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provide the automotive safety engineer considerable f lexibil i ty in de- 
fining a crash event b u t  a t  the same time impose considerable demands 
for specification of i n p u t  data. As a means of faci l i tat ing learning t o  1 
use the model, the Tutorial System combines a Self-Study Guide and an 
Audi o-Vi sual Program. Both are d l  vi ded i n t o  t h i  rteen segments, call ed 
"modules ," each of which deals with the data requirements of a set  of 
related model features. Each audio-visual module consists of 35 mm slides 
and approximately twenty minutes of narration on a tape cassette. 
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MODULE 1 *- INTRODUCTION TO THE MVMA 2-D CRASH VICTIM SIMULATION 

SLIDE 1 . 
Since 1966, sophisticated analyses have been developed which can 

be used for estimating the dynamic response of a human or an anthropo- 
morphic dummy i n  a crash environment. The use o f  such mathematical 
rnodc!ls as tools in automotive safety design has been made possible by 

modern 1 arge-storage, high-speed cornputen. 



COMPUTER SIMULATION 

OF OCCUPANT DYNAMICS 

IN A CRASH ENVlRONMENT 

GIVEN (Input): 

1) Description of a biomechanieol system representing 
the occupant 

2 )  Description of a mechanical system representing 
the occupant esmpartment 

3 )  Time-history of occupant compartment motion 

4 )  Occupant position at  onset of crush 

DETERMINED (Output): 

1) Occupant motion 

2 )  Forces on Occupant 

3 )  Derived descriptions and measures o f  the crash 
dynamics 

FIGURE 1 Computer Simul  a i i o n  o f  Occupant Dynamics 

-. . . 

SLIDE 1-2 



SLIDE 2 

The problem of determining occupant dynamics in a crash environment 
can be simply stated. A description of  a mechanical or biomechanical 
system, the occupant, i s  given. A description of a potentially inter- 
acting mechanical system, the occupant compartment, i s  given. The 
occupant's position and orientation and their rates o f  change are speci- 
fied for some single instant of time. And finally, the motion in 
space of the occupant compartment as a function of time i s  specified. 
I t  i s  required t o  determine the subsequent motion of the occupant and 
the forces which describe his interaction with the vehicle interior. 



t=O 

POSITIONS A N D  
VELQClT IES (OF 

OCCUPANT AND 

DEFLECTIONS 

Load-deflection 

deformed elements 

INTERACTION 

Newton's Laws 
(d i f f e ren t i a l  equations 

F I G U R E  1-2 Relati onship of Position Conditions and Interaction Forces 
Within the Framework of an Init ial  Value Problem 

SLIDE 1-3 



SLIDE 3 

This figure i l lustrates the relationship between the motion and 
the forces. From the ini t ia l  position and velocity conditions of the 
occ~tpant re1 ative t o  a vehi cle-fixed reference frame, the instantaneous 
state of displacements between body and vehicle elments, and hence the 
interaction forces, may be detemi ned. The instantaneous interaction 
forces thus found, together with the motion equations of classical 
mechani cs , namely Newton ' s Laws, determi ne the i ns tan taneous accel era- 
tions essentially as force divided by mass, Integration of the 
accelerations then yields the occupant velocities and positions a t  a 
new time, different from the time a t  which forces were determined by 

an arbitrarily small amount, a t .  New position and velocity conditions 
having been determined, new deflections can be determined and so forth 
so that the entire time histories for motion and forces are established. 

This flow sequenceL i s  an appropriate description for a l l  mathematical 
models which could, be used for determining occupant dynamics. 

The embodiment of a mathematical model within a computer program 
is  called a "computer model." Computer models which have been used t o  
simulate occupant crash dynamics f ncl ude b o t h  two-dimensional and 
three!-dimensi onal motion simulators. The two-dimensional models 
are appropriately used for simulating crash events in which primary 
occupant motions may be expected to 1 ie  within a plane. Thus ,  two- 
dimen~sional model s are most useful for simulating front-end 
and rear-end impacts. With care, however, they may be used for some 
oblique and side impacts as well. One such planar motion model, the 
"MVMA Two-Dimensional Crash Victim Simulator," i s  the subject of this 
Tutorial System. 



MODULES OF THE MVMA 2 4  

CRASH VlCTlM SIMULATION TUTORIAL SYSTEM 

MODULE 

Introduction to the MVMA 2-D Crash Victim Simulation 

The Body Linkage 

Neck and Shoulder Models 

Contact Surfaces Attached to the Occupant 

Contact Surfaees Attached to the Vehicle 

Generation of Contact Forces on the Occupant (Parts 1 and 2) 

Occupant Positioning with Respect to the Vehicle 

Crash Deceleration Profiles and Head Applied Forces 

Belt Restraint Systems 

Airbag Restraint System 

(Module 11 i s  reserved for an energy absorbing steering 

column) 

Model Operation 

Example Crash Simulations 

FIGURE 1-3 Modules o f  the MVMA 2-3 Crash V i c t i m  
Simula t ion T u t o r i a l  System 
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The MVMA 2-D model i s  a large and complex computer program. I ts  
many options and .features provide the user considerable flexi b i  1 i t y  

in defining a crash event b u t  a t  the same time impose considerable 
demands for. specification of input data. As a means of facil i tating 
learning to use the model, the Tutorial System combines a self-study 
guide with an audio-visual program. Both the self-study manual and 
the audio-visual program are divided into t h i  rteen segments call ed "modules. " 
Each of the Modules 2 through 1 2  deals with the data requirements of a set  cf 
related model features. Data decks for two example sfmu1 ations are described 
and assembled in Module 13. The t i t l e s  of the modules are descriptive of  

their content and are listed here. I t  should be noted that Module 6 is  

in two parts and that there i s  no Module 1 1 .  



PREREQUISITES 

User familiarity with basic engineering terms is required. 

@ Knowledge of algebra and analytical geometry is required. 

Gaod engineering judgment and an understanding of the 
fundamentals of Newtonian mechanics are important. 



SLIDE 5 

The Tutorial System i s  intended for use by engineers. I t  i s  

assumed that the user i s  familiar with basic engineering terms such 
as "acceleration ," "force-deflection loading curve," and "moment of 
inertia. " No mathematical ski 1 1s are required for understanding most 
of the material presented in the Tutorial System modules, b u t  any user 
of the computer model i s  expected t o  understand the basics of algebra 
and analytic geometry. These are required for some aspects of the task 
of input data preparation. Know1 edge of calculus, dl fferential equa- 
tions, and LagrangIan mechanics is  no t  a necessity for any user, 
b u t  i t  i s  normally the case that a user with skills in these areas 
i s  better able t o  use the model effectively. B u t  most important, 
and independent from a user's mathematical background, are good 
engi neeri ng judgment and an  understanding of the fundamental s of New- 
toninn mechanics. 



MATHEMATiCAb SIMULATION 

Focus of the Tutorial System: preparation of input data 

- 
Design data 

@ The mathematical model 

(I, Engineering judgment 

@ Good experimental data for model input parameters is 
of critical importance. 



SLIDE 6 

The focus of the Tutorial System i s  preparation o f  input data. 
I t  is here that design data, the mathematical model, and engineering 
jud~gment must be brought together. The mathematical model, 1 i ke al l  
matl~ematical models, wi 11 allow only imperfect representations of 
reality. In order t o  simulate physical phenomena as accurately as pos- 
sible with the moldel, ft is  necessary for the user t o  understand the 
manlier by which features of the occupant/vehicle system have been approxi- 
mated analytically. Therefore, most of the material in the Tutorial 
System i s  explanation of the features of the mathematical model and the 
associated parameters for which the user must supply values . Engineering 
judgment i s  brought t o  bear in deciding, for simulation of a specific 
crash event, which features of the model are best used, how they are 
used, and what parameters are cri tical and therefore requi re speci a1 
attention. For example, special attention might  be given t o  an impor- 
tant parameter by experimental 1y measuring i t s  v a l  ue as accurately as 
~oss ib ie .  i t  has been demonstrated time and again that for satisfactory 
perfomance of mathematical models, there is  no substitute for good experi- 

mental data. Reality can be simulated only i f  reality i s  represented. 



MVMA 2-D MODEL 

1. Nine-Mass Occupant Modd 
2. Contact -Sensing Ellipses 

3. Collapsing Vehicle Interior 

4. Vehicle Exterior for Pedestrian Studies 

5. Extensible Two-Joint Neck 

6. Flexible Shoulder 

7. Time-Dependent Muscle Contraction 

8. Deployable Airbog 

9. Energy-Absorbing Steering Column 

10. Two Belt Restraint-System Submodels 

11. Horizontal, Vertical, and Pitching Vehicle Motions 

FIGURE 1-4 The M V W  2-D Model 

SLIDE 1-7 
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This i s  a schematic of the occupant, vehicle interior,  and restraint 

systems of the MV'MA 2-D model. Listed with the schematic are some of 

the basic features o f  the model. Much of the remainder of this module 

i s  sumnary o f  these features. Modules 2 th rough 1 2  treat these subjects 

i n  detail. 



THE CXCUPANT MODfb 

A nine-mass, ten-segment body linkage 

I) An extensible, two-ioint neck and a realistically-flexible 
shoulder complex 

I) Time-dependent muscle activity level 

8 Contact-sensing ellipses of arbitrary size, position, and number 
which define the body profiie 

General and arbitrarily-definable nonlinear materials with 
energy-absorbing capability for all parts of the body 

SLIDE 1-8 
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The MVMA 2-11 model includes the following features in i t s  representa- 

tion of the crash victim, which may be either a human or an anthropomor- 

phic dummy: 

1 .  A ni ne-mass, ten-segment body 1 inkage; 

2 .  An extensible, two-joint neck and a realistically-flexible 

shoulder complex; 

3. Energy-absorbi ng joints ; 

4. Time-dependent muscle activity level ; 

5. Contact-'sensing el 1 ipses of arbitrary si ze, position, and 
nurn~ber which define the body profile; a n d ,  

6 .  General and arbi trari  ly-definable nonlinear materials with 

energy-absorbing capability for a l l  parts of the body. 



FIGURE 1-5 Articulated Body Schematic I 
SLIDE 1-9 

I 
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Some of these features are illustrated in this schematic of the 

bocly linkage. Note t h a t  since this is  a planar model, a single two- 
1 i n k  leg represents right and l e f t  legs combined. Similarly, there are 

only two arm linlts. Angulations a t  joints are restricted by user 

specification of range-of-motion limits and viscoelastic parameters 

f o r  hard-tissue resistance. 



