  tch-Vel 

P i  tch-  Accel 

P i  tch-Accel 

P i  tch-Accel 

P i  tch-Accel 

Rol l -Disp 

Rol l-Disp 

Rol l-Disp 

Ro l l  -Di sp 

Ro l l  -Vel 

Ro l l  -Vel 

Ro l l  - Vel 

Ro l l  -Vel 

Ro l l  -Accel 

Ro l l  -Accel 

Ro l l  -Accel 

Ro l l  -Accel 

L. Shoulder 

R. Shoulder 

L e f t  Seat 



TABLE 21. VARIABLES (page 4) 

B e l t  Load 

Be1 t Angles 

J o i n t  Elast ,  

Be1 t Angles 

Jo in t  Elast.  

Be1 t Angles 

J o i n t  Elast .  

Be1 t Angles 

J o i n t  Elast.  

Be1 t Angles 

J o i n t  Elast .  

Be1 t Angles 

J o i n t  Elast.  

Be1 t Angles 

J o i n t  Stop 

Be1 t Angles 

Jo in t  Stop 

Be1 t Angles 

J o i n t  Stop 

Be1 t Angles 

J o i n t  Stop 

Be1 t Angles 

J o i n t  Stop 

Be1 t Angles 

J o i n t  Stop 

Right Seat 

L. Shoulder-X 

Neck Yaw 

L. Shoul der-Y 

Neck P i t ch  

L. Shoul der-Z 

Neck Ro l l  

R. Shoul der-X 

Hip Yaw 

R. Shoul der-Y 

Hip B i tch  

R. Shoulder-Z 

Hip Rol l  

L e f t  Seat-X 

Neck Yaw 

L e f t  Seat-Y 

Neck P i t ch  

L e f t  S e a t 4  

Neck Ro l l  

Right Seat-X 

Hip Yaw 

Right Seat-Y 

Hip P i t ch  

Right Seat-Z 

H i p  Ro l l  



TABLE 21. VARIABLES (page 5)  

Eul er Angle 

Eul er Angl e 

Eul er Angl e 

Eul e r  Angle 

Eul e r  Angl e 

Eul er Angle 

H i p  Pos i t ion  

H ip  Pos i t ion  

H i p  Pos i t ion  

Head Yaw 

Head P i t c h  

Head R o l l  

Legs Yaw 

Legs P i t c h  

Legs R o l l  

X 

Y 

z 



TABLE 22. VARIABLES ( i n  alphabetical  order) 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

B e l t  Angles 

Be1 t Angl es 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

Be1 t Angles 

Be1 t Load 

B e l t  Load 

Be1 t Load 

Be1 t Load 

Eul e r  Angle 

Euler Angle 

Eul e r  Angle 

Eul e r  Angle 

Eul e r  Angle 

Eul e r  Angle 

Head 

Head 

Head 

L e f t  Seat-X 

L e f t  Seat-Y 

L e f t  Seat-Z 

L e f t  Shoul der-X 

L e f t  Shoul der-,Y 

L e f t  Shoulder-Z 

Right Seat-X 

Right Seat-Y 

Right Seat-Z 

Right Shoul der-X 

Right Shoul der-Y 

Right Shoul der-Z 

L e f t  Seat 

L e f t  Shoulder 

Right Seat 

Right Shoulder 

Head-Pi t ch  

Head-Rol 1 

Head-Yaw 

Legs-Pi t c h  

Legs-Rol 1 

Legs-Yaw 

P i  tch-Accel 

Pi tch-Disp 

P i  tch-Vel 



TABLE 22. VARIABLES (page 2)  

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Head 

Hip Pos i t i on  

Hip Pos i t i on  

Hip Pos i t i on  

J o i n t  E las t i c !  t y  

J o i n t  E l a s t i c i t y  

J o i n t  E l a s t i c i t y  

J o i n t  E l a s t i c i t y  

J o i n t  E l a s t i c i t y  

J o i n t  E l a s t i c i t y  

J o i n t  Stop 

Ro l l  -Accel 

Ro l l  -Di sp 

Rol 1-Vel 

X-Accel 

X-Disp 

X-Vel 

Y -Accel 

Y-Disp 

Y-Vel 

Yaw-Accel 

Yaw-Disp 

Yaw-Vel 

2- Accel 

Z- Di sp 

Z-Vel 

X 

Y 

z 
H ip  P i t c h  

Hip Ro l l  

H ip  Yaw 

Neck P i t c h  

Neck Ro l l  

Neck Yaw 

Hip P i t c h  



TABLE 22. VARIABLES (page 3) 

J o i n t  Stop 

J o i n t  Stop 

J o i n t  Stop 

J o i n t  Stop 

J o i n t  Stop 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Legs 

Torso 

Torso 

H i p  Rol l  

H i p  Yaw 

Neck P i t c h  

Neck Ro l l  

Neck Yaw 

Pi tch-  Accel 

Pf tch-Disp 

P i  tch-Ye1 

Rol l  -Accel 

Ro l l  -Di sp 

Ro l l  -Vel 

X- Accel 

X-Disp 

X- Vel 

Y -Accel 

Y-Disp 

Y-Vel 

Yaw- Accel 

Yaw-Di sp 

Yaw-Vel 

Z- Accel 

Z-otsp 

Z-Ye1 

P i  tch-Accel 

P i  tch-Di sp 



TABLE 22. VARIABLES (page 4)  

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Torso 

Vehic le  

Vehic le  

Vehi c l  e 

Vehi c l e  

Vehic le  

Vehic le  

Vehic le  

Vehic le  

Vehic le  

P i  tch-Vel 

R o l l  -Accel 

Ro l l  -Di SP 

Ro l l  -Vel 

X- Accel 

X-Di sp 

X-Vel 

Y-Accel 

Y-Disp 

Y-Vel 

Yaw- Accel 

Yaw-Disp 

Yaw-Vel 

2- Accel 

Z-Di sp 

Z-Vel 

P i  tch-Accel 

P i  tch-Di  sp 

P i  tch-Vel 

R o l l  -Accel 

Ro l l -D isp  

Ro l l -Ve l  

X- Accel 

X-Disp 

X- Vel 



TABLE 22. VARIABLES (page 5) 

Vehicle 

Vehi c l  e 

Vehicle 

Vehicle 

Vehi c l  e 

Vehicle 

Vehicle 

Vehicle 

Vehicle 

Y -Accel 

Y-Disp 

Y-Vel 

Yaw- Accel 

Yaw-Disp 

Yaw-Vel 

Z-Accel 

2-Di sp 

Z-Vel 



Enter the  spec i f ied  number of v a r i a b l e  numbers. Again, any o r  a l l  o f  these 

va r i ab les  may be coded as mentioned above. 

' ENTER TIME INTERVAL ' 

'FROM ( ) TO ( ) ' 

Format: (5X,  F7.5, 4X, F7.5) 

Enter  the  t ime i n t e r v a l  f o r  which the  search should be made. 

The ou tpu t  of t h i s  sec t i on  cons is ts  o f :  

1. The t ime a t  which the  c r i t i c a l  value was reached. 

2 ,  The va lue o f  t he  dec is ion  va r i ab le .  

3. The values o f  the va r i ab les  a t  t h a t  t ime ( i n  the  o rder  t h a t  they 
were given, i f  there  i s  more than one). 

4.5,5 THE LIST TYPE OF INFORMATION REQUEST. Th i s  type o f  in fo rmat ion  

request w i l l  s imply l i s t  bo th  a l l  the  contact  surfaces which were used i n  

the s imu la to r  r un  together  w i t h  t h e i r  numbers and a l l  the e l l i p s o i d s  used. 

Two tab les  f o l l o w  which con ta in  l i s t i n g s  o f  the  v a r i a b l e  numbers w i t h  

the var iab les  f i r s t  i n  numerical order  then i n  a lphabet i ca l  order .  

4.6 OVERALL PROGRAM ORGANIZATION AND FLOW 

The o v e r a l l  f unc t i ona l  l ayou t  o f  the  program i s  imp l i ed  by the  i n t e -  

g r a t i o n  techniques employed (see Sect ion 4 . 4 ) .  The program i s  segmented 

so t h a t  the s o l u t i o n  of Equation ( 2 . 2 . 3 )  f o r  the  genera l ized acce le ra t ions  

i s  accompl i shed by p rov id i ng  subrout ine ACCEL w i t h  the cu r ren t  t ime, gen- 

e ra l  i zed coordinates, and general i zed v e l o c i t i e s .  CARTIN i s  a subrout ine 

which given t ime produces the  v e h i c l e  coordinates, v e l o c i t i e s ,  and accel e r -  

a t ions.  Figure 46 shows the  o v e r a l l  f l ow  o f  the program i n  terms o f  c a l l s  

t o  these two subroutines. 
I 



DO ADAMS-MQULTON 
IF ENOUGH POINTS 
OR LESSER RULE DO MILNE-HAMMING 

OF SAME KIND USING * INTEGRATION 
CARTIN AND ACCEL USING CARTIN 

AND ACCEL 

UP 
TIME 

Fi gure 46. Flow Diagram f o r  Three-Dimensional 
Victim Simulator 
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A1 1 var iab les  are f i  r s t  i n i t i a l  i zed  and accelerat ions are computed a t  

t ime zero. A t ime step i s  then chosen and new accelerat ions computed. 

Based on t h i s  p red ic ted  value, a corrected value i s  obtained us ing a d i f -  

ferent  mathematical forward p red i c t i on  r u l e .  This i t e r a t i v e  p red i c to r -  

co r rec to r  method i s  used u n t i l  a convergence t e s t  i s  passed. An add i t i ona l  

procedure whi ch i s  appl i e d  i s  the  1 im i  t i n g  procedures discussed i n  Section 

4 .4 .  These t e s t s  occur i n  the f l ow  diagram w i t h i n  the  boxes which s t a t e  

t h a t  one o r  the o ther  i n teg ra t i ons  should be done. A f t e r  acceptable accel-  

e ra t ions  are determined, the  equations are in tegra ted  t o  g ive f i n a l  values 

fo r  ve loc i t i es ,  displacements, and o ther  quan t i t i es  as requ i red  and the i n -  

formation stored f o r  l a t e r  output.  

4.7 SUBPROGRAM DESCRIPTIONS AND FLOW 

The physical organizat ion o f  the program consis ts  o f  a main program, 

t h i  r ty - two subprograms, and twenty-one For t ran and MTS u t i  1  i t y  rou t ines  . I n  

what fo l lows,  the  main program w i l l  be t r ea ted  as a subprogram which i s  

named MAIN and i s  simply c a l l e d  f i r s t .  

Table 23 contains a shor t  descr ip t ion  o f  each o f  the  t h l r t y - t h r e e  sub- 

programs together  w i t h  fou r  columns of in format ion about i n te rac t i ons  and 

communication between them. The Flow Sequence i s  a ser ies o f  statements 

about pa r t s  o f  a program which i nd i ca te  the steps t h a t  are taken and i n  

what order and can be considered a f low diagram t h a t  has been w r i t t e n  out.  

