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For several years , research has been performed t o  develop mathemat i 
c a l  mod e l s  for the computer s imu l a t i on o f  motor veh i c l e  crash v i c t i ms . A re
cent paper by King and Chou ( 1 )  out l i ned this deve l opment of these comput er 
s imu l ators and s ummar i zed the capab i l i t i es and l imitations o f  severa l of the 
e x i s t i n g  mode l s . The advent o f  l arger s c a l e  computers and the correspondi n g  
trend toward decrea s i n g  computer costs (per operat ion) has made i t  feas i b l e  
for these mod e l s  t o  become morc soph i s t i c at ed .  

Cal span has been continuous l y  involved in the deve l opment of crash 
v i c t i m  s imul a t ors (CVS) . I n i t i a l  efforts by McHenry ( 2 )  in 1 96 3  con s i s t ed 
o f  a two-d imen s iona l ,  e i ght degree-of- freedom syst em , confined to p l anar 
motion to s imu l at e  front a l  co l l i s ions w i th a f i xed configuration for the body 
segment structure and of the crash envi ronment . Further developments by 
McHenry and Segal ( 3 ,  4 ,  5) increased the capab i l i t i e s of the mode l and Segal 
( 6 )  adapted i t  to pede�trian studi es . 

The deve l opment of a three - d i mens ional model was i n i t i at ed by Bart z 
( 7 ,  8 )  co sponsored by the Motor Veh i c l e s Manufacturers Asso c i at i on and the 
Nat i onal H i ghway Traffic Safety Adm i n i s t rat ion (NHTSA) o f  the U . S .  Department 
of Transportat i o n .  Further mathemat i c a l  devel opments b y  F l eck ( 9 ,  1 0 ) , spon
sored by the NHTSA, has res u l t ed in the current C a l span 3 - D  Crash V i c t i m  
Simu l a t ion Program. 

The l at e s t  version of the mode l , known as CVS - I I I  is a cumu l a t i on 
o f  a sequence o f  model deve l opment s  d e s i gned to comp l ement experimen t a l  re
search i n  motor veh i c l e  crash environments and to provide a fun c t i o n a l  instru
ment for parame t r i c  inves t i gat ions . A wide variety o f  user supp l i ed input 
opt ions and parameters are avai l ab l e  to provide the required f l exib i l i ty to 
adapt t h i s  tool to s imu l at e  many phys i c a l  s ituations . 

Usage o f  the C a l span model has become w i despread by many govern 
mental agenc i e s , univers i t i e s , res earch organ i z a t i on s  and motor veh i c l e  manu
facturers in several count r i e s . The model has been used to s t udy pedest r i an 
a c c i dent s by Chry s l er Corporat ion , Peter R .  Ni ederer of General Motors and 
the Univers i t y  of Zurich , and A .  J .  Padgaonkar of Wayne State Univer s i t y .  
R .  E .  Knight o f  t h e  Denver Research I n s t it ut e  has adapted the mode l  to study 
the behavior of the crash v i c t i m  in motorcyc l e  a c c i den t s . The model has been 
modi fied for the Aerospace Medi c a l  Re search Laboratory of Wright - Patterson 
Air Force Base to study the ej e c t i on of a pi l ot from an aircraft . These and 
many other app l i cat ions have been made po s s i b l e  by the genera l i z at ion , versa
t i l i ty and capab i l i t i es that have been bui lt into the model . 
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The program i t s e l f has been written comp l e t e l y  in FORTRAN I V ,  or1 g 1 -
n a l l y  for I BM 3 6 0  and 3 7 0  computer systems , but i t  has been succ e s s fu l ly im
p l emented on l arge s c a l e  CDC , Burroughs and Univac comput ers . The program i s  
qui t e  l arge , it h a s  e i ghty subrout ines cons i st i ng o f  ten thousand source cards 
and requires about 5 0 0 K  bytes of core st orage on I BM 360 and 3 7 0  comput er sys
tems . Doub l e  prec i s ion ari t hmet i c  i s  required on these 32 b i t  word I BM com
puters but s i ng l e  prec i s i on i s  sufficient on t he 60 b i t  word CDC comput ers . 
Typi c a l  execution t imes are 2 00 0  seconds on t he I BM 360/65 and 360/67 computer 
for pedrestrian runs o f  500- 600 mse c .  real t ime duration and 1 0 0 - 2 0 0  seconds 
on the I BM 370/ 1 68 computer for oc cupant s imulat i on s  o f  1 5 0 - 2 0 0  msec . real 
t ime durat ion . These t imes may vary con s i derably depending on the comp l exity 
of the user opt ions and the integration accuracy control parameters spec i fied . 

Dynami cs o f  t he Speci fied Crash V i c t im 

Ear l i e r  vers ions o f  the Cal span CVS used a 1 5  segment , 4 0  degree- of
freedom l inked structure configuration for the crash vict i m .  However , in the 
current vers ion , the number of segments and j o ints and the corresponding num
ber of degrees - o f - freedom are spec i fi ed by the user with the maximum deter
mined by the s t orage l im i t s  speci fied by the program. The veh i c l e  and ground 
( inert i a l  reference) are treated as add i t ional segments with prescribed mot ions . 