FIGURE 1-6 Seated Occupant i n  ? o s i  t i o n  o f  Aporoximafe Equi 1 i b r i  urn 

SLIDE 1-10 



SLIDE 10 

This figure illustrates a typical occupant profile defined by 
user-specified contact-sensing el 1 ipses. 



Relative Angle 

k = a 1  + 02 iMI 

c = ajlM\ 

M = M(t), muscle activity level 

F I G U R E  1-7  Muscle element 
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A feature that  i s  unique t o  the MVMA 2-D Crash Victim Simulator 

i s  i t s  muscle model. Moderate levels of muscle contraction generally 

have a significant effect  on the crash dynamics, especially for low-g 

impacts, so analytical representation of the effect  i s  of obvious 

value. Provision i s  made for calculation of muscle torques a t  the eight 

joints of the body 1 inkage. The muscle model i s  shown here. I t  does 

not include a contractile element, b u t  the passive viscoelastic 

parameters k and c are functions of a user-prescri bed, time-dependent 

muscle act ivi ty level. 



Muscle 
Activity 
Moment 

FIGURE 7-8 Wuscle a c t i v i t y  moment a s  a func t ion  o f  t i m e  

SLIDE 1-12 
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The typical dependence on time of the muscle activity level i s  
i l lustrated here. tR and tC are reflex and contraction times for the 

muscle. 



Upper torso 
c e n t e r  of mass 

FIGURE 1-9 MVMA-2D extensible neck geometry 

SLIDE 1-13 
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The extens ib le  t w o - j o i n t  neck i s  i l l u s t r a t e d  i n  t h i s  f i gu re .  

V iscoe las t ic  elements are no t  shown. The j o i n t s  are a t  e i t h e r  end o f  

the ce rv i ca l  spine. The upper neck j o i n t  may be pos i t ioned a r b i t r a r i l y  

w i t h  respect  t o  the head center o f  mass. 



rotrusion 

FIGURE 9-10 Maximum range of motion of the g leno id  fossa 
(shoulder socket) in shrugging movements 

SLIDE 1-14 
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Shoulder "shrugging" motions may be represented in simulations 

w i t h  the MVMA 2-D model. Angular articulations o f  the upper arm link 

art! independent from the translatory motions of i t s  proximal end. 



HEAD 
, R E S T  ROOF HEADER - -3 WINDSHIELD 

CUSHION SEAT I FRONT 

I FLOORPAN 

tzv 
FIGURE 1-1 1 Exampie P r o f i l e  o f  V e h i c l e - I n r e r i o r  Surfaces 

ASH 

SLIDE 1-15 
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SLIDE 15 

Forces between the occupant and the vehicle interior are generated 
by the model as a result of interaction of a profile of occupant el-  
l ipses with a user-defined vehicle-interior profile. This profile 
i s  a set  o f  conndtcted or disconnected straight-1 ine segments. The 

exampie profi 1 e i 11 ustrated has eleven segments. However, any number 
of segments may be prescribed and their lengths and locations are 
arbitrary. Time-'dependent positioning o f  the segments makes possible 
simulation of direct intrusions into the occupant compartment or 
secondary frontal interior displacements resulting from gross deforma- 
tion of the engine compartment. 



MATERIAL PROPERTIES 

() Tabular or poiynomiai loading curves 

Material yield point deflection 

Forte saturation level for plastic loading 

Hysteretic unleoding charadatistics that depend on maximum 
deformation 

Surface friction characteristics 
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The line segments may be assigned material properties or they may 

be specified as rigid. Material properties for elements of the vehicle 

int~erior (and  also for occupant el 1 ipses) include the fo1 lowing: 

1 .  Tabu1 ar or polynomial loading curves ; 

2 .  Material yield point deflection; 

3 .  Force saturation level for plastic loading; 

4. Hysteretic unloading characteristics that de~end on maximum 

deformat ion; 

5. Surface friction characteristics. 



Force 

w ( C  

Deflection, a 

FIGURE 1-1 2 Unloading N i  t h  Permanent Deformation from Def lec t ions  
Greater Than t, 

SLIDE 1-17 
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Example load ing  and unloading curves a r e  shown on t h i s  s l i d e .  



RHEAD 

F I G U R E  1 - 13 MVMA 2- D A i  rbag Model 
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Three opt iona l  occupant r e s t r a i n t  systems may be used i n  MVMA 2-D 

simulations. Two are b e l t  systems and the t h i r d  i s  an airbag model, 

which i s  i l l u s t r a t e d .  

The f igure shows the bag expanding from i t s  source toward the oc- 

cupant, fo r  which an airbag contact p r o f i l e  i s  def ined w i t h  s t r a i gh t -  

l i n e  segments. Estimation o f  bag forces i s  based on so lu t ion  o f  the d i f -  

ferc!ntl'al equati 011s o f  gas thermodynamics . The a i  rbag i s  i n f l a t e d  a t  

a time-dependent r a t e  spec i f i ed  by the user; i n l e t  mass f low r a t e  i s  

a tabu lar  inpu t  t o  the s imulat ion.  When the bag i s  f u l l y  i n f l a t ed ,  

r es t r a i n i ng  forces due t o  i n t e rna l  pressure and sk in  tension are 

generated i f  the bag i s  i n  contact w i t h  the occupant. The shape 

o f  the bag i s  allowed t o  conform t o  t h a t  o f  the occupant and the 

vehic le  i n t e r i o r  w i t h  f r ee  sections o f  the perimeter def ined as c i r c u l a r  

segments. When the pressure i n  the bag reaches a spec i f ied leve l ,  

gas i s  allowed t o  f low out o f  the bag through defined o r i f i c e s  o r  through 

porous bag f ab r i c .  



FIGURE 1-14 Simple Be1 t System 

SLIDE 1-19. 
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. The f i r s t  optional be1 t system consists of: 1 )  a one-piece lap 

bell: attached t o  the lower torso element and anchored a t  each end to the 
vehicle; 2 )  an upper torso harness strap attached t o  the upper torso 
element and ancholced t o  the vehicle; 3 )  a lower torso harness strap 
attached arbitrarily t o  any torso element and anchored t o  the vehicle. 

This be1 t-restraint submodel i s  effectively a three-be1 t sys tern. The 
two-,segment lap be1 t shown i n  the figure is  treated by the computer 
model as a single piece of webbing that slides freely over the pelvis 
through a user-spctcified point on the lower-torso element. Thus, 
a lap-belt tension is  determined from the elongation or strain of the 
total be1 t length,, with no adjustment for possible friction effects, 
and the established tension is  applied a t  the attachment point on the 
body through both the inboard and outboard segments. The lap b 2 l t  

anchor positions in the vehicle, as well as the attachment point on 
the lower-torso segment, can be specified arbitrarily by the user. 

The torso harness restraint consists of two individual straps : 
an upper strap attached t o  a fixed point on the upper torso segment 
and a lower strap attached t o  a fixed point on the upper- middle-, 
or 1 ower- torso segment. 



inboard anchor 

FIGIJRE 1-1 5 Advanced Be1 t Sys tern 

SLIDE 1- 20 
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This i s  a schematic of the second optional be1 t-restraint system. 
I t  includes the following features: 1') seven be? t segments which may 
be independent or, at  option, may be paired i n  certain combinations t o  
act as a lesser nlumber of separate lengths of webbing by use of various 
free-slipping and friction elections a t  the torso and lap and a t  slip 
points; 2 )  a slip point in the three-belt upper harness system; 3 )  a 
slip point between the lower torso and lap sections; 4) optionally, 
inertia reels, either vehicle-sensitive or webbing-sensitive, a t  
three of the four anchor locations. 

Tne s l ip  points are shown as open circles, rings R, and R2. 

The rings may be fastened t o  ring straps, which lead t o  anchors A1 
and A?, or they may be fixed t o  the vehicle frame a t  anchor locations 
A, and A2,  in which case the corresponding ring straps, B6 and B5, 
are absent. The be1 t pairs B1-B, and Bp-Bg , may be considered comnon 
straps t h a t  may slip freely through their respective rings or with- 
an amount of frictional resistance which depends on the resultant 
normal force a t  the ring. Also, three optional methods are available 
for simulating the effects of torso be1 t slippage and friction against 
the torso. 

As for the simpler belt system, webbing properties for this 
sys1:em mey be prescribed either in terms of force-deflection or 
force-strai n characteristics. 



Inertial reference frame 

\ Accelerometer 
location 

F I G U R E 1 - 1 6  Venicle Ccordinates 

SLIDE 1-21 
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The crash victim's environment i s  made t o  be dynamic by specifying 
vehicle motion. Three independent motions are prescribed i n  tabular 
form as functions of time: 1) a horizontal acceleration; 2)  a vertical 
acclaleration; and 3)  an angular "pitching" acceleration. The three 
degrees of freedolm for vehicle motion are shown here. Example piece- 
wise-1 inear approximations of hypothetical crash profiles are shown on 
the next slide. 



Z , Upward Occupant Cornpartmen t Accelerat ion 

F I G U R E  1-17 Vehic le Acce lera t ion P r o f i l e s  

SLIDE 1-22 
44 
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For user convenience several opt ions are avai 1 able w i t h  regard 

t o  spec i f i ca t i on  o f  veh ic le  accelerat ions.  Hor izonta l  and v e r t i c a l  

components may be def ined as the responses o f  a b i a x i a l  accelerometer 

mounted on a p a r t  o f  the frame t h a t  i s  f i x e d  w i t h  respect t o  the 

occupant compartment. A l t e rna t i ve l y ,  the accelerat ions may be pre- 
scr ibed as motion components w i t h i n  an i n e r t i a l  frame of reference. 

The accelerat ions may be entered i n  g ' s  o r  i n  physical  un i t s .  P i t ch ing  
2 2 acceilerations may be i n  e i t h e r  radjsec o r  deg/sec . 



FIGURE 1-12 Schemat ic  o f  Force Appl  i e d  t o  Head 
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I n  special appl ications of the MVMA 2-D model , i t  can be useful t o  
be ab le  t o  specif,y time-dependent forces for direct application t o  the 
occupant. Provision is  made for applying such a force t o  any desired 
point on the head, as shown. 