A f l ow  sequence can be as elaborate as the whole program given step by step 

i n  Engl ish o r  as simple as a general desc r ip t i on  o f  purpose. I n  order  t o  

f a c i l  i t a t e  i d e n t i f i c a t i o n  of which par ts  o f  the program code which corres- 

pond t o  each o f  the f l ow  sequence statements, a "Statement Locat ion" column 

has been provided. The statement l o c a t i o n  cons is ts  o f  a range o f  For t ran 











TABLE 23. SUBPROGRAM SPECIFICATIONS AND APPEARANCES (Continued) 

Comnons 

BUG,LD, 
ULP , 
ULT 

NONE 

PP 

C,T, 
U,XX 

AC,BC, 
BV,CART, 
CON, DUM, 
EP,IC, 
JC,LB. 
MC.PP, 
T .TAB, 
TC,TL, 
TOL,U, 
XX 

Nuarber 

19 

20 

7 

22 

24 

Statement 
Location 

tNT-1 B 
1 - 26008 

2600-END 

Subprogram 
Name 

NEWLOF 

N UP AGE 

PAGE4 

PMIL 

- 7 3 - 7  

READAT 

Subprograms 
Cal l  ed 

STASH 
SUMRY 
EMINl 
ERROR 
TITLE 

NNE 

NONE 

c,r,xx--m 

DEBUG 
DETAB 
ENTAB 
I NTM 
NUPAGE 
REDTAB 
RELCLE 
TITLE 
DABS 
DCOS 
DFLOAT 
DMAXl 
DSIN 
DSQRT 
lDINT 
MAX0 
T I E  

Flow Sequence o r  Descript ion 

Compute force given def lec t ion and def lect ion-rate 
using Equation (2.4.11). 

Check t o  see i f  output page i s  f u l l  and i nse r t  page 
e j ec t  and t i t l e  i f  so. 

m h o o f  as page 
f i v e  o f  Table 15. 
Compute Milne pred ic tor  Hi t h  Hamning's modif icat ion 
using the f i r s t  four formulas i n  Equation (4.4.1). 
Compute Adams pred ic tor  using the f i r s t  o r  t h i r d  
p a i r  o f  formulas i n  Equation (4.4.2) o r  i f  fewer 
points, the f i r s t ,  th i rd ,  o r  f i f t h  p a i r  o f  formulas 
i n  Equation (4.4.4) depending on the number o f  
points. 
Do i n i t i a l i z a t i o n  o f  a l l  basic quant i t ies  f o r  run. 
For each card i den t i f i ca t i on  l e t t e r  A through Y go 
t o  corresponding section o f  code whi.:;? converts 
un i t s  and stores the quant i t ies  present on the card 
i n  the proper comnon. Then go back and read another 
card. This process i s  terminated ncjrmally by a Z- 
card. .- 
For a Z-card, do data checking, conversion, and im-  
mediate i n i t i a l i z a t i o n s  i n  f i n a l  preparation Tor 
executing the simulator. P r i n t  the normal p r in tou t  
containing input quant i t ies shown as Table 9. 

I 

Subprograms 
Call i ng  

BELT 
CONTAC 

READAT 

SUMRY 

MAIN -- 

MAIN 

Special 
Output 

DBI 0 
E6 

NONE 

NONE 

NONE 

NONE- 

t 4  



TABLE 23. SUBPROGRAM SPEC1 F I  CATIONS AND APPEARANCES (Continued) 

Number 

2 5 

26 

27 

28 

29 

30 

Subprogram 
Name 

R t  DTAB 

RELCLE 

RK 

SPX 

SPY 

STASH 

Statement 
Location 

Speci a1 
Output 

N r  

NONE 

NONE 

DBIG 

DBIG 

DB3 
DB14 

. 
Flow Sequence o r  Descr ip t ion  

I n i t i a l i z e  a l l  deaccelerat ion tab les  t o  zero and 
se t  s i z e  parameters. 
Convert i n i t i a l  condi t ions w i t h  respect  t o  veh ic le  
system i n t o  equ iva lent  values w i t h  respect  t o  fner-  
t l a l  system. 

Set up constants f o r  desired Runge-Kutta method and 
and in teg ra te  a s t a r t i n g  p o i n t  us ing Equation (4.4. 
3). 
Compute the head anter ior-pos t e r i  o r  accel e r a t i o n  
component and r e t u r n  as argument XHPP. 

Compute the head 1 a t e r a l  accel e r a t i  on component , 
the chest an te r io r -pos te r io r  acce lera t ion  conponent, 
and t h e  chest  s u p e r i o r - i n f e r i o r  acce lera t ion  com- 
ponent and r e t u r n  as arguments YHPP, XCPP, ZCPP 
respective1 y. 
Store  one t ime p o i n t  i n  accumulating arrays f o r  a 
page o f  normal p r i n tou t .  I f  t h i s  time p o i n t  com- 
p le tes  a f u l l  page, c a l l  SUMRY t o  p r i n t  page. I f  
e i t h e r  o r  both o f  the specia l  outputs f o r  TALK3 and 
3DP respec t i ve l y  are desired, add the in format ion  
from the  cur rent  t ime i n  the  form o f  an add i t i ona l  
record, accumulate the seve r i t y  index i n teg ra t i on .  

Subprograms 
Cal l e d  

NONE 

DARSIN 
DATAN2 
DCOS 
DS IN 
ACCEL 
CART IN 

NONE 

NONE 

SPX 
SPY 
S UMRY 
DABS 

1 

Commons 

PERD, 
TAB 
DUM 

EP,T, 
U,XX 

BUG, 
DUMST, 
TG,U, 
XCN 
BUG, 
DUM,T, 
TG,U, 

AC,BC, 
BUG,BV, 
CART. 
CNT,CON, 
DUM,EP, 
IC,JV, 
MC,SS, 
sw,sz, 
T,TC, 
TG,TL, 
TOL,U. 
XCN 

Subprograms 
Ca l l i ng  

READAT 

READAT 

MAIN 

STASH 

STASH 

NEWLOF 
MAIN 



Number 

31 

32 

33 

- - .  - -  

ori ntout .  

Flow Sequence o r  Descr ip t ion  

P r i n t  one page o f  bu l k  o f  normal p r i n t o u t  shown as 
Tables 10, 11, 12, 13, 14 and.page one o f  15. Then 
c a l l  rou t ines  which produce the supplementary i n -  
j u r y  p r i  ntout .  
Increment page count, i n s e r t  page e jec t ,  and p r i n t  
the  three-1 i ne  t i t l e  f o r  t he  new ~ a q e  o f  normal 
r -  I I I SUMRY 
Update specia l  arrays which contain t9e  values o f  I JV,TC NONE MAIN 

Subprogram 
Name 

SUMRY 

TITLE 

UP DATE 

A 
c e r t a i n  q u a n t i t i e s  a t  the l a s t  establ ished t ime 
p o i n t  i n  f i n a l  preparat ion f o r  accepting the cur- 
r e n t  t ime p o i n t  as establ ished. 

Statement 
Location Comnon 

BC,CON, 
PP.SS, 
SW,SZ, 
TL,TOL 
TL 

Special 
Outpul = 

NONE 

--Rim- 

TABLE 23. SUBPROGRAM SPECIFICATIONS PuhiD APPEARANCES (Concl uded) 

Subprograms 
Cal l  ed 

DESCPT 
EXCES 
PAGE4 
TITLE 
NONE 

Subprograms 
Cal l  i n g  

NEWLOF 
MAIN 
STASH 

DESCPT 
NUPAGE 



TABLE 24. LIBRARY FUNCTION DESCRIPTIONS 

1. ABS 

2. DABS 

3. DARCOS 

4. DARSIN 
5. DATAN2 

6. DCOS 

7. DFLOAT 

8. DMXI 

9. DMINl 

10. DMOD 

11. DSIGN 

12. DSIN 
13. DSQRT 

14. ERROR 

15. IDINT 

16.  LAND 

17. MAX0 

18. MINO 

19. SHFTR 

21. TIME 

In teger  absolute value o f  an' i n tege r  argument. 

Double prec is ion  absolute value o f  a double prec is ion  argu- 
ment. 

Double prec is ion  arccosi ne o f  a double prec is ion  argument. 

Double prec is ion  arcs ine o f  a double prec is ion  argument. 

Double p rec i s ion  arctangent o f  two double prec i  s ion  arguments. 

Double prec is ion  cosine o f  a doubl e p rec is ion  argument. 

Convert i n tege r  argument t o  double prec i  sion. 

Obtai n maximum o f  two o r  more double prec is ion  arguments. 

Obtain minimum o f  two o r  more double prec is ion  arguments. 

Obtain double prec is ion  argument one modulo double prec is ion  
argument two. 

Obtain s ign  of double prec is ion  argument two times the  magni- 
tude o f  double prec is ion  argument one. 

Double prec is ion  s ine  o f  a doubl e p rec is ion  argument. 

Double prec is ion  square r o o t  o f  a double prec is ion  argument 
(which must be pos i t i ve ) .  

Return cont ro l  t o  MTS t o  terminate execution and t r i g g e r  a 
hexadecimal memory dump i f  t h a t  has been permi t ted by the 
user?3 

Obtain the l a r g e s t  in teger  ( i n  magnitude) i n  a double pre- 
c i s i o n  argument. 

Obtain a b i  twise l o g i c a l  "and" o f  two f u l l  word arguments 
( i  .e, , the r e s u l t  has b i t s  on on ly  i f  the corresponding b i t s  
o f  both arguments are on)!) 

In teger  maximum o f  two o r  more i n tege r  arguments. 

In teger  minimum o f  two o r  more i n tege r  arguments. 
The f i r s t  f u l l  word argument i s  s h i f t e d  r i g h t  by the  number 
o f  b i t s  spec i f i ed  by the second in teger  argument. 

Solve the s e t  o f  simultaneous l i n e a r  equations AX=B by 
Gaussian e l  im ina t ion  (see KS Vol . 3, page 235) 6 3  
Al low the user easy access t o  the elapsed time, CPU t ime used, 
t ime o f  day, and the date i n  convenient u n i t s  (see MTS Vol . 
3, page 257)?3 



TABLE 25. LABELED COMMON DESCRIPTIONS 



TABLE 25. LABELED COMMON DESCRIPTIONS 
(continued) 



statement numbers which includes the code which i s  being ta lked about. Often 

there w i l l  be no statement number on the ends o f  the code t o  be dfscussed. 

This problem i s  handled by appending a s u f f i x  o f  "B" o r  "F" (which means 

"beforeN o r  "a f te r "  respect ive ly )  t o  a nearby statement number. "END" desig- 

nates the physical l a s t  stateIWnt o f  the subprogram (and "ENT" the f i r s t ) .  

The "Comns"  column l i s t s  i n  a lphabet ica l  order a l l  the labeled comnans 

used fo r  comnuni ca t ion  between t h i s  subprogram and others. The "Subprograms 

Called" column l i s t s  a1 1 the o ther  subprograms i n  a lphabet ica l  order which 

t h i s  one uses fol lowed by a 1 i s t  o f  a1 1 ' t h e  1 i brary functions used. "Subprograms 

Ca l l  ing" l i s t s  a l l  the subprograms which use t h i s  one. "Special Output" 

l i s t s  a l l  the a u x i l l a r y  output which eminates f r o a  t h i s  subprogram. A p r e f i x  

o f  "DB" ind icates the debug swi tch number faund ? n  Tables 17 ard 18" A pre- 

f i x  of "E" ind icates the number o f  the e r r o r  message i n  the order found i n  

Table 19. 

Table 24 l i s t s  each o f  the l i b r a r y  funct ions used and gives a b r i e f  

descr ip t ion  o f  each. Table 25 presents a l l  the labeled commons, the sub- 

programs which share each one, and an i n d i c a t i o n  about the type o f  informa- 

t i o n  each contains. 