The s e  segments are r i g i d  bodies which are connected by di fferent types o f  
j o ints . 

One o f  the primary features o f  the program i s  the ut i l i zat ion of a 
"tree structure" for defining the segmen t s . The user spec i fies a base or 
reference as the first segment , and each succeeding segment must b e  connected 
to a previous l y  defined segment . Origina l l y ,  C a l span used the head for the 
reference segment , but experience w i t h  the model showed that it was better to 
use a heav i e r ,  more central segment , such as the lower torso as the reference 
segment . 

These s e gments are then connected by j o int s .  Each j oint , j ,  connects 
segment number j + 1 w i th a previ ous l y  defined segment spec i fied by JNT . .  
Several di fferent types o f  j o ints are avai l ab l e .  They include : J 

1 .  Ba l l  and Socket Joint : t h i s  has comp l et e  freedom o f  motion with 
torques computed as a funct i on o f  the f l e xure and t w i s t  ang l e s .  

2 .  P i nned or Hinged Joint : t h i s  i s  a j o int with only one degree 
of freedom about a spec i fied pin axis . 

3 .  Eu l er Joint : t h i s  i s  a three axis j o int with spin , nutut ion and 
precess ion axes . 

4 .  Nul l  Joint : as the name imp l i e s ,  t h i s  j o int i s  no j o int at a l l  
and gives the program the capabi l i t y  o f  describing s e t s  o f  d i s 
j o i n t  s e gmen t s  thus a l lowing for mu l t i p l e  bodi e s . 

A l l  j o ints (except for the nu l l  j o int ) may be spec i fi ed as locked 
or unlocked i n i t i a l l y .  They wi l l  subsequent l y  un lock or l ock on the bas i s  of 
prescribed torque l eve l s .  The Eul er j o int may lock or un l ock on any combination 
of i t s  axes . The t yp i c a l  j o int used in many dummies is an Euler j o int with 
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either t h e  spin or the prec e s s i on axis permanent ly locked . The spring and 
v i s c ous character i s t i c s  are supp l ied by the user a l on g  with the parameters t o  
control t h e  l ock ing and un l oc k ing feature o f  t h e  j o int and to control t h e  u s e  
o f  an impu l s e  option when a j o int passes through a j oint stop . 

The orientation o f  the axis system and the l ocat i on o f  each j o int is 
spec i fi e d  by the user with respect to the local reference system o f  the two 
segments that it connect s . 8y spec i fying j oint j as a nul l j o int , s e gment 
j + 1 becomes the base or reference segment of another body . The program 
integrator comput es the new p o s i t ion and velocity of the c . g .  of each refer
ence segment and the d i re c t i on cos ine matrix for a l l  s e gments , the i n i t i a l  
va lues for these must be supp l ied b y  t h e  user.  The u s e  o f  t h i s  data a l ong 
with each j o int l ocation a l l ows the chain routine in the program to comput e 
the pos i t i on and v e l o c i t y  o f  the c . g .  o f  a l l  the other s e gment s .  

The System Equat ions 

The system equat ions were derived considering each s e gment as a 
free body subj ect to the forces and the torques o f  constraint and of external 
contracts generated by the program. In b l ock matrix for m ,  the system equa
t i ons are : 
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Each of the e l emen t s  in the matrix form of the system equat ions are 
subdivided into 3 x 3 matrices or 3 e l ement vectors , the number of wh i ch i s  
either NS (the number o f  segments ) ,  NJ (number o f  j o int s ) , NQ (number o f  con 
straint s )  or NF (number o f  f l e xib l e  e l ement s ) . The nomenc l ature for the var i 
ab l e s  used in the system equat ions i s  as fo l l ows : 
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Variab l e  � 
A i j , Bij Matrices 

M Matrices 

4> Matrices 
. .  

X Vectors 

w Vectors 

f Vectors 

t Vectors 

q Vectors 

T" Vectors 

u1 Vectors 

u2 Vectors 

V .  Vectors J 

S i z e  

( 3*NS ) x ( 3 *NS) 

( 3 *NS ) x (3 * NJ )  

3*NS 

3*NJ 

3*NJ 

3*NJ 

3*NQ 

3*NF 

3*NS 

· Definition 

Coefficients of system equations 

Mass matrix (di agon a l )  

Inert i a  matrix (diagon a l )  

Tran s l at i on a l  accel erations 

Angular acc e l erations 

Joint constraint forces 

J o int constraint torques 

Speci a l  constraint forc es 

F l exib l e  e l ement constraint torques 

Sum of external forces 

Sum of external torques 

Sum of constraint genera l i zed forces 

These systems equat ions are first reduced by e l iminating the ac 
ce lerat ion s ,  thus y i e l ding a set o f  equations for the forces and torques of 
constraint s .  The system of equat ions i s  not symmetr i c a l  when s l iding con
straints or tension e l ements are speci fied . The reduced set of equations 
i s  then s o l ved u s i n g  sparse mat rix and symmetry techniques where possib l e .  
The current program i s  dimensioned to hand l e  306 system equations o r  1 8 6  re
duced equat ion s . 