ME MULTIPROCESSOR MVMA 2 4  MODEL 

@ IN = Input Processor 

4) GO = Dynamics Solution Processor, or Execution Processor 

OUTP = Output  Pre.Processor 

. OUT = Output Processor 

FIGURE 1-19 The Mu1 t i p r o c e s s o r  MVMA 2-D Model 
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The MVMA 2-D computer model is  organized as a multiprocessor in 
t h a t  i t  i s  divided into five parts whjch operate in turn. The f i r s t  
processor i s  called the Input Pre-Processor, or INP.* I t  reads data 
cards and writes the main program for the second processor. The second 
processor i s  calltrd the Input Processor, or IN. I t  packs input data 
into binary tables and records those tables for use by subsequent pro- 
cessors. I t  also writes two programs needed by the third processor, in- 
cluding the main program. The third processor is called the Dynamics 

Solu1:ion Processor, or GO. I t  reads the binary tables, solves the equa- 
tions of motion, and incorporates the computed results i n t o  the binary 
tables. The fourth processor is  the O u t p u t  Pre-Processor, or OUTP. I t  

reads data cards and writes three programs needed by the f i f th  processor, 
inclulding the main program. The f i f th  processor i s  called the Output  
Processor, or OUT. I t  reads the binary tables produced by the other 
processors and prints a comprehensive summary of a1 1 recorded information 
as the user specifies. 

Discussion of the MVM4 2-D model in preceding sections of this 
module is pertinenit only t o  the functions of the f i r s t  three processors, 
that is :  1 )  reading and interpreting the i n p u t  data; 2 )  solving the 
equations of motion for the simulated crash; and 3)  storing results. 
The fol lowing discussion i s  pertinent t o  the output processor. 

* 
INP i!; not now used. I t  was used in an earlier version of 
the model . 1 2/ 4/85 



FUNCTIONS OF THE OUTPUT PROCESSOR 

@ Digital filtering of accelerations 

Calculation and testing of potential injury indicators 

@ Printout of forty categories of computed results 

Formatted printout of input quantities 

Stick-figure printer plots 
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The O u t p u t  Processor has two primary functions: 1 ) to process 
and analyze computed results with various so-called "post-processor" 
subroutines, and 2)  t o  produce printed o u t p u t .  

Post-processor subroutines make possible digital f i l  tering of 
occupant accel era1:ions. Either f i  1 tered or unfiltered accelerations may 
be used in  determinations of the Head Injury Criterion, HIC, and head 
and chest Severity Indices. Also, axial and shear components of femur 
and tibia loads cain be calculated. Up t o  eighteen standard potential 
inju3ry indicators including accelerations, loads, HIC, and severity 
indices can be compared against user-specified test  values. Joint 
relative angles can be similarly tested. In addition, i t  is  possible 
t o  compare any recorded response variable against any other or against 
high and low test  values. 

I n  i t s  second function, p r in t ing  time hi stories of response variables, 
the o u t p u t  processor deals w l  t h  ii f t y  different categories of computed 
results. They include infomation about vehicle motion, occupant motion, 
joinl: torques, and forces resulting from occupant interaction with 
elements of the vehicle interior and restraint systems. Any or all  
of these categories can be requested by the user for p r i n t o u t .  I n  
addition, i t  i s  possible t o  obtain formatted printout o f  i n p u t  quantities. 
Finally, the o u t p u t  processor can produce printer-plot stick-figure 
repre!sentations of the occupant, the vehicle interior, and the restraint 

configuration. One stick figure from a time sequence of plots is  shown 
on tne next slide. 
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Coordinate ranges f o r  p l o t  a r e  X = 0.0 ( a t  l e f t )  t o  64.00 ( a t  y i g h t )  
and Z = 2 .24  ( a t  bottom) t o  -41.24 ( a t  t o p ) .  Scale f a c t o r  i s  ( i n )  = 
4.923 ( i n ) ,  X and Z p o i n t  r eso lu t ion  e r r o r s  equal respec t i ve ly  0.246 and 
0.410 ( i n )  i n  s c a l e .  

FIGURE l - z O  Example o f  Printer P l o t  Output 
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One p r i n t e r  p l o t  from a t ime  sequence o f  p l o t s  i s  shown i n  t h i s  s l i d e .  



DATA DECKS 

Card Number 

Cords read b y  IN 
100, 200, ..., 908 content used for 
automatic titling of pages 

1000 (blank) marks end of data deck 

Cards read by  BUTP. 

1600 (blank) marks end of data deck 

FiGURE 1-22 Data  Decks 

SLIDE 1-27 
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Two data decks are required for computer simulations made with the 
MVMA 2-0 model. Each data deck consists of a series of eighty-character 
lintrs which will be called "cards" in this discussion. The f i r s t  data 
deck i s  read by the Input Processor, and the cards are identified 
by numbers 100 through 1000 i n  coiumns 78-80 or 77-80. Primarily, 
these cards contain data which describe the crash event, the occupant, 
the vehicle interior, and the restraint systems. The second data deck 
i s  read by the O u t p u t  Pre-Processor. Each card is  identified by a number 
1001 through 1600 in columns 77-80. These cards contain data which 
cont:rol printout and the use of post-processors discussed previously. 
I n  gieneral , data (cards can be in any order within a data deck. Cards 
w h i c h  control model options not used for a particular simulation need 
not be present. 141~0, various quantities can be defaulted t o  constants 
stored within the program by omitting their cards from the data deck. 



Acceptable data formats 

F E D 

123.4 1.234E2 1.23402 

FIGURE 1-23'  A Data  Card 
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Each card co~nsists of ten fields. The tenth field is  reserved for 

' the previously melntioned card identification number. The f i r s t  nine 

fields, consisting of eight columns each, are d a t a  fields. T h u s ,  
u p  t o  nine number:; may be required per card a1 though  most cards make use 

of a smaller number of fields. Numerical d a t a  must be specified in 

either F ,  E ,  or D format, examples o f  which are given with the figure. 
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The Tutorial System self-study guide and audio-visual program are 

i ntebnded t o  faci I i t a t e  learning t o  use the MVM4 Two-Dimensional Crash 
Victim Simulator. The point must be made, however, t h a t  the mode1 user 

must have the MVMA 2-0 report manuals, specifically Volume 2 ,  in order 

t o  prepare data for a simulation. The Tutorial System self-study guide 

i s  not  intended t o  be a replacement for the report manuals, b u t  rather, 

a detai 1 ed supplement. 

Volume 2 of the MVMA 2-0 report manuals include a description of 

a l l  data cards and their content, card by card and field by field. 

The slide shows a typical card layout from Volume 2 .  The table from 

which this example page i s  taken includes over 100 such card layouts. 

They must be referenced in t h e  preparation of a d a t a  se t ,  bu t  they 

are n o t  included with the Tutorial System. The table, in addition 

to cclllecting in orre place a description of al l  required input d a t a ,  
includes information regarding default values for fields of cards omitted 

from the data deck and also information regarding required units for 

data, f ield by field. The units required for running the model with 

metric-system or Engl i sh-system data are indicated separately. 



DATA CARDS REFERENCED BY MODULES 

Module Data Cards Referenced 

FIGURE 1-25 Data Cards Referenced By Modules 
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As previously mentioned, Tutorial System Modules 2 through 12 

deal wi t h  di ffer'ent groups of re1 ated model features. However, i t  
i s  no t  possible t o  make the treatment of all  subject matter i n  each 
module completely self-contained. For example, Module 9 describes 
the two optional belt restraint systems in detail. B u t  the description 
of general materi a1 property specifications, which are re1 evant t o  
be1 t webbing, bocly parts, and elements of the vehicle interior, i s  in 
Module 6. Thus, reference t o  belt webbing material properties is  made 
in more than one module. Two tables are included in Module 1 t o  aid 
the Tutorial System user in locating information within the self- 
study guide relevant t o  any input data parameter. The f i r s t  shows 
all  data cards referenced by each module. 



DATA CARD FIELDS 

AND REFERENCING MODULES 

F I G U R E  1-26 Data Card Fields Referencing Modules (Page 1 of 6 )  
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The second tab le ,  one page o f  which i s  shown here, i nd ica tes  a l l  

modiules which reference each f i e l d  o f  each card. 



USING THE TUTORIAL SYSTEM 

Sequential viewing of the audio-visual modules, followed 
by use of the self-study guide 

or 0 Alternate use of the audio-visual program and the self-study 
guide 

SLIDE 1-32 
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Module 7 has served as an introduction t o  the MVMA Two-Dimensional 
Crash Victim Simulator and the Tutorial System. The Tutorial System 
should be used in either o f  two ways. 

First ,  the thirteen audio-visual modules may a1 1 be run, sequentially, 
before the self-study manual i s  used. The audio-visual modules, each 
consisting of 35 m s1 ides and narration on a tape cassette, treat  
model features in much qreater detail than they have been discussed in 
this i ntroductory module. However, they cover their materi a1 in 
much - less depth than the self-study manual ; each includes only 15-25 
minutes of narration. Therefore, they can be used together as a detailed, 
four and one-half hour, audio-visual introduction t o  the model. They need not be 
viewed in one session, of course. In this method of using the Tutorial 
Syst:em, use o f  the self-study guide would follow viewing of all  modules. 

A1 terrrativel,~, viewing of audio-visual modules and use of the self-  
study guide can a1 ternate. In this method, the user of the Tutorial 
Syst:em would stud:y the subject matter of a module in detail before 
proc:eeding to the next module. 

Either method should be effective in preparing the user for 
applying the MVMA Two-Dimensional Crash Victim Simulator t o  problems 
of automotive safety design. After study of Module 13,  the user should 
be ready i o  exercise the model. The MVM 2-D model can be applied in  

various ways for the modeling of dynamics1 systems. A broad range of 
front, rear, and even side impacts for driver and passenger have been 
simulated. Applications have included simulating anthropomorphic dummy 

drops on to  a hard surface and human fall  victims striking yielding and 
unyielding surfaces. Uses have included simulating pedestrians struck 
by a vehicle. Simulations have been done of laboratory tests in which 
lateral neck respcrnse of human subjects was measured when the head 
was jerked t o  the side by a falling weight. B u t  use of the MVMA 2-D 

model need not  be restricted to simulating human or human-analog 
systems. Diverse applications are possible i f  the user i s  clever in 
utilizing the many features of the model. 