4.8 SYMBOL DI CTIONARY 

This sect ion consists o f  three tables which o f f e r  an a i d  t o  a more de- 

t a i l e d  examination o f  the program code and i t s  correspondence t o  the analys is  

behind the code. 

Table 26 i s  the main symbol d i c t i ona ry  which i s  ordered on the Fortran 

name given t o  each quan t i t y .  The "Symbol" column contains the a n a l y t i c a l  

synbol used i n  Par t  2 and/or 4.1. The t h i r d  column gives e i t h e r  the labe l  of 

the  common i n  which t h i s  var iab le  resides o r  the  name o f  the subprogram i n  

wnich i t  i s  used i f  i t  i s  no t  shared between subprograms. Columns fou r  and 



f i v e  are used together t o  d e t a i l  q u a n t i t i e s  which have been stored i n  arrays 

instead o f  i nd i v idua l  var iables.  I f  a number appears i n  column f i v e ,  i t  re-  

f e r s  t o  the corresponding value i n  the f i r s t  column o f  Table 28 which def ines 

the quant i ty  o r  type o f  in format ion f o r  each value o f  the subscr ip t  up t o  the 

number i n  the  'Dimensionn column. 

Table 27 i s  provided t o  ease g e t t i n g  from the analys is  t o  the program 

code and i s  ordered on symbol. Table 28 spec i f i es  the  meanings o f  most o f  

the subscripts used i n  arrays. 



TABLE 26. SYru830L DICTIONARY 

C 
a 
L 

f 5 
,LL Z 

A 

AC 

ACCM 

ACN 

- 

Symbol 

6 

- 

- 
32,  i, 
- 

Subprogram 
o r  Comnon 

NEWLOF 

CON 

E P 

XCN 

Def l ' n i t i on  

Argument , t o  t a  1 de f  1 ec- 
t i o n ,  F iqure 7. 
Storage f o r  corner  p o i n t  : 

coord inates o f  con tac t  
surfaces. 

Ext rapol  a t i o n  change 1 im-  
i t .  
Accel era ti ons o f  body 
segment centers  o f  grav- 

C 
0 

'5; 

.p 
n 
1 

300 
10 

1 

9 

I 

Un i t s  o r  
Subscr ip t  
Reference 

i n .  

32 
1 

- 

2 
i n l s e c 2  



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

+ 

Def in i t ion  
Be1 t force  p r i n t o u t  stor-  

Units o r  
Subscript 
Reference 

35 

C 
0 

Z 

. 
n 
41 

1 

Subprogram 
or  Comnon 

BEL 

C 
a 
L 
4~ Q, 

5 
LL 2 

' BEL 

1 

Symbol 
- 



TABLE 26. SYMBOL DICTIONARY 
(Con ti nued) 

2 

k f i n i  t i o n  

Cosines o f  general i zed 
anql es. 
I emporary storage f o r  
numerical f i e l d s  o f  i n p u t  
data cards, 
Vehic le  k inematics.  

Intermediate r e s u l t s   fro^ 
body segments i n  contact  
surface l e v e r  arms. 
I n t e r w d i a t e  resu l  t s  frorr 
body segments i n  contact  i 
sur face 1 ever arms. 
In termediate r e s u l t s  f r o  
body segnents f n contact  
sur face lever ams .  
Computed d e f l e c t i o n  a t  
which f o r ce  w i  11 go zero 
dur ing  sa tu ra t i on  un- 
1 oadi ng . 
Th i rd  Runge-Kutta accel-  
e r a t i o n  eva lua t ion  times 
the t ime step. 
Body segment center  of 
g r a v i t y  coordinates. 
I n i t i a l  cond i t ions  which 
end up i n e r t i a l .  
Contact f o r ce  p r i n t o u t  

7 

C 

CARD 

CAqTV 

C C 

C D 

CE 

CEPT 

CF 

C I 

C K 

3 
4 
8 

3 
6 
9 
3 

6 
3 

9 
3 

26 
10 

12 

3 
3 
36 

5 23 storage. 

Uni ts  o r  
Subscr ip t  
Reference 

6 
18 - 

19  
20 , - 
21 

- 
21 

- 
2i 

- --- 
39 
33 

3 

10 
21 
22 

3 5 

1 

Symbol 
- 

- 

- 
- 

- 

- 

- 

A ~ K ~ ,  

- 
- 
- 

I lNST 

NTOL 
1 

COKTOL 
I 
1 CSITOL 

I 

Subprogram 
o r  Comnon 

TG 

~ D A T  

CART 

CONTAC 

CONTAC 

CONTAC 

ULP 

RK 

CONTAC 

RtADAT, R t L C L E  

S Z 

- 

- 
- 
- 

TAB 

TOL 

TOL 

TOL 

100 
6 
2 
1 

1 

1 

37 
20 
40 
rad/secL 

1 bs 

g-uni t s  

Storage f o r  dece le ra t ion  
t a b l e  computed slopes and 
in te rcep ts .  
Tolerance 1 i m i t  f o r  p i t c h  
concussion. 
Tolerance 1 i m i t  f o r  chest 
force.  
Tolerance 1 i m i  t f o r  chest 
s u p e r i o r - i n f e r i o r  accel - 
e r a t i  on. 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

D e f i n i t i o n  

Contact output storage 
between CONTAC and STASH. 
Storage f o r  deceleration 

Units o r  
Subscript 
Reference 

23 
36 

c 
a 
L 
c, aJ 
L E 
L Z  

CT 

T 

- 

Subprogram 
or  Comnon 

I C 
Symbol 
- 

5 
Y 

6 
5 
40 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

c 
0 

C 
n;l 
L 

' Uni ts  o r  
c, Q) 
L E 

Subprogram Subscript 
o m  Symbol o r  Common Reference 
u- z n D e f i n i t i o ~  

MAT - - CONTAC 9 1 in/sec Contact surface corner 
coordi nate ra tes .  



TABLE 26. SYMBOL DICTIONARY 
( Con t 1 nued) 

FED 

F K 

t- KE 
FT 

- 

k 

- - 

JOINT 

CORAC 

SUMRY 
CONTAC 

1  

1  

1  
1 

- 

- 

i n . l b .  
Ib. 

d e f l e c t i o n  r a t e  and l e v e r  
arm c a l c u l a t i o n s .  
In te rmed ia te  r e s u l t  i n  
j o i n t  l e v e r  arm f o r  r o l l  
c a l c u l a t i o n .  
Normal izat ion f a c t o r  i n  

- 
contact  c a l c u l a t i o n s  f o r  
d e f l e c t i o n .  
To ta l  k i n e t i c  energy. 
To ta l  contac t  f o r c e .  

1 



TABLE 26. SYMBOL DICTIONARY 
( ContJ nued) 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

Units o r  
Subscript 
Reference 

- - 

E 
(O 
L 

5 5 
L Z  

71 
I I 

Def in i  t i o n  

General index. 
Argument which i s  switch 

Symbol 
- - 

Subprogram 
o r  Common 

MANY 
LIMIT 

-*.---.-- 

r 

c 
0 

f 
25 
1 
1 

I N  

-lTTCI 

j 

~ I O Y E R  

I 

- 
- 

- 

- 

TITLE. 

R ~ D A T  

~m RE D 

STASH 

I 1 
P P t IP 

3 
3 
1 

1 

1 

- 3 
6 

- - 
- 

- 

- 

current  time in te rva l .  
EBCD o f  p r i n t o u t  p a r t  
s u b t i t l e  labels .  
Input ted switch cont ro l -  
l i n g  the conversion o f  
i n i t i a l  condit ions. 
Switch t o  r e c o 3 E e  t i e  
f i r s t  time through these 
rout ines a f t e r  loading t o  
i n i t i a l i z e  constants. 
Argument which i s  non- 
zero causes by-passing of 
the normal p r i n t  time 

- - 

t e s t  i n  order t o  record 
data f o r  p r i f l t ing .  
P robab i l i t y  event l abe l  
storage. - 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

# 

c 
C 

0 

m 
L 

'5; U n i t s o r  
C, Q) Subprogram Subscript  
k 5 Symbol o r  C m n  .- Reference 
u z o D e f i n i t i o n  
IPAGE - T t  1 - P r i n t o u t  page counter.  
I PC - E P 1 - Input ted pred ic tor -  

u r t h e s t  from seat 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

C 

C 
a 
L 
C, Q) 

LL Z 

ISTIFF 

I SWT 

ISWT 

IT 

T A B  

Symbol 
- 

- 

- 

- 

Subprogram 
o r  Comnon 

TOL 

G ~ V  

UL P 

MAIN 

C 
0 

' 

n 
1 

1 

26 
10 

1 

I 

U n i t s o r  
Subscr ipt  
Reference 

- 

- 

39 
33 

- 

. 

D e f i n i t i o n  - 
Input ted  swi tch speci fy-  
i n g  s t i f f  o r  f l e x i b l e  
to rso  f o r  purpose o f  an- 
gul ar to1 erance defaul t 
l l m i  t s .  
Switch %Ri?h causes tab1 e 
i n t e r p o l a t i o n  t o  be sus- 
pended, invoked on ly  f o r  
debug cont ro l  word t a b l e  
(number seven). 
Switch which records l a s t  
s ta tus  s f  each in te rac-  
t i o n  o f  p o s s i b i l i t i e s  
shown i n  Figure 7. 
Correct ion number index 

I 

- 7 ' m I l T  

i n  tile Adams-Maul ton typ2  
o f  predi  c to r -cor rec tor .  

umber o f  decelerat ion 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

c 
fu 
L 
+J w 
5 

LL z 

MM 

T 

Symbol 
- 

C 
0 
.r * 

Subprogram 
or Common 

CONTAC, RELCLE , S U ~ Y  

Units or  
Subscript 
Reference 

1 

1 * 

D e f i n i t i o n  
- General index. 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

i 

D e f i n i t i o n  

In termediate r e s u l t s  used 
i n  m a t r i x  and c e n t r i f u g a l  
f o r ce  vector .  
D i f fe rence  between pre- 
d i c t e d  and cor rec ted  ve l -  
o c i  t i e s .  
D i f fe rence  between pre- 
d i c t e d  and cor rec ted  gen- 
e r a l  i zed coordinates. 
J o i n t  1 ever arms, 

B e l t  l e v e r  arms. 

Vest iga l ,  pe r i od  o f  a  
pe r i od i c  t ab le .  
Value o f  n .  
Value o f  n/2. 
P r o b a b i l i t i e s  o f  i n p u t t e d  
events. 
To ta l  p r o b a b i l i t y  o f  com- 
b ined event. 
In termediate resu l  t used 
i n  j o i n t  yaw l e v e r  arms. 
Pred ic ted  general i zed 
v e l o c i t i e s .  
Pred ic ted  genera l ized co- 
o rd ina tes .  