The a c c e l erations are then computed from the system equat ions . These 
are then integrated by a newly developed vector exponen t i a l  integrator with 
variab l e  step s i z e  that was espec i a l l y  d e s i gned for this prob lem . The direction 
cosine matrices , which are used for the angular orientation of the segment s ,  
are updated using quaternions . The use o f  direct ion ·cos ines had the advan
tage of a l l owing unrestricted angul a r  motion w i t h  no s ingular points in the 
system of equat ions . 

A l l owed Contacts and Spe c i a l  Constraints 

The external forces and torques of the system equat ions are c omputed 
by many contact and spe c i a l  constraint routines within the mode l .  The contact 
surfaces of the body segments are represented by e l l ip s o i ds , and the surfaces 
of the motor veh ic l e  can be defined as e i ther p l anes or e l l ipsoi ds . Force 
and torque generating rout ines within the model inc l ude the fo l l owing : 

1 .  P l ane- e l l ipsoid contact s .  

2 .  E l l ip s o i d- e l l ipsoid cont act . 

3 .  Airbag rout ine .  

4 .  B e l t  rout ine . 
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S .  Joint torque generat ing rout i nes . 

6 .  F i xed point and fixed dis tance constraint s .  

7 .  Ro l l in g  and s l iding constraint s .  

8 .  Tens ion and de formab l e  e l ement s .  

9 .  Spring-damper connections between s e gment s . 

1 0 .  Singular segments suitab l y  constrained. 

Spe c i a l  Features o f  the Program 

A wide vari e t y  of user supp l i ed input options and parameters are 
ava i l ab l e  to provide the required flexib i l ity to adapt t h i s  program to a w i d e  
variety o f  phys i c a l  s i tuat i on s .  Some o f  the other features o f  the program 
inc lude : 

1 .  Comp l et e  fl e xib i l it y  in describ ing the mode l .  

2 .  Program i s  written in modular form a l l owing for eas i l y  adding 
add i t iona l constraint and contact force generating rout i n es . 

3 .  The input t o  the program i s  in modul ar form permitting the re
p l acement of data sets for parametr i c  studi es . 

4 .  U s er defined uni t s  o f  l ength , mass and t ime and genera l i z ed 
coordinate systems . 

5 .  A comp l et e l y  bui l t - in restart capab i l it y  useful for continuing 
a s imul at i on or making minor changes to the input w i thout r e 
runn ing t h e  ent ire program. 

6 .  Two dimen s iona l and mirror s ymmetry options are avai l ab l e .  

7 .  An e l aborate force deflect ion a l gorithm that a l l ows for energy 
l o s s ,  permanent deflect ion and fri c t i on . 

8 .  Optional use o f  i mpu l s ive forces at first contact o f  segments and 
contact surfaces or j o int s and j o int stop s .  

9 .  An e l aborate scheme for de�ining and evaluating functions o f  
three forms : constant value tabu l ar data and a fifth degree 
polynomi a l . 

1 0 .  User has comp l ete cont ro l o f  a l l output o f  the program : 

a .  Program tape useful for p l ot t in g  or further post -proces s ing . 

b .  Restart tape . 
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300 . 0  

Figure 1 Computer P l ot of Pedestrian Impact 
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c .  Comp l ete variab l e  print out o f  system variab l e s  a t  fixed 
t ime point s . 

d .  2 3  types o f  diagno s t i c  print out o f  data from s e l ec t ed 
routines for debugging or di agnos t i c  purpo s e s .  

e .  Tabular t ime h i s tories o f  l inear acc e l er at i ons , v e l o c i t i e s  
or posit ions of any s e l ected point s o n  any segments de
s i gned to correspond to accel erometer or photographic dat a .  

f .  Tabul ar t ime hi stories o f  angular acce l eration s ,  v e l oc i t i es 
or pos i t ions (yaw , p i t ch and ro l l )  of any s e l ected segment s .  

g .  Tabu l ar time his tories of j o int angl e s  and torques o f  
se l ected j o int s .  

h .  Tabular t ime hi stories of forces for a l l  speci fied contact s .  

These tabular t ime hi stories and the tapes generated by the program 
give much more data than can be obtained from an instrumented experimen t a l  
tes t .  They may be ut i l i zed by separate post -proc e s s ing and p lot ting routines 
to further ana l y z e  the resu l t s  of tne run . For examp l e ,  Figure 1 ,  generated 
by Chrys l er Corporation ,  presents a p l o t  of a 1 7  segment pedestrian at i n i t i a l  
time zero and a t  t h e  point of ini t i a l  head contact w i t h  the vehi c l e .  l t  
thus becomes a very simp l e  matter t o  obtain comparab l e  resu l t s  b y  varying 
some of the program input parameter s ,  such as impact v e l o c i t y ,  vehi c l e  
configurat ion, or crash v i c t ims , and compute the inj ury criteria caused by 
the various crash cond i t i ons . Once a va l id data set i s  estab l i shed , the 
Cal span 3�D Crash V i c t im Simulation Program, becomes a very useful tool for 
parametr i c  investigations and to study the effects of proposed safety features . 
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