MVMA 2 4  

CRASH VICTIM SIMULATION 

* *  
MODULE 12 

MODEL OPERATION 

The next module i s  MODULE 12 -- "MODEL OPERATION. " 

Module 12 has been moved t o  this location, following 
Module 1 ,  since i t  helps in giving an overall view 
of the MVMA 2-D model. (1214185) 



MVMA 2 4  

CRASH VICTIM SIMULATION 

MODEL OPERATlON 
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SLIDE 1 

The MVMA Two-Dimensional Crash Victim Simulator i s  a large and 
complex computer program. Some of the input quantities t o  the MVMA 

2-D Model deal with the alternatives in operation of the computer pro- 
gram as opposed t o  the description o f  the event being simulated. 
Understanding some of the program controls entails some knowledge of 
the architecture of the model program. 



ME MULTIPROCESSOR MVMA 2 0  MODEL 

@ IN = Input Proc~ssor 

GO = Dynamics Solution Processor, or Execution Processor 

@ OUTP = Output Pre-Processor 

OUT = Output Processor 
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The MVMA 2-0 computer model is organized as a multiprocessor in 
that i t  is divided into five parts which operate in turn, The f i r s t  
proc:essor is called the I n p u t  Pre-Processor, or INP. I t  reads data 
cards and  writes the main program for the second processor. The second 
processor is  called the I n p u t  Processor, or IN. I t  packs input d a t a  
into1 binary tablels and records those tables for use by subsequent pro- 
cessors. I t  also writes two programs needed by the third processor, in- 
cluding the main program. The third processor is called the Dynamics 
Solution Processoir, or GO. I t  reads the binary tables, solves the equa- 
tions of motion, and incorporates the computed results into the binary 
tables. The fourth processor is the O u t p u t  Pre-Processor, or OUTP. I t  
reads da ta  cards and writes three programs needed by the f i f t h  processor, 
including the main program. The Tifth processor is called the O u t p u t  
Processor, or OUT. I t  reads the binary tables produced by the other 
proclcssors and pri'nts a comprehensive summary of a l l  recorded information 
as the user specifies. 



Y 

DIRECT AfLES 

NOTE: The INP Processor 
not used i n  the current 
version of the model. Da 
cards are  read by the IN 
Processor. 

FIGURE 12-1 Overall Model 
Infornlatfon Flow 
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The f l ow  diagram summarizes the communication between the f i v e  

processors by means o f  f ou r  externa l  f i l e s  which s to re  the b inary  

tab les.  A 1  1 data generated by a computer run are contained i n  these 

f i l e s ,  and they nlay be used f o r  i n p u t  i n t o  post-processors such as 

the Va l ida t ion  Command Language o r  a graphics package. 



EXTERNAL COMMUNlCATlON FlLES 

FILE: TYPE CONTENT 

NU Direct access All input and all fixed- 
length eomputed results 

MU Sequential Head, chest, and hip 
aeceieration resuits 

MV Direct Access Vcsria ble-length eomputed 
results 

NP Sequential information for printer-plot 
output 

SLIDE 12-4 



SLIDE 4 

The four f i les  are called NU, MU, MV, and  NP, respectively for 
the four vhriables used to reference the logical device numbers t o  
which they are attached. N U  i s  a direct access data set  which con- 
tains a1 1 input quantities and a1 1 fixed-length computed results. 

MU Is a sequential data set  which contains head, chest, and h i p  ac- 
celeration information for every integration time step. MV i s  a 
direct access data set  which contains the variable-length computed re- 
sul t:s, which include contact interactions, region movement, and re- 
gion summary quantities. NP i s  a sequential data set  which con- 
tains the special information needed for production of stick-figure 
printer-plot output. 



Category 
Number Description 

Formatted Printout o f  Input Quantities 
Vehicle Response 
Real bine Region Parameters 
Real bine Region Individual bi ne Segment Movement. 
Contact Forces Including Occupant-Vebicl e, Occupant- 
Be1 t ,  Occuoant-Occupant 
Neck Reaction Forces 
Unfi 1 tered Body Accelerations (Head, Chest, Pelvis ) 
Fi  1 tered Body Accelerations (Head, Chest, Pelvis) 
Unfi 1 tered Severity Indices 
F i  1 tered Severi ty Indices 
Body bi n k  Angles 
Body Li n k  Angular Velocities 
Body Link Angular Accelerations 
Body Joi n t  Coordinates 
Body Joint Vel oci t i  es 
Body Join: Torques 
Body Joint Absorbed Energies 
Body K i  net i c Energies 
Ai rbag Variables 
Ai rbag Contact Forces 
Airbag Center of Mass Forces and Moments 
Neck Joint Coordi nates 
Shoulder Joint Coordinates 
Joint Torque E l  ast i  c Components 
Joint Torque Jsi nt-Stop Components 
Joint Torque Friction Components 
Joint Torque Viscosity Components 
Joint Absorbed Enersy Joint Stop Components 
Joint Absorbed Energy Friction Components 
Joint Absorbed Enercjy Viscosity Components 
Center of Mass X-Component Forces 
Center of Mass Z-Component Forces 

FIGURE 12-2a List o f  O u t p u t  Categories 
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The computed results are broken into subjects, or categories, which 
correspond t o  o u t p u t  pages for the fixed-length output and t o  "typical 
o u t p u t  pages" for the variable-length output. There are forty-five such 
catrigories and these are numbered 1-40 and 46-50. I n  addition t o  
these, there are six special types of output for which i t  was con- 
venient t o  use the same numbering scheme even though they are not 
recorded i n  the same manner. These categories are numbered 0 and 41 
through 45. This slide and the following one l i s t  all forty-six 
cate!gories. Categories 1-40 and 46-50 may be optionally recorded on 
bina~ry f i les  under control of the recording switches. These switches 
may be set  by the user t o  inhibit the recording of the information 
for the respective categories. 

The input to the output pre-processor allows specification of which 
categories are to be printed during the execution of OUT and the order 
in which the categories are t o  appear. The ordering of the categories 
i s  entirely general except that category number zero, for o u t p u t  of 
the input values, must occur f i r s t  i f  i t  occurs a t  a l l .  



Category 
Number Description 

Center of Mass Resultant Moments 
Steering Column Coordi nates 
S teeri ng Column General i zed Coordinates 
Steering Column forces and Moments 
Forces and Moments on Body Due t o  Steering Column 
Neck and Shoulder Forces 
Muscle Tension Forces 
Muscle Tension Energy Absorption 
Femur and Tibia Accelerations and Loads 
Joint Re1 a t i  ve Angle Cumparisons Against Upper and 
Lower Test Values 
Standard List s f  Quantities t o  be Compared Against 
Test \lalues 
Individual Type A Comparisons 
Individual Type B Comparisons 
Printer-Plots of Stick Figures 
Head Center-of-Gravi t y  Motion 
Chest Center-of-Gravi t y  MotSon 
Hip Motion 
Joint Relative Angles 
Joint Relative Angle Velocities 

FIGURE 92-2b List of O u t p u t  Categories 
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The o u t p u t  processors may be re-run with specification of different 
categories for prlntout as many times as desired as long as the binary 
tables remain undisturbed. A particular category will be printed i f  
the category was recorded by GO and was specified as desired for 
printout in the input to OUTP, 



GENERAL MODEL CONTROLS 

Model operation in metric or English units 

Acceleration due to gravity, g (standard values are 
32.174 ft/rec2 and 9.80665 m/sec2 ) 

@ Editing of accelerations for minimum non-zero magnitude 

r) Relative error bound for matrix inversion 

O Switches for use of optional submodeis 

r) Integration controis 
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General model controls will be discussed next. 
The MVMA 2-[I CVS Model i s  capable of accepting input and produ- 

cing o u t p u t  in either metric units or in American standard units. 
Intl?rpretation of input data with respect t o  system of units is  
controlled by a user-set switch. 

The acceleration due t o  gravity i s  specifiable by the user. 
The values shown on the slide are used w i t h i n  the program for deter- 
miniing accelerations that are t o  be printed o u t  in G-units. 

I t  i s  sometimes useful to edit acceleration values. Accelerations 
smaller in magnitude t h a n  a user-specified value will be set  t o  zero. 
The editing facil f t y  can improve the appearance of the tabulated re- 
s u l t ; ~  and rarely will affect the accuracy o f  a computation. 

A parameter which must be specified for each simulation i s  a rela- 
tive error bound used for identifying the occurrence of a singular 
matrix for the eq~~ations of motion. 0.000007 i s  the recommended value. 

Four optiona'l subsystems are available within the MVMA 2-D CVS 
Model for two belt models, an airbag model and an energy-absorbing 
steering column model. These four options are controlled by three 
switches. The filmst switch i s  used to indicate the general belt 
system t o  be used or t o  indicate that no belt system i s  t o  be conA 
sidered. The belt-restraint options are the three-belt submodel 
using either the lap belt only or both lap belt and shoulder harness 
and the advanced be1 t-system submodel. The other two switches deal 
w i t h  airbag and steering column respectively and are set non-zero 
t o  indicate use of the respective subsystem. 

Finally, val u~es are required for the simulation beginning time, 
ending time, integration time step, tabular o u t p u t  time step, time 
step for p l o t  recording, and an execution time limit. 



DEBUGGING PRINTOUT 

Sixteen debug switches 

Switches are four-level 

0 = off 

1 = primary debugging printout 

2 = secondary debugging printout 

3 = tertiary debugging printout 

@ Switch levels are  functions of simulated time 
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A large amount of optional auxiliary, or "debugging: printout can 
be obtained from the execution processor, GO. Printouts are organized 
under sixteen four-level switches. Each switch corresponds t o  a 
particular sectioin o f  the program. The level for a particular switch 
controls the depth of detail of the debugging printout from the section 
of the program which the switch covers. The four levels ,are: off, 
primary, secondary, and tertiary. Setting a switch for tertiary pr=int- 

out will automatically produce secondary and primary level printout. 
Similarly, a setting for secondary printout will produce primary print- 
o u t  as well. To avoid needless volume of printout, the level for 
each of the switches may be varied with simulated time. 

The standard use of the auxiliary o u t p u t  i s  for debugging abnormal 

runs. For particularly elusive "bugs" i t  can be useful t o  examine the 
contents of the computer core a t  some value of simulated time. A dump 

of core is possible through use of switch 16. A complete description 
of debug switches and the printout they control may be found in Volume 
3 of the MVMA 2-D manuals. 



DATA DECKS 

Card Number 

Curds read by IN 
100, 200, ..., 900 content used for 
automatic titling of pages 

1000 (blank) marks end of data deck 

Cards read by OUTP. 