' -Tota l  general i zed force 
vector ,  
Be1 t general l zed f o r c e  
vec to r .  
Grav i t y  general i zed  f o r ce  
vector .  

o i n t  genera l ized f o r ce  
vector .  

vector .  
f-7 .- - 7 Cen t r i f uga l  general i zed 

force vector .  
EXCES 41 35 Argument o f  t o1  erance 

v a r i a b l e  storage. J 

C 
0 

'i; 

28 

12 

12 

2 
3 
6 
4 
6 
1 

1 
1 
3 

1 

1 

12 

12 

12 

12 

12 

I 

Subprogram 
o r  Comnon 

AC 

XX 

X X 

JOINT 

BELT 

PERD 

MC 
MC 
PP 

 PA^ 
- 

JU'I '~~ 

XX 

X X  

ACCEL 

Qv 
ACCEL 

C 
(II 
L 
c, Q) 
L E 

z 

P 

PCV 

PCX 

' PDA 

PDB 

PERD 

P I  
PITWO 
P P 

PR 

' P S D  

P V 

P X 

Un i ts  o r  
Subscr ip t  
Reference 

- 

3 

3 

5 
16 
27 
11 
20 
s  ec 

- - 
' 2 8  

- 
- 
3 

3 

3 

3 

3 

Symbol 
- 

- 

- 

- 

- 
- 
n 
n/2 - 
- 
- 

Pt, 1 

1 

Q 

QB 

a 
o8 
dG 



TABLE 26, SYMBOL DICTIONARY 
(Continued) 

b 

C 
fo 
L 
u a 
L E 
O * 
LL z 

QTD 

1 

Symbol 
- 

Subprogram 
or C o m n  

ACCEL 
Qef i n i  t i o n  

Intermediate resu l ts  used 

C 
0 
.r 

6 
3 

Units or  
Subscript 
Reference 

- 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

+ 

D e f i n i t i o n  

Unloading slope i n  case 
o f  saturat ion.  
Seat corner p o i n t  coordi-  
nates. 
J o i n t  stop c o e f f i c i e n t s ,  
symnetric yaw and r o l l  
and 1  ower p i t c h .  
Storage f o r  i n p u t  t a b l e  
t ime po in ts .  

Upper p i t c h  stop c o e f f i -  
c ien ts .  
Simulated time. 
-1 

erance 1  eve1 . 
t a c t o r  i n  c e n t r i f u g a l  
f o rce  terms. 
Factor i n  cen t r i f uga l  
fo rce  terms. 
Factor i n  c e n t r i f u g a l  
f o rce  terms. 
Temporary value o f  CEPT. 

t a c t o r  i n  cen t r i f uga l  
fo rce  terms, 
Current i n t e g r a t i o n  t ime 
step. 
Factor i n  body segment 
center  o f  g r a v i t y  ve loc i -  
t i e s .  
Temporary value o f  EPSLN. 

7 ac to r '  i n  body segment 
center o f  g r a v i t y  accel-  
era ti ons , 

T a c t o r  i n  j o i n t  p i t c h  
1  ever arms, 
Time p r i n t o u t  storage. 
Tota l  j o i n t  torque. 

Program run s  
t ime durat ion. 

b 

E 
(0 
L 
0 Q) 
L E 
z 

' SLOPE 

ST 

STOP 

STOR 

T  
T 

t 
0 

29 

3 
6 
2 
3 

100 
7 
2 
2 

1  
1 

-. 

Uni ts  o r  
Subscript 
Reference 

43 

10 
31 
5 
6 

37 
44 - 
5 

sec 

T A 

TB 

' TC 

+TCEP 
TD 

CUR 

T E 

TEPS 

T  G 

D 

TJ 

Symbol 

D 

- 
- 

- 

- 
t - 

r 

Subprogram 
o r  Common 

L  D  

I C 

J C 

TAB 

JC 

T  

- TC 3 

- 
- 
- 
- 
~t 

- 

- 
- 

- 
- - 
Tmax 

(rad/sec)' 

3 

3 
2 
26 
10 
8 
3 
1 

3 
3 

26 
10 
3 
3 

1  

41 
2  
3 
1  

TC 

ULT 

ACCtL 

T  

CdAfAC 

ULT 

STASH 

JOINT 

S S 
JOINT 

T 

(rad/sec)' 

39 
33 
( r a d / s e c F  

sec 

rad/sec 
21 

39 
33 
rad/sec2 

- 
21 

- 
35 
5 
6 
sec 



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

I 

c 
m 
L 
0 aJ 
L E 
O 
L Z  

TMAX 

TOK 

L 

TOL F 

Subprogram 
o r  Comnon 

EXCES 

SS 

ULT 

Symbol 
- 
- 
- 
- 

TSXZ 

l- 

t 
0 
.C 

g 

1 

41 
18 
1 

26 
10 

- 

Uni ts  o r  
Subscript 
Reference 

sec 

35 
17 - 
39 
33 

Def in l  t i o n  

Time o f  peak value o f  
- 

to1 erance v i o l  a t i on .  
Torso kinematics p r i n t o u t  
storage. 
Argument f o r  to1  erance 
1 eve1 . 
Temporary val  ue o f  O L ~  

CONTAC 1 

p T T f z - - C d N T A C T i n . Y  

~ n .  
v i o l a t i o n  begins. 
Factor i n  contact  calcu- 
l a t i o n s .  

l a t i o n s .  



TABLE 26. SYMBOL DICTIONARY 
(Continued) 

- 
E 
rg 
L 

aJ 
L E 
* z 

TSZ 

TSZf 

TT 

TT 

?r 

U 

U A 

UDFE 

UDPS 

UP 

UPlJD 

T l l D  

3 3 5 ~  

t k  
U 12 3 General i zed vel o c i  t i e s .  

Symbol 
- 
- 
- 
- 
- - 

'mk 
. . 
* k - 
- 

"mk 
- 
- 
- 
- 

Subprogram 
o r  Comnon 

AT 

CONTAC 

CART I N  

SUMRY 

XX 
REXDAT 

TG 

U 

JOINT 

J ~ N T  

TG 

JOINT 

C 
0 
.r- 

6 
4 
2 

Uni ts  o r  
Subscript 
Reference 

- 
- 

JOIN I 

J-T 

D e f i n i t i o n  

Temporary storage. 

1 rad/sec 

Factor i n  contact  calcu- 
l a t i o n s .  
Time on cur ren t  decelera- 
t i  on t a b l  e segment. 
Current fo rce  to lerance - 
l eve l  . 
Time h i s t o r y  t ime storage 
Length o f  cur ren t  decel- 
e r a t i o n  t a b l  e segment. 
Trigonometric combinatioh 
see Equation (2.3.12). 
General i zed acce lera t ions  

T a c t o r  i n  j o i n t  r o l l  ve l -  
oc i  ty. 
Factor i n  j o i n t  yaw ve l -  
oc i  ty. 
T r i  gonometrfc conibinat ion, 
see Equation (2.3.12). 
Trigonometric combination 
ra te .  

1 

1 

10 
1 

4 
4 
12 

1 

1 

4 
4 
1 

1 
r a t e  . 
Trigonometr ic combination 
rate,  

sec 

1 b. 

38 
s ec 

- 
18 
3 

rad/sec 
- 

rad/sec 

- 
18 
rad/sec 

radlsec 

radlsec 1 
ra te .  



TABLE 26. SYMBOL DICTIONARY 
(Con ti nued) 

t 

C 
a 
L 

+2 a 
f a  
LLZ 

DFE 

VDPS 

V t K  - S S 41 35 Vehicle kinematics p r i n t -  
out storage. 

S ~ 0 1  
- 

- 

Subprogram 
o r  Comnon 

JOINT 

JOINT 

Def in i  t l o n  

tac tor  i n  j o i n t  r o l l  vel-  
oci  ty .  
Factor i n  j o i n t  yaw vel- 
oci  t y .  

E 
0 
.l- 

6 
1 

1 

I 

U n i t s o r  
Subscript 
Reference 

rad/sec 

rad/sec 



TABLE 26. SYMOL DICTIONARY 
(Continued) 

Time h i s t o r y  of body 

t 
0 

0- 

1 

1 

41 

1 

Q .I 

1 

Subprogram 
o r  C o m n  

STASH 

SPY 

SZ 

JOINT 

CONTAC 

S -  

GET'? 

r . 
C 
fa 
L 

tt t! 
O m  
LLZ 

XCDD 

XCPP 

P 

XDTH 

XHAT 

XHPP 

X X  

Symbol 
- 
- 
- 

- 
- 
- 
- 

Un i t s  o r  
Subscr ip t  
Reference 

i n/sec2 

in/$ecZ 

35 

rad lsec  

1 I 

i n /sec  

s  ec 

.T 

D e f i n i t i o n  

Chest a n t e r i o r - p o s t e r i o r  
accel  e r a t i  on. 
Chest an te r i o r -pos te r i o r  
accel  era, t ion as arqument, 
Chest an te r i o r -pos te r i o r  
acce le ra t i on  t o1  erance 
t e s t  1 ng storage. 
Factor i n  j o i n t  p i t c h  
v e l o c i t y .  
Contact sur face corner 
p o i n t  coordinates. 
1 
acce le ra t ion ,  
Abcissa o f  i n p u t  t a b l e .  



TABLE 26. SYMBOL DICTIONARY 
(Concl uded) 

r 

t 
fu 
L 
C, a 
k 
z 

ZZA 

7ZB 

Symbol 
- 
- 

I 

Subprogram 
o r  Common 

CONTAC 

AC 

ZL 
0 

'5 
C 
cu 
E 
t) 

1 
. 
I 

Units o r  
Subscript 
Reference 

in .  
. ~ n .  

1 

D e f i n i t i o n  

Z-coordinate o f  f i r s t  
possible contact point .  
Z-coordinate o f  second 
possible contact point .  



TABLE 27. SYMBOL AND FORTRAN NAME CORRESPONDENCE 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 

Symbol , 

81 

" 
Y1  

Subscr ip t  
Reference 

Number 
1 

3 Z-coordinate o f  f i r s t  c o m e r  p o i n t  in .  
A 

1 

I 4 I n e r t i a l  t6 rToyZw angTe. r ad  o r  i n . l b  $1 

I 
I 

5 Inertial  t o r so  p i t c h  angle. r a d  o r  i n . l b  0 1 
* 

Subscr ip t  
Val ues 

1 

2 

Subscr ip t  Explanat ion 
X-coordinate o f  f i r s t  corner  p o i n t  
o f  con tac t  surface. 
Y-coordinate o f  f i r s t  corner p o i n t  
o f  contact  surface. 

Un i ts  
i n .  

i n .  



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 

4 

Symbol 
4 1 

$2 

0 2 

4 2 
11 3 

8 3 

4 3 

L 
bm 

'n: 
'em 

Y em 

'em 

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

' Subscript 
Reference 

Number 
3 

(Cont' d )  

I 

4 

5 

6 

7 

Subscript 
Val ue s 

6 

7 
8 

9 

10 
11 

12 

1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11-20 
21 -26 

27-29 

30-34 
1 
2 
1 
2 
3 
1 
2 
3 

Subscript Explanation Units 
Inerti a1 torso roll angle . 
Inertial head yaw angle. 

Inertial head pitch angle. 

Inertial head roll angle. 

Inertial legs yaw angle. 
Inertial legs pitch angle. 

Inertial legs roll  angle. 
Square of semimajor axis length 
in i-direction. 
Square of semimajor axis length 
in j-direction. 
Square of semimajor axis length 
in k-directi on .  
Coordinate of el 1 i psoid center 
relative t o  body segment center 
of gravity in i-direction. 
Coordinate of el 1 i psoi d center 
relative t o  body segment center 
of gravity in j-direction. 
Coordinate of el 1 i psoi d center 
relative to body segment center 
of gravity i n  k-direction. 
Miximum of semimajor axis lengths. 
Inertial x-coordinate of el 1 i p- 
soid center. 
Inertial y-coordinate of e l l  i p- 
sold center. 
Inertial z-coordinate of e l l  ip- 
soid center. 
Vestigial. 
Coefficients of extreme point 
equations. 
Coefficients of extreme point 
equations. 
Vestigial. 
Neck 
Hip 
Yaw 
Pitch 
Roll 
Neck yaw 
Neck pltch 
Neck roll 

rad or in. lb  
rad or in . lb  

rad or in.lb 
in4 

i n.f 

I n f  

i n .  

i n .  

i n .  

i n .  
in. 

i n .  

i n .  