1600 (blank) marks end of data deek 
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Inpu t  data described i n  preceding modules and t o  t h i s  p o i n t  i n  

Module 12 have been fo r  the i npu t  pre-processor, I N  , These data are 
s u f f i c i e n t  f c r  IN1 t o  produce a data se t  which can be read by the GO 

processor, Addi t , iona l  data are needed, however, by the output  pro- 

ces!jor. These are discussed i n  the remainder o f  t h i s  module. Cards 

read by I N  have i d e n t i f i c a t i o n  numbers 100 through 1000. Cards read 

by OUTP are  numbered 1001 and greater.  

Much o f  the data used by the output  processor r e l a t e  t o  ca l cu l a t i on  

and moni tor ing o f  response parameters t h a t  are po ten t i a l  i n j u r y  i n d i -  

cators.  For example, femur and t i b i a  loads w i l l  be p r i n t e d  i f  the 

user requests Category Number 40 both f o r  the recording and p r i n t i n g  

o f  r esu l t s ,  as prev ious ly  explained. Associated inpu t  data read by OUTP 

are the p o s i t i o n  o f  a simulated femur load sensor and the upper leg 

mass between the sensor and the knee. 



Characteristies of s Martin-Graham Digitoli Filter 

I FC = cut-off frequency 

output - 
input 

Ff = termination frequency 

Ff  -FC = roil-off frequency band 

FIGURE 12-6 Characteristics o f  a Martin-Graham Digital F i l  ter  
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Other potenti a1 injury indicators are accelerations and accelera- 
tion-functionals such as the Head Injury Criterion, or H I C ,  and the 
Seve!ri ty Index. By requesting appropriate category numbers, the user 
can obtain printout of values determined from fil tered or unfiltered 
accelerations . or b o t h .  A Marti n-Graham low-pass digital f i  1 t e r  i s  
used in the MVMA 2-D model. This figure i l lustrates the attenuation 
ratio, or gain, for this f i l t e r .  Filter controls required from the 
user. incl ude cut-off frequency, termination frequency, and the number 

of IFilter weights. Also, the user can specify that either a polar 
image or a mirror image be used for analytical extensions of the un- 
f i l tered signal. 



Quantity Descriptf on Number 

1 Head frontal acceleration st the center of gravity (Antepior- 
pos ter io~ ,  A-P) 

Head verti eal acceleration a t  the center of gravity (Superf or- 
inferior,  O-I) 

Head resultant acceleration a t  the center of gravity 

Head angular acceleration 

Head injury criterion (HIC) 

Face loads as measured on a deformable head contact e l l  ipse 

Chest deflection a5 measured on a deforming chest contact ell ipse 

Chest load as measured on a deforming chest contact ell ipse 

Chest frontal acceleration a t  the center of gravity (A-P) 

Chest vertical acceleration a t  the center of gravity (S-I)  

Chest resultant acceleration rat the center o f  gravfty ( 3  msac 
average) 

Chest frontal sever1 ty index *(&P)- 

Chest vertical severity index (S-I) 

Chest resultant severity index 

Pelvic horizontal acceleration a t  the hip joint 

Pelvic vertical acceleration a t  the h i p  joint 

Pel vie resultant acceleration a t  the hip joint 

Femur load a t  a specified point along the length representing 
the location of a sensor 

FIGURE 12-9 List of  Injury Related Test Quantities 
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Eighteen po ten t i a l  i n j u r y  ind ica to rs  are 1 i s t e d  here. The user may 

op t i ona l l y  monitor any o f  these by spec i fy ing t h a t  the magnitudes of 

the quan t i t i es  be checked t o  see i f  they exceed prescr ibed t e s t  values. 

For each t ime range dur ing which a t e s t  value i s  exceeded, output i s  

protluced. The output includes the quan t i t y  name, the peak value, the .. time a t  which the peak occurs, and the time durat ion dur ing which the 

quan t i t y  exceeds the spec i f i ed  t e s t  value together w i t h  the po in ts  i n  

ts'me? a t  which the quan t i t y  exceeds and then re turns below the t e s t  

value. 



COMPARISON TESTS FOR 

POTENTIAL INJURY INDICATORS 

INDICATORS 

Eighteen in standard list 

@ Joint relative angles 

Any variable recorded 
for printing 

Any variable recorded 
for printing 

COMPARED AGAINST 

Magnitude limits 

High and low test values 

High and low test values 
(Type A Comparison) 

Any other variable recorded 
for printing (Type B Comparison) 
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I n  addition, relative angles a t  all eight joints can be compared 
with high and low test values. If the joint relative angle exceeds 
the high test  value or goes below the low test  value, printout 
w i l l  include the quantity name, peak value, time of peak, violation 
duration, beginning time of violation, and ending time of violation. 

Two other types of tests can be made o f  response variables. 
The class of variables that can be examined by these tests consists of 

al l  quantities t h , a t  are recorded for printing, The f i r s t  test  is  called 
a Type A comparison. I t  involves the comparison in time of any re- 
sporise variable against high and low test  values. The printout i s  
simii lar t o  that produced for the joint relative angle test .  The 
second test  is  called a Type B Comparison. I t  a1 lows comparison of 
any recorded response variable against any other. The produced o u t p u t  
l i s t s  each of the variables, their difference, and an indication of 
which is  larger. 
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Coordinate ranges f o r  p l o t  a r e  X = 0.0 ( a t  l e f t )  t o  64.00 ( a t  r i g h t )  
and Z = 2 .24  ( a t  bottom) t o  -41 - 2 4  . ( a t  top) .  Scale f a c t o r  i s  ( i n )  = 
4.923  ( i n ) ,  X and Z poin t  r eso lu t ion  e r r o r s  equal respect ively  0.246 and 
0.410 ( i n )  i n  s c a l e .  

FIGURE 12-12 Example o f  P r i n t e r  P lo t  Output 
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The MVMA Two-Dimensional CVS Model optional ly produces a printer- 
ploit s t i  ck-fi gure representation of the occupant, the vehicle interior, 
and the restraint configuration. The model can produce a s tick-fi gure 
plat based on i n p u t  data alone or a time sequence of plots based on 
computed results from the Dynamic Solution Processor, or both. The 
plot based on i n p u t  data can be obtained even i f  the o u t p u t  processors are 
run after the input processors without the intermediate execution 
of the Dynamics Solution Processor. 

The slide shows an example of a stick-figure plot. The location 
of e!ach of the body joints i s  represented by an integer. The link 
lines between joints are represented w i t h  dots or decimal points. Zeroes 
represent the positions of the centers of gravity of the head, upper 
torso, lower arm, and lower leg. Ellipses and contact regions are 
represented by le t ters .  The positions of the vehicle coordinate axes 
are shown w i t h  asterisks. 

The primary specifications required of the user for the genera- 
tion of stick-figure printout are minimum and maximum x- and z-coor- 
dinates for framing the occupant compartment and simulation times 
at  which plots are desired. Desired plot times may be individually 
specified, or equally-spaced plot. times can be generated by the program 
on the basis of a user-prescribed plot-time increment. In either case 
a maximum of 27 plots i s  allowed. 



SUMMARY OF MODEL OPERATION 

OPTIONS AND DATA REQUIREMENTS 

I) Simulation time parameters 

8 Metric or English system units 

Digital filter specifications 

0 45 optional standard output categories 

6 optional special output categories 

Printout of input data 

Printer-plot stick-figure sequences 

@ Tests on potential injury indicators 

Optional "debugging" output 

SLIDE 12-14 



SLIDE 14 

Many options for operation of the computer program have been dis- 
cussed. The controls requi red for model operati on i ncl ude val ues 
for the simulation beginning time, ending time, integration time step, 
and tabular output time step. Physical parameters in the input data 
se t  may be in either metric or Engl i sh system uni t s  , and the user 
denotes which by setting a switch approp~iately. Digital f i l t e r  speci- 
f i  cations are entered whenever i t  i s  desired t o  f i  1 t e r  occupant accelera- 
tion responses. Printout of up  t o  fifty-one categories of quantities 
can be produced. The user may specify any of forty-five standard o u t p u t  
categories, and any of six special categories. The special categories 
include printout of the input data set ,  printer-plot stick figures, 
and results for comparisons of potential injury indicators against 
test values. Finally, auxi liary "debugging" printout can be obtained 
from the Dynamics Solution Processor by specification of various con- 
trols.  
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MODULE 2 -- THE BODY LINKAGE 

SLIDE 1 

The MVMA-2D crash victim i s  represented analytical 1y as a "lumped 

mass" dynamical system. That means t h a t  we approximate the body by 

a string of rigid links and t h a t  a l l  viscoelastic elements affecting 

angulation of body parts relative t o  each other act a t  discrete 

points connecting the links. This approach i s  essentially the same 

as used in other crash victim simulators developed t o  date. 



FIGURE 2-1 Articulated Body Schematic 
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The f i r s t  f i g u r e  i l l u s t r a t e s  t h i s  body l inkage.  The crash 

v i c t i m  i s  t rea ted  as an eight-mass system i n  which ten  physical  

1 i n k s  are represented. The user o f  the MVMA-2D model suppl ies values 

fo r  l i n k  lengths i l l u s t r a t e d  and spec i f i es  the  l o c a t i o n  o f  each l i n k  

center  o f  mass w i t h  respect t o  a body j o i n t .  A mass and moment of 

i n e r t i a  are spec i f i ed  f o r  each body element. 
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Since this i s  a planar model there would be no great purpose 

t o  including l e f t  and right legs separately. Consequently, a single 

two-link leg represents the two legs combined, as i f  bound together. 

Accordingly, the t h i g h  and lower leg masses, M5 and M6,should be 

assigned double values. The arms are similarly treated as only two 
links. 
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The human splinal column i s  more or less continuously flexible 
since i t  i s  cornpolsed of thirty- three vertebrae and intervening f i  bro- 
cartilaginous discs. The model simulates flexi b i  1 i ty of the combined 
thoracic and lumbar spine; by two articulations which connect three 
torso masses. These are joints 3 and 4 i n  the figure. The mass 

M2 ordinarily represents the thorax and contents while M4 represents 
the pelvis and attached soft  tissues. Mass Mg can be called the 
abdominal area as i t  serves as the mass between the thoracic and 
pelvic regions. 
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F l e x i b i l i t y  o f  the ce rv ica l  spine (neck) i s  accounted f o r  by two 

a r t i c u l a t i o n s ,  one a t  the o c c i p i t a l  condyles a t  the base o f  the 

sku1 1 and one a t  the seventh-cervi c a l / f i  r s t - t ho rac i c  juncture,  where 

the neck j o i n s  the chest. The neck element i t s e l f  i s  massless i n  

t h i s  model, bu t  fleck mass can be apportioned however des i red a t  the head 

and to rso  junctures.  This element can undergo both compression and 

elongation. Note t h a t  the upper neck a r t i c u l a t i o n  may be o f f se t  from 

the v e r t i c a l  head ax is .  
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A similar massless body link is  found a t  the shoulder connecting 

joints 7 and 9 in the figure. This element allows simulation o f  

shoulder flexi bil i ty resulting from motion of the clavicle. Neck 

and shoulder f1ex:ibility i s  discussed i n  detail in Module 3. 



BASIC BODY LINKAGE DATA 

Body Segment Length 

Center of Gravity Position Along Length of Segment 

Body Segment Masses 

Body Segment Moments of inertia 

SLIDE 2-7 



SLIDE 7 

The f i r s t  ser ies  o f  s l i des  has dea l t  w i t h  physical  quan t i t i e s  

such as body segment length,  mass, moment o f  i n e r t i a ,  and center 

o f  g r a v i t y  loca t ion .  These quan t i t i e s  are measured r e l a t i v e l y  eas i l y  

f o r  s imulat ions o f  dummy motions as the dummy can be tlisassembled. 

The measurement o f  1 i n k  lengths and i n e r t i a l  proper t ies  o f  human and 

cadaver subjects i s  no t  y e t  an exact science. 





SLIDE 8 

Much of the remainder o f  this module deals with joint angulation. 
The figure shows two typical postures for a subject -- sitting and 
standing. The body 1 inks approximate the skeletal structure and 
are shown here to illustrate that they are not necessarily in align- 
ment even in an erect posture. - 



Positive Relative Angle 

I Orientation 

' b  

La = body link nearer to head 

Lg = body link nearer to feet 

F!GURE 2 - 5  In-line O r i e n t a t i o n  
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A so-called "in-line orientation" i s  defined as a reference orien- 
tation for several model input quantities. Body joints are numbered 
here as in the f4rst series of slides. 

Angulation a t  body joints i s  relatively free until hard-tissue 
resistance i s  encountered. Polynomial coefficients for nonl inear 
resistive'torques; are prescribed and become effective when specified 

range-of-motion I imi t s  are reached. A relative angle i s  considered 
positive when the 1 ink nearer the head i s  positioned counterclockwise 
from i t s  in-lifie orientation as shown i n  the figure. 



Lower 
Joint Stop 

"Natural" 

La  = body link nearer 
to head 

Lp = body link nearer 
to feet 

+ rotation 

FIGURE 2-6 D e f i n i t i o n  o f  j o i n t  s t o p  angles and 
n a t u r a l  1 i n k  p o s i t i o n  
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Values for the range-of-motion 1 imi t s ,  the so-called joint 
stop angles, are normal ly taken as the extreme angul ations vol untari 1y 

assumed by human subjects. Two joint stop angles are defined for 
each joint so that both cl oc kwi  re and counterclockwise angul ati  ons 
can be properly limited. For many joints, these positions are on 
either side of the in-line orientation, that i s ,  one value is  positive 
and one i s  negative. For this reason they are often called "positive" 
and "negative" j o i n t  stop angles. B u t  since there i s  no general 
restriction on thle stop values and since indeed the stops are not 
alwa~ys on either side of  the in-line orientation, they are best called 
"upper" and "lower" stop angles, the upper joint stop being the 
positive-most position as illustrated i n  the figure. Positions of 
La, the upper link, requiring clockwise rotation are described by 

negative angles. 

Another quantity illustrated by the figure i s  the "natural link 
position." A betiter name for this quantity might be "link equilibrium 
position." I t  i s  the value o f  the relative angle a t  which no linear, elastic 
component of spring torque results. I n  contrast t o  the nonlinear j o i n t  

stop coefficients ,, the values normally used for elastic coefficients 
produce small torques except for large relative angulations. The 
natural link posi t;ions are most commonly set  t o  coincide w i t h  the 
ini t ia l  occupant configuration so that no joint torques exist a t  time 
zero. Resistance t o  small motion away from this configuration is  
norm,alJy considered t o  be due to soft-tissue deformation. 



Joint Stop Po 

A 

Joint Stop Position . 

FIGURE 2-7 Jo in t  Stop P o s i t i o n s  for Knee 
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This next f i g u r e  i s  a s t i c k - f i g u r e  representat ion o f  a seated 

occupant. As an example o f  j o i n t  stop locat ions,  consider the 

knee, f o r  which a range o f  motion i s  i l l u s t r a t e d .  The lower l e g  i s  

a t  the posi t ive-most stop i n  the bent knee pos i t i on .  There, the 

uppler-leg 1 i nk ,  I ,  i s  located + I  50° counterclockwise from an in -1  ine  

p o s i t i o n  w i t h  the  lower l e g  element, Lg. The s t r a i g h t  l e g  p o s i t i o n  of 
zero degrees angula t ion i s  the negative-most stop. The na tu ra l  l i n k  

angles are norma'lly chosen f o r  the r e s t  p o s i t i o n  o f  the seated occupant. 

Here, the knee has a na tu ra l  l i n k  p o s i t i o n  o f  62' since the  upper l e g  

i s  62' counterclockwise from an i n - l i n e  o r i e n t a t i o n  w i t h  the lower 

leg.  The two stop angles and the na tu ra l  ' l ink angle must be spec i f ied 

f o r  each j o i n t .  



Spring Torque 
at Joint 

Lower Stop I i / I  

Relative 
"Natural" Upper at Joint 

Link Angle Stop 

SPRING 
TORQUE = -k  

ELASTIC ' - ( K ~ , S T O P ~ A I  + K ~ , ~ ~ ~ p  ~ A ~ I }  ssn A 

Linear, elastic l on linear, joint-stop component 
component 

FICURE 2-9 Linear and nonlinear j o i n t  torques 
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Spring torques resisting joint angulation are illustrated in this  

figure as functiclns of relative, angle a t  a joint. A linear, elastic torque 
com~oonent i s  proportional t o  6, the angular distance f rom the natural 
1 i n k  position. Linear, quadratic, and cubic joint-stop terms enter the 
torque computation when interaction with a motion-1 imi t i n g  stop is encountered. 



Joint Stop 
Torque 

FIGLIRE 2-10 R - r a t i o  f o r  energy conserved a t  j o i n t  s t o p  
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Four additional properties of the joint have yet t o  be described. 

These deal w i t h  tsnergy absorption. The f i r s t  property is the "R- 

ratio" for the joint. This i s  the fraction of the energy stored in 

t h e  nonlinear loading of a joint stop which will be conserved upon 
complete unloading of the stop. A typical loading-unloading loop 

for the nonlinear spring torque component i s  illustrated in the 

figure. During program execution, a quadratic unloading curve is  

comlputed such t h i i t  the area A i s  related t o  the total loading 

energy through tire R-ratio. 



Constant Friction Torque 

Relat ive  A n g l e  Velocity 

FIGURE 2-11 J o i n t  f r i c t i o n  a t  j o i n t  "i" 
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This figure defines two quantities needed for computation of a 
constant friction joint torque. ( i s  the constant torque level for 

joint "i . I 1  The quantity V: i s  the velocity threshold for constant frlc- 

tion. This is  thee minimum relative angle velocity for which the full 

friction torque nesul ts. Torques for re1 ative angle velocities less 

than the velocity threshold in absolute value are calculated with 

a linear ramp,as illustrzted in the figure. This quantity i s  

required for computational stabili ty.  Constant friction i s  not a com- 

ponent of torque appropriately used for mode? ing the human being since 

human joints are virtually frictionless. I t  i s  very useful, however, 

in simulating anthropomorphic dummies. Another required coefficient, 

not i 11 ustrated here, i s  the proportional i ty constant for a velocity- 

dependent torque =I- the viscous friction coefficient. This torque i s  

directly proportional t o  the magnitude of the relative angle velocity 

and, of course, acts in a direction t o  resist  motion. 



DATA QUANTITIES FOR JOINT DEFINITION 

Joint stop locations (2) 

Natural (zero-torque) position (1) 

Spring torque coefficients (3) 

Energy absorption in joint unloading (1) 

Velocity-dependent viscous motion resistance (1) 

9 Constant friction (2) 
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Ten data quantities that must be specified for a l l  joints nave 
been described with the preceding six slides. These include j o i n t  

stop 1 ocations , the natural or zero- torque position, three coefficients 
for computation of spring torque, the R-ratio for indicating energy 
absorption for joint unloading from the non-linear torque range, constant 
f ricition torque, and a viscous torque coefficient. 

The upper anld lower neck joints in the MVMA 2-0 model are atypical 
joints in an important sense. They are allowed to have viscoelastic 
properties i n  fle,xion different from those in extension. While the 
"typical" joints discussed can have asymmetric joint-stop positions , 
s t i l l  the torque-'~roducing elements are the same for positive and 
nega,tive relative angle motions. 



Relative Angle 

k = a l t  a2 JMI 

c = a31M( 

M = M(t), muscle activity level 

FIGURE 2-12 Muscle element 

* 
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The remainder of the module deals mostly with d a t a  required for 
modeling human response to impact. The f i r s t  item discussed i s  muscle 
tension. None of' the previously described viscoel asti  c joint torque 
elements can be used to adequately model muscle tension. Moderate 

levels of muscle contraction generally have a significant effect on 
the crash dynamics, especially for low-g impacts, so analytical repre- 
sentation of the effect is  of obvious value. The MVMA-2D model 

determines genera'l i zed forces for muscle tension torques a t  the eight 
joints. A similar torque i s  calculated t o  resist angular motion of the 
shoitlder link. Muscle tension resistance t o  elongation of the neck 
and shoulder 1 ink!; is  also modeled. 

Experimental investigation of the knee joint indicates that this 
property i s  propelnly represented by a Maxwell element, i ,e. , a 
spring and damper in series as shown in the figure. The spring and 
damping coefficients are simple functions of the degree of muscle 
acti va t1  on, M. 

, a , and a j  are assumed t o  be constants for the subject and a l  2 . 
the joint. Arguments relating these quantities t o  muscle tissue 
strength properties allow the development of scaling laws for going 
from joint t o  joint in an individual or from individual t o  individual 
for the same joint;. 