- 
in: 

in. 

- 
- 
- 
- - 
- - - 

I - 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 

Subscr ip t  
Reference 

N h b e r  
7 

(Cont 'd)  

Subsc r ip t  
Values 

4 
' 5 

6 

Symbol - - - 
Subscr i  p t  Exp lanat ion 

Hip yaw 
Hip  p i t c h  
H i p  r o l l  

U n i t s  - - - 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 

Subscript 
Reference 

, Number 
13 

(Cont'd) 

Subscri p t  Explanation 
Edge parameter 
Damping c o e f f i c i e n t .  

Coef f ic ient  rates o f  surface r e l -  

Subscript 
Values 

27 
28 
29 

Units 
i n .  

l b . s e c / i n .  

'- in</sec 

Symbol 
k 

Ck * 

P 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Con ti nued) 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 

2 8 

2  9 

6 

1 
2  
3 
1  
2 
3 
4 
5 
6 

Rol l  d i r e c t i o n  f o r  body segment 
across the j o i n t .  
Acci dent type. 
Occupant pos i ti on. 
Rest ra in t  type. 
Torso center o f  g r a v i t y  t o  neck. 
Head center  o f  g r a v i t y  t o  neck. 
Torso center o f  g r a v i t y  t o  h ip.  
Legs center o f  g r a v i t y  t o  h ip.  
Legs center o f  g r a v i t y  t o  knees. 
Head center  o f  g r a v i t y  t o  t op  o f  
s k u l l .  

3 0 

3 1  

Re1 a t i v e  neck yaw angle. 

Relat ive neck p i t c h  angle. 
,-...-. 

Re la t ive  neck r o l l  angle. 

Re la t ive  h i p  yaw angle. 

Re la t ive  h i p  p i t c h  angle, 

Re la t ive  h i p  r o l l  angle, 

Re la t ive  h i p  p o s i t i o n  x-coordinate. 
Re la t ive  h i p  p o s i t i o n  y -coord ina te  
Re la t ive  h i p  p o s i t i o n  z-coordinate. 
L e f t  back corner. 

I L e f t  i n te rsec t i on .  

1 

2  

3 

4 
5 

6 
7 
8 
9 
1 
2  

- 
- 
o - - 
o - 
o - - 

- - 
o - - 

- 
o 

- 

- 
- 
- - 
- - - 
- 
- - 

deg 

Beg 
--..- , 

deg 

deg 

deg 

deg 
~ n .  
~ n .  
i n .  
i n .  
i n .  

3 2 

33 

3 4 

, 35 
I 

@21 

A92 1 

A421 

AJI31 

A93 1 

A431 - - - - - - 
i n .  
i n .  
i n ,  
i n .  

o 

- 
- 
- 

3 
4 
5 
6 

1-300 

1-10 

1-25 

1 . -41 , .  

L e f t  cushion corner.  
Right cushion corner. 
Right  i n te rsec t i on .  
Right  back corner.  
One f o r  each o f  the d i f f e r e n t  pos- 
s i b l e  contact  surface corner t ime 
points .  This storage i s  shared by 
a1 1 contacts moving o r  not.  
One f o r  each o f  the possib le e l -  
l i p s o i d  numbers. 
One f o r  each o f  the possib le con- 
t a c t  surface numbers. 
One f o r  each o f  the poss ib le  t ime 
po in t s  per  p r i n t e d  page. 



TABLE 28. SUBSCRIPT REFERENCE EXPLANATIONS 
(Continued) 

Subscript Explanation 
One f o r  each o f  the possib le con- 
t a c t  i n te rac t i ons  producing fo rce  
a t  one time. Any over 40 are used 
but  unrecorded. 
One f o r  each o f  the possib le t ime 
points  i n  each o f  input  tables. 
One f o r  each o f  the establ ished 
sets o f  body kinematics s tored 
backward i n  time. 
One f o r  each o f  the contacts f o r  
a l l  possib le in te rac t ions .  
Special value causes f i r s t  four  
"e l l i pso ids "  t o  mean four  be1 t seg- 
ments according t o  subscr ipt  r e f -  
erence 11. 
Slope 
I n t e r c e p t  
Ve loc i ty  a t  beginning o f  segment. 
Displacement a t  beginning o f  seg- 
ment . 
One f o r  each l eve r  arm. 

Def lec t ion  ra te .  
One f o r  each contact.  
One f o r  each b e l t  segment ordered 
as i n  subscr ipt  reference 11, 
As i n  subscr ipt  reference 20 f o r  
vehi c l  e  accel e r a t i  ons. 
Debug hexadecimal cont ro l  word, 
Number o f  po in ts  i n  table.  
Change S W ~  tch. 
Scan type switch. 
Last scan po in ter .  
L inear  e l a s t i c  coe f f i c i en t .  

Quadrat ic  e l a s t i c  coef f ic ient .  

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

1 

Ulrits - 

- 
- 

- 
- 

in./sec 
i n .  

in./sec 
~ n .  

- 

-/sec - - 
i n  ./secL 

- - - 
- - 

l b / i n ,  

1  b / i n f  

' Subscript ' 
Reference 

Number 
36 

3 1 

38 

3 9 

4 0 

4 1 
I 

42 

43 

44 

.- 
4 5 

4 6 

Symbol . - 

- 
- 

- 
- 

- 
- - - 

6 - - 

" k 
- - - - 
- 

bk ln  

bk2n 

bk3n 

Subscript 
Val ues 

1-100 

1-10 

1-25 

26 

1 
2 
1 
2 

1-1 2 

13 
1-25 

26-29 

1-6 

7 
1 
2 
3 
4 
1 
2 

3 



5.0. THREE DMENSIONAL CRASH Y ICTLM SIMULATOR 
PICTORIAL OUTPUT PROGRAIS 

One o f  the major d i f f i c u l t i e s  i n  using the Three-Dimensional Crash 

V ic t im Simulator i s  the problem of v i s u a l i z i n g  the chain o f  physical events 

tabu1 ated i n  the p r i n ted  output of the s imulator ,  The cur ren t  p i c t o r i a l  

output of the s imulator  i s  a f i r s t  attempt t o  f u l f i l l  t h i s  need, Since the 

s ta te-o f - the-ar t  i n  d isp lay  techniques does not  inc lude a completely workable 

hidden l i n e  removal algorithm, a modified s t i c k  f igure  i s  used f o r  the  basic 

component of the p i c t o r i a l  output. 

The modi f ied s t i c k  f i g u r e  shows the body segment coordtnate axes 

imbedded i n  the cen te r l i ne  o f  each o f  the three body segments. The f o u r  

be1 t segments are shown as s t r a i g h t  l i n e s  from the veh ic le  anchor po in t s  t o  

the body attachment po in ts  if the corresponding be1 t segment is present i n  

the simulat ion. The seat back and seat cushion are i l l u s t r a t e d  by ou t l i nes  

of the4r f r o n t  and top edges respect ive ly .  This  modi f ied s t i c k  f t g u r e  does 

enable the motion o f  the body t o  be v isua l ized adequately. 

The p i c t o r i a l  output i s  the product o f  a simulated camera tak ing  p i c tu res  

of the modi f ied s t i c k  f i gu re .  The camera's p o s i t i o n  r e l a t i v e  t o  the 

veh ic le  o r  r e l a t i v e  t o  the i n e r t i a l  system, the camera's foca l  length  e i t h e r  

f i n i t e  o r  i n f i n i t e ,  and the po in t  a t  which the camera i s  aiming are speci- 

f i ed  as pa r t s  o f  the input  t o  the p i c t o r i a l  program. 

The p i c t o r i a l  program a lso  al lows a choice o f  f ou r  p i c t o r f a 1  output 

devices which may be used i n  any combination on a p a r t i c u l a r  run. The four  

devices are a cathode ray tube d isp lay,  a s ix teen m i l l i m e t e r  mavie, an o f f -  

1 i n e  twenty-eight- inch d i g i t a l  incremental p l o t t e r ,  and an on-1 i n e  ten-Inch 

d i g i t a l  incremental p l o t t e r ,  



The next section describes how t o  use the p i c t o r i a l  output program i n  

conjunction w i th  the HSRI Crash Vict im Simulator on the Michigan Terminal 

System. This par t  concludes w i th  technical descriptions of  the two major 

components of the p i c t o r i a l  output program: the display control section and 

the s t i ck  f igure display section. These descriptions are necessary f o r  f u l l  

u t i  7 i zation of the p i c t o r i a l  output program. 



5.1 , USE OF THE PICTORIAL OUTPUT PROGRAM I N  MTS 

Doe t o  the complexity of usage of the p i c t o r i a l  output  program i n  MTS, 

a s tep by s tep  procedure i s  presented here w i t h  explanat ion interspersed as 

needed. 

The p i c t o r i a l  output program i s  run separately from the crash v i c t i m  

s imulator .  Comnunication from the crash v i c t i m  s imulator  t o  the p i c t o r i a l  

output  program i s  accomplished by means of one o f  the specia l  output opt ions 

o f  the s imulator .  This op t iona l  output i s  con t ro l l ed  by f i e l d  s i x  on card R 

of the s imulator  i n p u t  data and consis ts  o f  a formated "movie" f i l e  output  v i a  

l o g i c a l  u n i t  number one. The values of f i e l d  s i x  on card 9 which w i l l  i n s t r u c t  

the simulator t o  produce t h i s  f i l e  are one o r  three ( the  l a t t e r  w i l l  t r i g g e r  

another special  output op t ion  as w e l l ) .  The format o f  the movie f i l e  i s  

de ta i l ed  i n  Table 30. I t  i s  possib le t o  synthesize the  f i l e  f o r  purposes o f  

d isp lay ing  empir ica l  o r  other  data. 

The f i r s t  step i n  the procedure i s  t o  run the crash v i c t i m  s imulator  t o  

produce the movie f i l e .  The movie f i l e  w i l l  conta in in fo rmat ion  f o r  exac t ly  

those times which appear i n  the normal s imulator  output.  It i s  then necessary 

f o r  the user t o  so se t  f i e l d  two o f  the card R t h a t  a l l  the times he wishes t o  

d i sp l ay  are  included i n  the p r i n t e d  output.  This  step i s  accomplished by the 

fo l l ow ing  MTS comnand (see a lso  Sect ion 4.5): 

$RUN SP78: THREED SCARDS=INPUTFILE l=FILENAME 

where INPUTFILE i s  the name o f  the f i l e  which contains the  s imulator  i n p u t  

cards and FILENAME i s  the name of the movie f i l e .  

The second step i s  t o  use the MTS program *PERMIT t o  make t h i s  f i l e  be 

what i s  ca l l ed  "read only . "  This  permi t  s ta tus  p r o h i b i t s  any changes from 



being made i n  the movie f i l e  by any user of MTS, bu t  a1 lows any user on any 

user number t o  read the contents of t h a t  f i l e .  Conversely, i t  i s  necessary 

t h a t  once a movie f i l e  i s  f i n i s h e d  wi th,  QERMIT must be used t o  se t  the 

permi t  code t o  NONE before i t  can be emptied and used t o  hold another movie 

o r  something e lse,  This  step i s  ca r r i ed  ou t  by issu ing  the MTS comnand: 

$RUN PERMIT PAR=FILENAME RO o r  conversely, $RUN .IIPERMIT PAR=FILENAME NONE 

where FILENAME i s  the name o f  the f i l e  i n  question. 