Time 

M 

F I G U R E  2-13 Nuscle ac t i v i t y  moment as  a f unc t i on  of t i m e  

Muscle 
Activity 
Moment 
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The torques M are specified by the user as time-dependent levels 

of muscle activation. M(t) for any particular joint i s  generally 

bounded by the maximum s t a t i c  moment t h a t  the vehicle occupant would 

be able t o  generate voluntarily. Typically, the dependence on time 

i s  (3s shown in the figure. tR i s  the reflex. time, a non-zero value 

whenever the vehicle occupant i s  not  pre- tensed because of awareness 

of impending impact. tc i s  the contraction time, which i s  the time 

reqllired for muscle activity t o  peak from a s ta te  of rest.  Values 

of tR and tc for muscles a t  a l l  joints are typically 50 msec and 120 

msec, respecti velsy. 



FIGURE 2-14 Muscle a t  a j o i n t  
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The MVMA-2D muscle model, based directly on angular motion, 
i s  somewhat a r t i f i c ia l  in that muscle moments are really a result  
of 'lineal action of a muscle with a moment arm. This results i n  

no analytical d i f f icul t ies ,  however, since a1 1 1 ineal muscle coef- 
f icients  can be related to effective angular coefficients by the effec- 
t ive moment arm, i. 



MUSCLE TENSION DATA 

Muscle tissue parameters, al,  a2, ag 

- 
I) Muscle activation level, M(t) 
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Muscle tension data are required only for those cases where the 
user desires t o  simulate living human response t o  a dynamic environ- 
ment. Required for each joint are the three coefficients al , a2, a3 

and a time-dependent table defining muscle activity moment. Example 
data are included w i t h  the text of Module 2.  



SCALING RELATIONS 

LENGTH : 

AREA: 

VOLUME : 

MASS : 

MOMENT OF INERTIA: 

DAMP l NG COEFFI CI ENT : 

LINEAL SPRING CONSTANTS : 

TORSIONAL SPRING CONSTANTS : 

M = mass 

(1 where F s K  6 + K  ( 2 ) $  + . .. 
K\:) = K2 8 ( " I  (M1/M2) 

(1 ) 2 where T = K, ae + K ( ~ )  a ( A @ )  + . . . 

FIGURE 2-98 Parameter Scal ing Relat ions 
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Good biomechianical and anthropometric data are important for 
suc~cessful use of' any crash victim simulator. I t  will often be the 
case that the useLr has established a good data set  for one segment 
of the  population^, for example, middle-age males of 50th percentile 
stature and w eigbit. However, he may have 1 i t t l e  data for other popu- 
lations. I t  i s  ~~enera l ly  possible by applying scaling relations t o  
good data for one! population t o  develop reasonable data for other popu- 
lations. 

I t  must always be kept in mind, however, that scaling i s  only 
a substitute for more direct development of biomechanical and anthro- 
pometric data. 

Assumptions made in developing the relations shown i n  the slide 
are : 

1) A1 1 internal and external length measures of the "scaled" 
biornechanical system (subscript 2 )  are proportionate to the corresponding 
measures of the "scaled to" system (subscript 1 )  by the same proportionality 
constant. That i s ,  linear scaling in size i s  assumed. 

' 2 )  Corresponding body parts of the two systems have equal mass 
densities. 

3) Correspanding anatomical elements of the two systems have the 
sam~e material cor~sti tutive properties. This means that materi a1 
parameters suck a s  Young's modulus ( E )  are the same for corresponding 
elements while the strengths of the elements will not be the same 
i f  they are of different size. 

I t  i s  clear from these conditions that biomechanical scaling 
will be better be!tween some population segments than between others. 
Linear scaling in size i s  probably the primary weakness in human 
scaling. The reamson i s  that body proportions are functions of age 
and sex. For example, better results can be expected for scaling 
frorn 35-44 year-old males to 18-24 year-old males than one can expect 
frorn scaling 35-44 year-old males down t o  6-9 year-old females. 
B u t  i t  is  also clear from the stated assumptions t h a t  scaling between 
segments of the human population has a considerably firmer basis than 
scaling from lower primates t o  humans, which i s  a common technique. 
used i n  the development of human injury tolerance data. 



SUMMARY OF REQUIRED 

BODY LINKAGE DATA 

Body segment lengths 

Center of gravity positions 

Body segment masses - 
Moments of inertia 

Joint stop locations 

Joint zero-torque position 

Spring Torque coefficients 

Energy absorption in joint 

Viscous torque 

Constant friction torque 

Muscle tension 
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The precedinlg slides have illustrated the features of the MVMA-2D 

body linkage and the data required for model operation. Four of 
these i 1 lustrate overall geometric and inertial properties. Two 

define joint stop locations and link equilibrium angles. Five de- 
scribe force resistance properties a t  joints. All of the j o i n t  

properties are relevant t o  b o t h  dummy and human simulation except 
for constant friction torque, v~hich i s  n o t  realist ic for human 
joints , and muscle contraction torque, which i s  characteristic of 
human response on ly . 
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CRASH VICTIM SIMULATION 
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NECK AND SHOULDER MODELS 
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IMODULE 3 -- NECK AND SHOULDER MODELS 

SLIDE 1 

I n  t h i s  module, the neck and shoulder models o f  the MVMA 2-D 

Crash Victim Simulator are discussed. 
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The cervical spine, lateral view 
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rior arti  cul ar process 

transverse process 

Anterior 
Typical cervical vertebra, superior view 

FIGURE 3-1 The cervical vertebrae 
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The cervical spine is that portion of the spinal column from the 
sku1 1 t o  the thoimacic spine. I t  supports the head and provides mobility 
and f lexibil i ty iin the neck. The upper portion of the f i r s t  slide shows 
a lateral view of the human cervical vertebral column. 

Viewed as a mechanical system, the human neck i s  complex. The MVMA 2-D 
occupant model i s  a 1 umped-parameter system. Whi 1 e the neck representation 
in this model i s  more complex than that in most whole-body motion 
simulators in current use, i t  s t i l l  adds only  three degrees of freedom 
t o  the occupant model. The user i s  therefore neither required nor al- 
lowred t o  define values for more than a relatively few biomechanical 
neck parameters. The discussion accompanying this sl ide and 
the following four is  an introduction to the anatomy of the neck. 
The purpose of this introduction i s  n o t  to define quantities for 
which values must be provided, since no anatomical detail i s  included 
in the analytical neck model, b u t  rather t o  help the user t o  develop 
good judgment and insight in the use of the model and interpretation 
of taesul t s .  

There are three primary types of structural components in the 
cervi ca1 spine -- vertebrae, intervertebral discs , and 1 igaments. 
Of the thirty-three vertebrae in the human spinal column, seven are 
in :;he neck. The seven vertebrae are conventionally designated C1 

through C7, where Cl i s  the uppermost vertebra, comnonly called the 
atlas. The lower portion of this slide i s  a superior view of a typical 
cert~ical vertebra, any below the axis, C2. The anterior portion of 
each vertebra i s  a solid vertebral body, which imparts strength to 
vertebral arch is  attached t o  the posterior portion of the body. I t  
encloses and protexts the spinal cord. This arch also furnishes 
bony projections and processes, t o  which ligaments and muscles attach. 
The inferior portion of the skull, or occiput, i s  closely attached t o  
the cervical spine by some of these ligaments and muscles. 
The skull i s  supported on the spinal column by two rounded, bony 
protuberances of the occiput. These protuberances are called the 
occipital condyles, and they are accommodated by two hollow recesses 
on the superior surface of the f i r s t  cervical vertebra, the atlas. 



Neck Fl ex4 on 

Nec 

Neck in Neutral Position 

:k Extension 

FIGURE 3-2 X-rays of a normal human neck i n  the neutral position 
and in full voluntary flexion and extension 
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Here, x-ray's show the cerv ica l  spine i n  neu t ra l ,  hyperf lexed, and 

hyperextended porsi t i ons .  Note t h a t  i n  the neu t ra l  pos i t i on ,  the normal 

ce rv ica l  spine i s  already i n  s l i g h t  extension, a  rearward bending w i t h  

corivexi t y  forwar~d. This normal ce rv ica l  curvature i s  ca1 l e d  1 ordosis , 
anti i t  resu l t s  from the greater depth o f  the i n t e r ve r t eb ra l  d iscs 

an1:eriorly rathelr than pos te r i o r l y ,  Greater a r t i c u l a t i o n  i n  the plane 

of symmetry can occur a t  the  o c c i p i t a l  condyles than a t  any interspace 

below the a t l a s  i n  the ce rv ica l  spine. Values o f  from 20 t o  35 degrees 

o f  t o t a l  motion are reported by various inves t iga to rs .  Below the 

a t las ,  there i s  considerable v a r i a t i o n  i n  the average ranges of motion 

a t  the d i f f e r e n t  ver tebra l  1  evels. 



Flexion Extension - 
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=!GURE 3-3 Average range o f  f l e x i o n  and exrension ( i n  degrees) 
at each vertebral level i n  20 normal a d u l t s  
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The range of motion values given in this sl ide are averages for 

twenty normal: adults and are typical of values reported in the l i tera- 

ture. C7 i s  adjacent t o  the f i r s t  thoracic vertebra, conventionally 

designated T I ,  The thoracic part of the  spinal column i t se l f  i s  

relatively immobi'le, and the transition interspace C7-TI has a 
smaller range of motion t h a n  the cervical interspaces above i t .  

After the atlanto-occipi tal joint a t  the condyles, most motion occurs 

a t  the mid-levels of the cervical spine. 
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Typical cervical vertebra, superior view 

FIGUQE 3-1 The cervical vertebrae 
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Except between the occipital bone of the skull and the atlas,  
and between the atlas and axis, the vertebrae are separated by 

el asti c discs of carti 1 age call ed i ntervertebral discs These are 

firmly joined t o  the vertebral bodies, anterior t o  the spinal canal, 
and al low movement of the spinal column because of their elasticity. 
The walls of a disc, called the annulus fibrosus, are a heavy layer 

of fibrous cartilage. The fibers are directed obliquely and thus pre- 
vent excessive movement in any direction. The annulus fibrosus en- 
closes a semigelati nous substance and a kernel of elastic, compressed 
tissue called the nucleus pulposus. The semifluid character of  the 
int~erior of the disc serves to distribute compression forces equally over 
the surfaces of opposing vertebrae. The intervertebral discs i n  

the neck are resilient and rugged, less likely t o  rupture during dynamic 
loading than the vertebrae are t o  fracture. 