The fo l lowing manipulat ions f a l l  i n t o  three classes, those which are 

preparatory f o r  the run o f  the p i c t o r i a l  output  program, those which are i n  

response t o  the prompting o f  the  program i t s e l f ,  and those which invo lve  pro- 

cessing of the p i c t o r i a l  output.  Manipulat ions of c lass one revolve around 

the proper s e t t i n g  up o f  the RUN statement f o r  the p i c t o r i a l  output  program. 

Since the RUN statement i s  long and complicated, as a p r a c t i c a l  mat ter  i t  i s  

stored i n  a f i l e .  The f i l e  conta in ing the p i c t o r i a l  run statement w i l l  be 

referred t o  as the command f i l e .  Typical  contents o f  the comnand f i l e  are 

shown i n  Table 29. The fo l l ow ing  steps w i l l  discuss changes i n  the comnand 

f i l e  and preparat ion f o r  those changes i n  terms o f  the opt ions o f  the p i c t o r i a l  

output program. 

Step three concerns l i n e  fou r  o f  the comnand f i l e  as shown i n  Table 

29. This p a r t i c u l a r  l i n e  s ta tes  t h a t  the f i l e  CELL was the l a s t  movie f i l e  

used from SXXX.  This l i n e  must be modified t o  spec i fy  the name o f  the movie 

f i l e  on S X X X .  This i s  done by ca r ry ing  out  the fo l l ow ing  MTS comnands: L e t  

U be the name o f  the comnand f i l e  and FILENAME be the name of the movie f i l e  

on S X X X  . 



$GET u 
4,5=SXXX :FILENAME -- 
No character 1 i n e  

This procedure w i l l  seem less  a r b i t r a r y  i f  i t  i s  explained t h a t  a minus 

s ign  terminat ing a MTS i n p u t  l i n e  c a r r i e s  the s ign i f i cance  o f  t e l l i n g  MTS t o  

t r e a t  the next i npu t  l i n e  as a cont inuat ion  of the cur ren t  i npu t  l i n e .  Each 

l i n e  o f  the command f i l e  except the l a s t  terminates w i t h  a minus sign. Hence, 

when the comnand f i l e  i s  given t o  MTS as i n p u t  i n  a l a t e r  step, MTS w i l l  t r e a t  

the whole f i l e  as shown i n  Table 29 as a s ing le  command l i n e .  

TABLE 29. THE COMMAND FILE LAYOUT 

Line 
Number Contents 

- - - 

$RUN SP78:3DP O=-P 2 - 4 4  - 
6=*DUMMY* - 
7=*P I BTAPE* - 
5=SXXX :CELL - 
3=SXXX:S - 
4=SXXX:EX - 
8=PLOTFILE(LAST+1000) 

Making changes i n  the comnand f i l e  requi res using MTS t o  manipulate l i n e s  

which w i l l  l a t e r  command MTS, so an ex t ra  minus s ign  i s  necessary on the 

change fo l lowed by a no character l i n e .  The l a s t  minus s ign  w i l l  be i n t e r -  

preted as a cont inuat ion  o f  the l i n e  which contains the  change. The next-to- 

l a s t  minus s ign  w i l l  go i n  as p a r t  of the change p lus  any characters on the 



next i n p u t  l i n e .  The no character l i n e  w i l l  cause the minus s ign  t o  be the 

l a s t  character o f  the changed l i n e  i n  the command f t l e .  This  manfpulat ion 

must be done on a te letype.  

Step four concerns whether o r  no t  off-1 i ne  twenty-eight inch  CALCOMP 

p l o t s  are among the choices fo r  output. L ine seven of the comnand f i l e  speci- 

f i e s  the name o f  the f i l e  i n  which the p l o t t e r  commands w i l l  be stored. I n  

Table 29, t h i s  f i l e ' s  name i s  PLOTFILE. I f  no p l o t t i n g  i s  desired, l i n e  

seven can speci fy  any f i l e  name. 

Step f i ve  has t o  do w i th  movie making. I f  there i s  t o  be no movie making 

as one of the output options employed i n  t h i s  run, l i n e  three as shown i n  

Table 29 should be modif ied by the MTS comnands below. 

$GET U 
3,7=-T -- 
No character 1 i ne 

If movies are desired, l i n e  three must be l e f t  as shown and the fol low- 

i ng  MTS comnands must be completed before the run begins. 

SCRE -P TYPE=SEQ 
$RUN *MOUNT PAR=(Rack number of movie tape) 

ON 7TP +PIBTAPE+ SIZE=3024, MODE=8CV, 
RING=IN ' I .D .  name o f  movie tape ' 

Movie generation requires w r i t i n g  a tape which w i l l  be u l t ima te l y  sent 

t o  a SC4020 i n s t a l l a t i o n  f o r  processing t o  produce f i l m .  The tape must be 

capable of recording 800 bytes per inch  o f  seven t rack  in format ion which the 

fi l m  producing equipment expects. 

A l l  of the i npu t  parameters which cont ro l  the p i c t o r i a l  output program 

are normally supplied i n  answer t o  prompting by the program i t s e l f .  Cer ta in 

of these parameters may become repe t i t i ous  from run t o  run, so two special 



f i l e s  can be o p t i o n a l l y  read i n  1 i e u  of responding t o  prompting. The f i l e  S 

on SXXX spec i f i ed  i n  l i n e  f i v e  o f  the comnand f i l e  as shown i n  Table 29, 

would be expected t o  conta in  the p o i n t  of i n t e r e s t ,  the  vantage po in t ,  and 

foca l  l eng th  together w i t h  a s imulated t ime t o  be exp la ined s h o r t l y  i f  the  

p i c t o r i a l  output  program i s  i ns t r uc ted  t o  use the  f i l e .  The simulated t ime 

comes about from an i n t e r e s t  i n  s imu la t ing  a moving camera. Th is  i s  done by 

us ing a p a r t i c u l a r  se t  of camera parameters u n t i l  a s p e c i f i c  t ime i n  the  simu- 

l a t e d  crash, and reading a d i f f e ren t  se t .  Th is  process may be c a r r i e d  ou t  

again and again. The simulated t ime provided i n  each e n t r y  o f  a s e t  o f  camera 

data i s  the  t ime i n  the crash a t  which the next  camera data e n t r y  i s  t o  be 

read. 

Likewise f i l e  E X  on SXXX o f  l i n e  s i x  i n  Table 29 i f  used would conta in  

p i c t u r e  boundary in format ion.  The formats o f  both these f i l e s  i s  presented i n  

Sect ion 5.2 (Tables 31 and 32), If e i t h e r  o r  bo th  o f  these f i l e s  are 

used, the f i l e s  themselves and t he  corresponding l i n e s  o f  the  comand f i l e  

need t o  be se t  up. Th is  completes t he  p repara t ion  f o r  a r un  o f  the p i c t o r i a l  

output  program. 

Step s i x  invokes the RUN comnand which has been b u i l t  up i n  the  comnand 

f i l e  by commanding MTS: 

$SOURCE U+*MSOURCE* 

The prJgram i s  very l a r g e  and u s u a l l y  takes several  minutes t o  load. 

When execut ion begins, the program w i l l  p r i n t :  

0 FOR INTERTIAL, 1 FOR RELATIVE 
? 



This i s  asking i f  the  corresponding prompting i s  t o  be used i n  place o f  

t h e f i l e s p e c i f i e d i n l i n e f i ~ e ~ f T a b l e  29. A n a n s w e r o f  Y E S o r N O i s  

expected. PEEK i s  the name given i n  Sect ion 5.3 t o  the ar ray  which br ings 

the camera data t o  the s t i c k  f i g u r e  d i sp lay  sec t ion  and i s  adopted as a shor t -  

hand for  asking t h i s  question. Note t h a t  the  PEEK ar ray  (Table 32) con- 

t a ins  the in fo rmat ion  from both the  PEEK f i l e  (Table 31) and the p i c t u r e  

boundary f i l e  (Table 32) a f t e r  conversion t o  the coordinate system speci- 

f i e d  i n  Sect ion 5.3. 

The program w i  11 next i nqu i re :  

PICTURE PLACEMENT TO BE ENTERED? 
? 

This i s  the corresponding quest ion about the o ther  f i l e  ( l i n e  s i x  of 

Table 29) and 1 i kewise i s  answered YES o r  NO. I f  t h i s  query has been 

refused, the  next f ou r  promptings do not  occur and the corresponding informa- 

t i o n  i s  read from the f i l e .  

The four op t iona l  promptings are as fol lows: 

Each request i s  met w i t h  a s ing le  number. The fou r  numbers de f i ne  the 

boundaries o f  the f i l m  i n  the camera. 

T h i s  in fo rmat ion  i s  used together  w i t h  the camera data as fo l lows.  F i r s t ,  

the s t i c k  f i g u r e  i n  three-dimensional space i s  t rans la ted  so t h a t  the p o i n t  

o f  i n t e r e s t  i s  a t  the o r i g i n .  Second, the ob jec t  i s  ro ta ted  f i r s t  around 



the X-axis and then around the Y-axis u n t i l  the vantage p o i n t  lies on the 

p o s i t i v e  Z-axis. The f igure i s  then t rans la ted  i n  the Z-d i rect ion u n t i l  the 

distance from the vantage p o i n t  t o  the X-Y plane i s  the foca l  length. Per- 

spective and a t r a n s l a t i o n  are appl ied t o  move the p o i n t  (X-MINIMUM, Y-  

MINIMUM) t o  the o r i g i n .  The r e s u l t i n g  p i c tu re  i n  the f i r s t  quadrant o f  the 

X-Y   lane i s  scaled so t h a t  the po in t  (X-MAXIMUM, Y-MAXIMUM) f i t s  i ns ide  a 

square 9.375 inches on a side. The contents o f  t h i s  square are output t o  

the various p i c t o r i a l  devices. Hence, these four  numbers ac t  as a crude speci- 

f i c a t i o n  o f  the f i l m  s ize  except t h a t  the " f i l m "  i s  always a square and the  

l a rge r  side of a rectangular f i l m  s ize  i s  scaled t o  f i t  one side o f  t h i s  

square. 

The program w i  11 then prompt: 

OMEGA =? 
? 

This i s  the length i n  inches used as cross bar length  (see Section 5.3 

of t h i s  repor t ) .  The p o s i t i v e  X-axis cross bar length  w i l l  be twice the other  

two i n  the case of the to rso  and head, 1 i kewise w i t h  the negative Z-axis on 

the legs. 

I A C  =? 
? 

This i s  the output op t ion  switch as explained i n  Section 5.3, The pro- 

gram, w i  11 i nqu i re  about the simulated times i n  the crash v i c t i m  simulator 

output f o r  which p i c t o r i a l  output i s  desired w i t h  the fol lowtng three questions. 

BEGINNING T I M E  =? 
3 

TIME INCREMENT =? 
? 

FINAL T IME =? 
? 



Proper response i s  three times i n  seconds, one t o  each question, which 

w i l l  be used t o  s t a r t  a t  the  BEGINNING TIME and tak ing  every TIME INCREMENT 

the rea f te r  u n t i l  FINAL TIME i s  exceeded. 

I f  the ENTER PEEK? quest ion was answered NO, the  program w i l l  go t o  work 

a t  t h i s  po in t .  Otherwise, the  program w i l l  ask: 

This i s  the simulated t ime i n  seconds a t  which new camera data en t ry  i s  

t o  be read t h a t  was explained e a r l i e r .  Next, the fo l l ow ing  requirement i s  

made. 

ENTER POINT OF INTEREST 

The expected r e p l y  i s  three numbers w i t h  decimal po in ts  and separated by 

comas. These numbers represent the  coordinates of the p o i n t  o f  i n t e r e s t  i n  

inches. I f  i n e r t i a l  was spec i f i ed  above, these coordinates are  taken w i t h  

respect t o  the s imulator  i n e r t i a l  system. If r e l a t i v e  was speci f ied above, 

these coordinates are taken w i t h  respect t o  the s imulator  veh ic le  system. 

S im i l a r  response i s  sought by the next prompting except t h a t  the coordinates 

of the vantage p o i n t  are desired. 

ENTER VANTAGE POINT 
? 

The foca l  length  i n  inches i s  requested by: 

ENTER FOCAL LENGTH 
? 



The convention i s  fo l lowed t h a t  i f  focal length  i s  entered as a negat ive 

number, orthographic p r o j e c t i o n  ( i n f i n i t e  focal length)  i s  assumed. Fur ther  

e n t r i e s  o f  camera data ( t he  l a s t  four requirements) are asked f o r  as needed. 

The program w i  11 now proceed t o  produce the p i c t o r i a l  output.  If the CRT 

opt ion  i s  employed, the program w i  11 come back t o  the te le t ype  on every frame, 

When the user wants t o  see the  next frame, he presses the  car r iage r e t u r n  key. 

I f  he wants t o  s t a r t  over, he types a one and then the car r iage re turn .  Some 

o f  the p i c t o r i a l  device rou t ines  which are used by the program w i l l  cause some 

p r i n t i n g  t h a t  i s  merely f o r  the user 's  information. When the  p i c t o r i a l  out-  

put  i s  completed, the program w i  11 prompt: 

0 TO BEGIN OVER, 1 TO REPEAT RUN 

I f  a zero i s  specif ied, the program simply begins again a t  the f i r s t  

prompting and a1 1 the opt ions are again open w i t h  the lone except ion t h a t  a t  

most one movie can be generated on one loading o f  the program. I f  one i s  

spec i f i ed  as the answer, the same run i s  repeated except t h a t  i f  i n e r t i a l  was 

speci f ied,  r e l a t i v e  i s  now used. This  procedure works on ly  i f  i n p u t  was 

from f i l e s  i n  l i n e s  f i v e  and s i x  of Table 29. The t h i r d  response i s  an end 

o f  f i l e  given by the MTS command: 

This causes terminat ion o f  the  program. I f  more than one movie i s  

desi red t o  be generated, the fo l l ow ing  procedure i s  employed. The f i r s t  

movie i s  made according t o  the i n s t r u c t i o n s  above. The r e s u l t i n g  movie tape 

(which i s  known as *PIBTAPE* t o  MTS) i s  copied i n t o  a f i l e ,  the tape i s  

rewound, and a second movie i s  generated by f o l l ow ing  the  i n s t r u c t i o n s  a l ready 



given s t a r t i n g  a t  s tep  s i x .  Assuming t h a t  steps one through f i v e  have been 

c a r r i e d  out ,  t h a t  two movies a re  desired, and the f i l e  T i s  a sequent ial  f i l e  

o f  s u f f i c i e n t  capaci ty ,  t h e  f o l l o w i n g  MTS comnands w i l l  i l l u s t r a t e  t h i s  

procedure. 

(Reply t o  prompting on the  t e l e t ype . )  

SENDFILE ( a f t e r  0 TO BEGIN OVER 1 ine . )  
$COPY *PIBTAPE* TO T 
$COPY +SOURCE* TO *PIBTAPE*@CC 
REW 
BENDFILE 
$SOURCE U+*MSOURCE* 

(Reply t o  cause the  nex t  movie t o  be generated.) 

SENDFILE 
$COPY *PIBTAPE* TO T 
$COPY *SOURCE* TO *PIBTAPE*BCC 
REW 
$ENDFILE 
$COPY T TO +PIBTAPE* 
$COPY *SOURCE* TO *PIBTAPE*@CC 
WE F 
WEF 
WEF 
WEF 
WEF 
REW 
$ENDFILE 

The procedure genera l izes e a s i l y  t o  more movies. It i s  a considerable 

investment i n  t ime and money t o  send away a movie tape f o r  processing on a 

SC4020 t o  produce f i l m  o r  35mm s l i des .  A f a c i l  i ty  has been developed on MTS 

f o r  s imu la t ing  a SC4020 us ing  the  CALCOMP p l o t t e r  o r  t he  p r i n t e r  as an output  

device. For one o r  more movies on tape, the  f o l l o w i n g  MTS w i l l  invoke the 

SC4020 s imu la t i on  t o  produce a CALCOMP p l o t  f rom every t e n t h  frame on the  

tape (excep t ing  leader). 

$RUN *FL I KPLT 7=*PIBTAPE* 9 t P L O T F I L E  PAR=CCPLT=l , NPRT=l 0 



Th is  wi 1.1 cause the  CALCOMP comnands t o  be w r i t t e n  i n  t h e  f i l e  PLOTFZLE, 

The comnands res iden t  i n  t h i s  f i l e  o r  perhaps o the r  CALCOMP f i l e s  produced by 

t he  CALCOMP sec t i on  of t he  p i c t o r i a l  ou tpu t  program i t s e l f  need t o  be comnuni- 

cated t o  the CALCOMP f o r  p l o t s  t o  r e s u l t .  The f i l e s  must be g iven a ready 

o n l y  permi t  code v i a  *PERMIT then the  f o l l ow ing  MTS comnand w i l l  p u t  t h a t  f i l e  

i n  the  w a i t i n g  l i n e  f o r  CALCOMP processing. 

Th is  r o u t i n e  w i l l  i ssue a r e c e i p t  which can be turned i n  a t  the  

Comput i~~g  Center t o  ge t  the completed p l o t  a f t e r  processing. 

F igure  47 shows a se r i es  of eleven s l i d e s  taken o f f  a CRT d i s p l a y  pro- 

duced by t h i s  program. These s l i d e s  a re  presented as an enlarged p roo f  sheet 

which has been l a b e l l e d  according t o  s imulated t ime o f  occurrence. These 

represent  a back view o f  a s i de  c o l l i s i o n .  

F igure  48 shows a CALCOMP p l o t  of a top  view o f  another, b u t  s i m i l a r ,  

s ide  c o l l i s i o n .  F igure 49 shows the  same c o l l i s i o n  a t  approximately the  same 

t ime as  seen from about t he  r i g h t  r ea r  wheel. F igure  50 i s  a CALCOMP recon- 

s t r u c t i o n  o f  a movie frame. 

F,igures 50 and 51 con t ras t  a h i gh - reso lu t i on  CALCOMP p l o t  w i t h  a low- 

r e s o l u t i o n  p r i n t e r  p l o t  o f  t h i s  same s i de  c o l l i s i o n .  F igures 52 and 53 

i l l u s t r a t e  the e f f e c t s  o f  va ry ing  f i l m  boundaries i n  a f r o n t  view a t  about 

t h i s  same t ime. 
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FIGURE 48. CALCOMP PLOT OF A TOP VIEW OF A SIDE C O L L I S I O N  
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FIGURE 50. CALCOMP RECONSTRUCTION O F  A MOVIE  FRAME 



FIGURE 51. PRINTER PLOTTER RECONSTRUCTION OF A MOVIE FRAME 



FIGURE 52.  CALCOMP PLOT OF A FRONT VIEW OF A S I D E  C O L L I S I O N  
WITH WIDE PICTURE BOUNDARIES 



FIGURE 53. CALCOMP PLOT OF A FRONT VIEW OF A S I D E  C O L L I S I O N  WITH 

PICTURE BOUNDARIES SET TO SHOW ONLY THE EXTENSION BEYOND THE SEAT EDGE 



5.2. THE DISPLAY CONTROL SECTION 

The d i sp lay  con t ro l  sec t ion  of the  p i c t o r i a l  output  program has t he  

f unc t i on  o f  handl ing the comnunication w i t h  the  user, the  reading o f  t he  movie 

f i l e  from the  crash v i c t i m  s imulator ,  the proper t ransformat ions from i n e r t i a l  

o r  r e l a t i v e  s imu la to r  coordinates i n t o  coordinates s u i t a b l e  t o  the  S t i c k  

F igure D isp lay  Sect ion and the  appropr ia te  c a l l s  t o  t he  th ree  e n t r i e s  o f  t he  

S t i c k  F igure Disp lay Sect ion t o  ob ta i n  the  des i red p i c t o r i a l  output.  The 

promptings made by t h i s  sec t ion  of the  program have been discussed i n  

Sect ion 5.1. 

The movie f i l e  w r i t t e n  by the crash v i c t i m  s imu la to r  i s  composed o f  a 

header b lock and a b lock f o r  each of the simulated t imes which appear i n  the  

p r i n t e d  output  o f  the  s imulator .  Once a movie f i l e  has been designated f o r  

a computer run  on the p i c t o r i a l  output  program, i t  cannot be changed u n t i l  

the next  load ing  o f  the program. This  f i l e  i s  rewound au tomat ica l l y  be fo re  

each new pass through the prompting sequence. The contents o f  t h i s  f i l e  are 

se t  f o r t h  i n  Table 30. The header b lock cons is ts  o f  t he  f i r s t  f ou r  l i n e s .  

Each t ime block i s  made up o f  four l i n e s  (numbered i n  the  Table 4Mt1, e tc . ) .  

The PEEK f i l e  and the p i c t u r e  boundary f i l e  are shown i n  Tables 31 and 

32, respec t i ve ly .  Each s i ng le  b lock o f  in fo rmat ion  requ i res  one l i n e  i n  

both these f i l e s .  I f  the 0 TO BEGIN OVER quest ion i s  answered w i t h  a "one," 

these two f i l e s  are rewound. Otherwise, add i t i ona l  l i n e s  o f  the  same type w i l l  

be needed t o  meet the program requirements. F a i l u r e  t o  prov ide enough l i n e s  

w i l l  cause te rmina t ion  o f  the run. 



TABLE 30, THE MOVIE FILE LAYOUT 

Line Col- 
No. umns 

Coordinate 
Descr ipt ion System Uni ts  

L e f t  Shoulder Be1 t Switch (Ogattached) 
Right Shoulder Be1 t Switch 
Right  Top B e l t  Switch 
L e f t  Tope Be1 t Sw i  t c h  
L e f t  Shoulder Harness Anchor X 
L e f t  Shoulder Harness Anchor Y 
L e f t  Shoulder Harness Anchor Z 
L e f t  Shoulder Harness Attachment X 
L e f t  Shoulder Harness Attachment Y 
L e f t  Shoulder Harness Attachment Z 
Right  Shoulder Harness Attachment X 
Right Shoulder Harness Attachment Y 
Right  Shoulder Harness Attachment Z 
Right  Shoulder Harness Anchor X 
Right  Shoulder Harness Anchor Y 
Right  Shoulder Harness Anchor Z 

- 
Vehicle 
Vehicle 
Vehicle 

Torso 
Torso 
Torso 
Torso 
Torso 
Torso 

Vehicle 
Vehicle 
Vehicle 

- - 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 

Right  Lap Be1 t Anchor X 
Right Lap B e l t  Anchor Y 
Right  Lap B e l t  Anchor Z 
Right Lap B e l t  Attachment X 
Right Lap B e l t  Attachment Y 
Right Lap Be1 t Attachment Z 
L e f t  Lap Be1 t Attachment X 
L e f t  Lap Be1 t Attachment Y 
Le f t  Lap B e l t  Attachment Z 
L e f t  Lap Be1 t Anchor X 
L e f t  Lap Be1 t Anchor Y 
L e f t  Lap Be1 t Anchor Z 

Vehicle 
Vehicle 
Vehicle 
Torso 
Torso 
Torso 
Torso 
Torso 
Torso 

Vehicle 
Vehicle 
Vehicle 

Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 

L e f t  Top Seat Back Corner X 
L e f t  Top Seat Back Corner Y 
L e f t  Top Seat Back Corner Z 
L e f t  Bottom Seat Back Corner X 
L e f t  Bottom Seat Back Corner Y 
L e f t  Bottom Seat Back Corner Z 
L e f t  Front Seat Bottom Corner X 
L e f t  Front Seat Bottom Corner Y 
L e f t  Front Seat Bottom Corner Z 
Right Front Seat Bottom Corner X 
Right  Front  Seat Bottom Corner Y 
Right  Front Seat Bottom Corner Z 

Vehicle 
Vehi c l e  
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 
Vehicle 

Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 



TABLE 30, THE MOYIE FILE LAYOUT (page 2) 

L i ne  Col- Coordinate 
No. umns Descr ip t ion  System Un i t s  

Right  Bottom Seat Back Corner X 
Right Bottom Seat Back Corner Y 
R ight  Bottom Seat Back Corner Z 
R ight  Top Seat Back Corner X 
R ight  Top Seat Back Corner Y 
R ight  Top Seat Back Corner Z 
Distance from Torso c.g. t o  Neck J o i n t  
Distance from Neck J o i n t  t o  Head c.g. 
Distance from Torso c.g. t o  Hip  J o i n t  
Distance from H ip  J o i n t  t o  Legs c.g. 
Distance from Legs c.g. t o  Ext remi ty  
Distance from Head c.g. t o  Top o f  Head 

Vehic le  
Vehic le  
Vehic le  
Vehic le  
Vehic le  
Vehic le  

Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches 

- - - 

4M+1 1-10 Current Simulated Time - sec . 
4M+1 11-20 Leg c.g. X I n e r t i a l  Inches 
4M+1 21-30 Leg t a g .  Y I n e r t i a l  Inches 
4M+1 31-40 Leg c.g. Z I n e r t i a l  Inches 
4M+1 41-50 Torso c.g. X I n e r t i a l  Inches 
4M+1 51-60 Torso c.g. Y I n e r t i a l  Inches 
4M+1 61-7!l Torso c.g. Z I n e r t i a l  Inches 

4M+2 1-10 Head c.g. X 
4M+2 11-20 Head c.g. Y 
4M+2 21-30 Head c.g. Z 
4M+2 31-40 Vehic le  X 
4M+2 41 -50 Vehic le  Y 
4M+2 51-60 Vehic le Z 

I n e r t i a l  Inches 
I n e r t i a l  Inches 
I n e r t i a l  Inches 
I n e r t i a l  Inches 
I n e r t i a l  Inches 
I n e r t i a l  Inches 

4M+3 1-10 Leg Yaw 
4M+3 11-20 Leg Ro l l  
4M+3 21-30 Leg P i t c h  
4H+? 31-40 Torso Yaw 
4M+3 41-50 Torso R o l l  
4M+3 51-60 Torso P i t c h  

I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 

4M+4 1-10 Head Yaw 
4M+4 11-20 Head Ro l l  
4M+4 21 -30 Head P i t c h  
4M+4 31-40 Vehic le  Yaw 
4M+4 41-50 Vehic le  Ro l l  
4M+4 51-60 Vehic le  P i t c h  

I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 
I n e r t i a l  Radians 



TABLE 31,  THE PEEK FILE LAYOUT 

Line 
No. 

Coordinate 
Col umns Descr ipt ion Sys tem 

Time t o  Read Another PEEK 
Point  o f  I n t e r e s t  X 
Point  o f  I n t e r e s t  Y 
Point  o f  I n t e r e s t  Z 
Vantage Point  X 
Vantage Point  Y 
Vantage Point  Z 
Focal Length 

- 
As Specif ied 
As Speci f ied 
As Specif ied 
As Speci f ied 
As Speci f ied 
As Speci f ied - 

Un i ts  

Secs . 
Inches 
Inches 
Inches 
I nc has 
Inches 
Inches 
Inches 

TABLE 32, THE PICTURE BOUNDARY FILE LAYOUT 

Line Coordinate 
No. Columns Descr ipt ion Sys tern Un i ts  

1 1-6 Minimum Pic tu re  Boundary X P ic tu re  Plane Inches 
1 7-12 Maximum Pic tu re  Boundary X P ic tu re  Plane Inches 
1 13-18 Minimum Pic tu re  Boundary Y P ic tu re  Plane Inches 
1 19-24 Maximum Pic tu re  Boundary Y P ic tu re  Plane Inches 



5.3. THE STICK FIGURE DISPLAY SECTION 

This program displays a s t i c k  f igure o f  the three-dimensional crash 

v i c t i m  together w i th  seat backs, seat cushions, and the fou r  ind tv idua l  be1 t 

segments, The displays take place on any combination o f  four  types o f  d i s -  

play uni t s  . 
CALLING SEQUENCES : 

Normal Entry:  STICK (PEEK, GUY, I A C ,  IER) 

Al ternate Entry: STICK1 (GUY, I A C ,  IER) 

A1 ternate Entry: STICK2 

Where: PEEK i s  an array o f  length eleven whose contents are depicted i n  

Table 33- 

TABLE 33. PEEK ARRAY LAYOUT 

Index - Descri   ti on 

X Coordinate of Point o f  I n te res t  
Y Coordinate of Point  o f  I n te res t  
Z Coordinate of Point o f  I n te res t  
X Coordinate o f  Vantage Point  
Y Coordinate o f  Vantage Point  
Z Coordinate o f  Vantage Point  
Focal Length o r  Distance from the Vantage Point 
t o  the Viewing Plane, The viewing plane i s  always 
between the p o i n t  o f  i n t e r e s t  and the vantage 
po in t  and perpendicular t o  the l i n e  j o in ing  those 
two points. I f  t h i s  quant i ty  i s  negative, ortho- 
graphic p ro jec t ion  i s  used. 
Minimum X Coordinate o f  Image on Viewing Plane 
Maximum X Coordinate o f  Image on Viewing Plane 
Minimum Y Coordinate o f  Image on Viewing Plane 
Maximum Y Coordinate o f  Image on Viewing Plane 



GUY i s  a double subscripted array which contains the 3D coordinates f o r  

the t h i r t y  points  t o  be p l o t t e d  t o  form the s t i c k  f igure .  This array i s  

dimensioned GUY (30 ,3) .  The t h i r t y  po in ts  are spec i f ied  i n  Table 34. 

TABLE 34. THE GUY ARRAY LAYOUT 

Point  No. Descr ipt ion 

Knee o r  Foot 
Top of Leg C.G. Coordinate 
Bottom of Leg C.G. Coordinate System 
Right of Leg C.G. Coordinate System 
L e f t  o f  Leg C.G. Coordinate System 
Hip 
Front o f  Torso C O G .  Coordinate System 
Back o f  Torso C .G. Coordinate System 
Right o f  Torso C.G. Coordinate System 
L e f t  of Torso C.G. Coordinate System 
Neck 
Front o f  Head C.G. Coordinate System 
Back o f  Head C.G. Coordinate System 
Right  o f  Head C.G. Coordinate System 
L e f t  o f  Head C.G. Coordinate System 
Top of Head 
Lef t  Shoul der Harness Anchor 
L e f t  Shoulder Harness Attachment 
Right Shoulder Harness Attachment 
Right Shoulder Harness Anchor 
Right  Lap Be1 t Anchor 
Right Lap B e l t  Attachment 
L e f t  Lap B e l t  Attachment 
Le f t  Lap B e l t  Anchor 
Le f t  Top Seat Back Corner 
L e f t  Bottom Seat Back Corner 
L e f t  Front Seat Bottom Corner 
Right Front Seat Bottom Corner 
Right Bottom Seat Back Corner 
Right  Top Seat Back Corner 

These points  are connected by l i n e s  as i l l u s t r a t e d  i n  Figure 54 and 

shown i n  Table 35. 



FIG. 54 
STICK FIGURE LAVOUT 



TABLE 35. CONNECTIVITY TABLE 

Connects May Be 
Po in t  t o  PoInts I n t e n s i t y  Absent 

The double i n t e n s i t y  l i n e s  are w r i t t e n  twice. If sing le  i n t e n s i t y  l i n e s  

coincide, on ly  one i s  w r i t t en .  The l i n e s  t h a t  may disappear are absent when 

both endpoints are a t  the o r i g i n .  

A 1  1 coordinates are r e l a t i v e  t o  a right-handed set  o f  coordinate axes 

whose X coordinate i s  pointed forward, whose Y coordinate i s  pointed up, and 

whose Z coordinate i s  pointed r i g h t .  The p o i n t  a t  which the  l i n e  of s i g h t  

i n te rsec ts  the viewing plane serves as the o r i g i n  f o r  the image l i m i t  X and 

Y coordinates. 



I A C  i s  the output op t ion  switch. Four output opt ions are ava i lab le  from 

t h i s  subroutine which w i l l  be cont ro l led  by using the in teger  values o f  I A C  

from zero through f i f t e e n .  The I A C  value i s  decoded by convert ing i t  t o  a 

four  b i t  b inary number. 

TABLE 36. OUTPUT OPTION SWITCH BIT POSITIONS 

Pos i t ion  Output Requested 

1 338 CRT 
2 Movie frame 

4 28-inch CALCOMP o f f  l i n e  

8 10-inch CALCOMP on l i n e  

I f  I A C  i s  zero, t ha t  i s ,  none of the four opt ions are exercised, the 

output i s  a p r i n t o u t  of the t h l r t y  points  i n  CRT coordinates. 

I E R  i s  an e r r o r  code which i s  zero upon normal re tu rn  and se t  t o  a 

designated non-zero value i n  case o f  e r ro r ,  I n  p a r t i c u l a r  i f  IER i s  se t  t o  

one, STICK1 was ca l led  before STICK. 

The fo l low ing tab le  o f  l o g i c a l  device numbers i s  used by t h i s  program. 



TABLE 37. LOGICAL DEY ICE NUMBER USAGE 

L.D.N. USE 

0 Scratch f o r  CALCOMP Routines 

1 

2 

3 
4 

5 

6 

7 

8 

9 

SCARDS 

SPRINT 

Unused 
Scratch f o r  P i c t o r i a l  

PEEK Input  f o r  Control Section 

P ic tu re  Boundary F i l e  Input  for  
Control Section 

Simulator Movie F i l e  Input  fo r  
Control Section 

Normal Pr inted Output 

Movie Output Tape 

O f f  1 i ne CALCOMP Output 

CRT Communication 

Teletype Input  (user 's  Typed 
Responses) 
Teletype Output (Prompting) 
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