In addition t o  vertebrae and discs, ligaments are an important 
strrlctural componcent of the cervical spine. Ligaments in the neck are 
bands of connective tissue -- tough, flexible, and in some cases elastic 
-- which extend between the vertebrae. Some connect vertebrae to the 
occipital region of the sku1 1 and intervertebral discs t o  one another. 
The most important function of the cervical ligaments i s  in maintaining 
stability. They serve t o  maintain the apposition of component parts of 

joints and allow iind limit the appropriate range of motion for each 
joint. 



tis 

F I G U R E  3-4 The major muscle groups controlling h e a d  and neck movements 
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Muscles are no t  components o f  the ce rv ica l  spine, bu t  they do sig- 

n i  f i  can t l y  af fect  head and neck dynamics . They ass i s t  the vertebrae, 

discs, and 1 igaments i n  r e s i s t i n g  tension and to rs iona l  loads. 

S i x  major muscles con t ro l  movements o f  the head and 

seven cont ro l  neck movement. The approximate o r i g i n  and i nse r t i on  

po in ts  and the l i n e  of ac t ion  o f  the most important o f  these muscles 

are ind icated i n  t h i s  f i gu re .  



FIGURE 3-5 The NVMA-2D two-joint, extensible neck 
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I t  i s  clear that the cervical spine has many degrees of freedom, 
even i n  motion confined t o  the plane of symnetry, the midsagittal 
plane. Even i f  the intervertebral discs were assumed to be non- 
deforming in shear, tension, and compression, eight degrees of freedom 
might  reasonably be defined for angular motions of the seven cervical 
vertebrae and the sku1 1 in the midsagittal plane. In the MVM4-20 
simulation, angular motions of the head and neck are lumped a t  two 

articulations. In this figure these joints are illustrated a t  the 
pos-itions of the occipital condyles and the C7-TI intervertebral 
disc. The user i s  free,  however, to define their positions as he 
chooses by selecting input data appropriately. The two joints of the 
analytical model are not joined by a rigid link b u t  rather by deformable 
viscoelastic elements, so a third degree of freedom i s  a mode for 
compression and clongation of the neck. Motion in this mode tends t o  
be small even in high-G environments since the intervertebral discs are 
s t i f f .  



Upper torso 
center of mass 

FIGURE 3-6 MVMA-29 extens i b1 e neck geometry 
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This figure i 11 ustrates various geometrical quantities for which 
the user must assign values. The position of the upper neck articula- 
tion i s  specified with respect t o  the head center of mass in the head 
coolcdinate system,. The quantity C i s  the rearward offset of the joint 
froin the superior-inferior head axis. The quantity e l  positions 
tile joint downward from the head center of mass. The lower neck articu- 
lation i s  constrained t o  l i e  on the longitudinal principal axis of the 
upptsr torso I i n k ,  so a single length, t2 , i s  required to define i t s  
location. This i s  the distance of the C7-Tl joint from the center 
of Inass of the upper torso. Additionally, the ini t ia l  length of the 
extensible neck 1 ink, that i s ,  the straight01 ine distance between 
the neck articulations, must be specified by the user. 

The mass o f  the extensible neck i s  lumped a t  the extremities 
of the element, a t  the head-neck and neck-torso joints. The total 
neck mass and the decimal fraction which i s  t o  be placed a t  the upper 
joint are user-prescri bed quantities. 



/ U p p e r  neck joint 

uower neck ioint  

7 

FIGURE 3-7 Lineal  v i s c o e l  as t i c  components i n  MVMA-20 extens i b i e  neck 
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In the MVW-20 model, the complex of motion-restricti ng elements 
in the cervical spine previously described i s  lumped by defining 
composite torsionill viscoelasti c elements a t  the two joints 
and 1 inear viscoelastic elements between the joints. While 
this limits the degree t o  which model predictions can agree w i t h  

real i ty , performance of the 1 umped-parameter, three-degree-of-freedom, 
head-neck system has been shown t o  be good. And from a practical 

poi.nt of view, this simplification of the real biomechanical system 
makes the model ustable because empirical values for composite neck 
characteristics are much easier t o  determine than values required t o  
describe an anatomical ly detai led analytical model . 

Viscoelastic joint parameters are fully discussed in Module 2 .  
Several types of elements are defined for each joint i n  the occupant 
linkage, including the neck joints. These include a linear spring 
for angulation away from an equilibrium joint angle, a nonlinear 
spring for angular deformation of motion-limiting "joint stops," 
a viscous damper, a constant-friction torque producer, and a Maxwell 
element with coefficients that are functions of a user-defined, time 
dependent level of muscl e activation. Hysteretic energy loss for 
defo~rmation of a j o i n t  stop can be simulated by specification of 
a restitution coefficient. For the neck joints, these viscoel asti c 
elements, except for muscle tension, may have different coefficient 
values for flexion and extension. 

The slide illustrates a viscous damper and a nonlinear spring 
in piirallel which resist neck compression and elongation. These 
el emctnts represent resistance of discs and 1 i gaments t o  1 i neal 
deformation. The rspri ng and damping coefficients need not  have 
the same values for compression and elongation. The user prescribes 
spring rates for force components proportional to the magnitudes of the 
f i r s t ,  second, and third powers of neck deformation and values for 
the 1 inear viscous-friction coefficients. 



SUMMARY OF REQUIRED NKK MODEL DATA 

Neck length. 

Neck mass 

(0 Joint locations 

Joint stop angles 

@ Joint zero-torque positions 

I() Spring torque coefficients 

6 Energy absorption in joints 

Viscous torque 

@ Muscle properties 

Time-dependent level of muscle activation 
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The preceding s l i d e s  have i 11 u s t r a t e d  c h a r a c t e r i s t i c s  o f  the  

human c e r v i c a l  spine and o f  t he  neck model o f  the  MVMA 2-D s imula tor .  

The data requirements f o r  t he  neck model i nc lude  geometry and mass 

proper t ies ,  t h e  r e l a t i v e  angulat ions a t  t he  neck j o i n t s  f o r  which 

e l a s t i c  torques a re  zero, j o i n t  s top l oca t i ons ,  passive v i s c o e l a s t i c  

p roper t i es  f o r  bo th  angular  and l i n e a r  deformations o f  the  neck, 

and muscle c h a r a c t e r i s t i c s .  



Cl avi cl e 
I Cl aviscapular 
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Scapu 1 a 

FIGURE 3-12 The shoulder complex and i t s  skeletal parts 

SLIDE 3-11 



SLIDE 11 

The shoulder i s  a composite system tha t  consists o f  four ske le ta l  

elements and three j o i n t s ,  I n  order o f  t h e i r  pos i t i ons  i n  the l inkage, 

the ske le ta l  elements are: 1)  the sternum, o r  breastbone; 2)  the 

c l av i c l e ,  o r  c o l l a r  bone; 3 )  the scapula, o r  shoulder blade; and 

4)  the humerus, o r  upper a m  bone. The three j o i n t s  are the a r t i c u l a -  

t i ons  between these four  ske le ta l  par ts ,  and t h e i r  names are der ived 

from the ske le ta l  pa r ts  t h a t  they j o i n .  Thus, the f i r s t  two j o i n t s  

are the s te rnoc lav icu la r  j o i n t  and the c lav iscapular  j o i n t .  The 

t h i r d  i s  c a l l e d  the glenohumeral j o i n t .  I t s  name i s  der ived from the 

glenoid fossa, the depressed surface on the scapula i n  which the 

heald o f  the humeral bone ro ta tes .  

Twelve separate ligaments a f f i x  t o  the fou r  ske le ta l  elements. 

The,y t ransmi t  torques from one element t o  another as muscles are 

contracted, and they 1 i m i  t the motions t ha t  the shoul der complex can 

undrsrgo f r e e l y .  The continuous boundary o f  the range o f  r e l a t i v e l y  f r ee  

motion t h a t  can occur a t  a s ing le  j o i n t  o r  a composite o f  several 

j o i n t s  i s  ca l l ed  a " j o i n t  sinus." I t  i s  sometimes ca l l ed  an "excursion 

cone" since i n  three-dimensional space the extreme range of the motion 

pa t te rn  i s  t y p i c a l l y  a conical  surface swept out by a ske le ta l  l i n k .  



FIGURE 3-1 3 Join t  sinus of sternoclavicul ar joinr 
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The clavicle, when moved t o  i t s  extreme positions in al l  direc- 

tions permitted by the sternoclavicular joint, describes a conical 

joint sinus with iin el l iptical  opening. The ell iptical  base of the 

cone is  shown i n  the lower figure, Motion of the clavicle tending t o  
enlarge the sinus i s  resisted by the binding of ligaments and by the 

pressing together of articular surfaces. 



Protrusion 

FIGURE 3-14 Maximum range of motion o f  the glenoid fossa 
(shoulder socket) in shrugging movements 
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This figure shows actions that result in direct translatory, or 
"shrugging," motions of the shoulder mass. These are shoulder pro- 

trusion, shoulder retraction, shoulder elevation, and shoulder depres- 
sion. They are combined motions of the clavicle and scapula. The 

point marked "G.F . ' I  i s  the rest position o f  the mean center o f  the 

glerloid fossa on the scapula, the socket in which the hurneral head 
articuletes. The dashed ellipse i s  the maximum range of motion of 

t h i s  p o i n t  when the arm i s  hanging straight down. 

More or 1 ess independently from these c1 avi scapul ar motions, 
articulations of 1:he humerus occur a t  the glenohumera? joint. The 
j o i n t  sinus is  large since ligaments between the scapula and the 
humerus allow the arm considerable freedom o f  movement. As long  
as the humerus i s  not  rotated axially, the glenohumeral sinus from 
anterior to posterior i s  about 160 degrees. With axial rotation 
of the humerus, thte range of motion of the upper arm can exceed 180 
degrees, being limited t o  an approximately overhead position in the 
one extreme and t o  a position somewhat back of vertical when downward. 

The shouider model used i n  the MVMA 2-D Simulator has three 
degrees of freedom which represent the motions illustrated in the 
figure. The mode1 i s  simplified by the assumption that the joint 
sinus for clavicle and scapula translatory movements i s  circular in 
cross section rather than ell iptical  as shown. Further, the rest 
point of the glenoid fossa i s  assumed t o  be a t  the center of the circle 
rather than below i t .  
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FiGURE 3-16 Shoulder Joint  
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The geometry of the planar shoulder model i s  illustrated in this 
figure. Joint 9 i s  the rest position of the glenoid-fossa. I ts  
fixed location on the upper torso link i s  defined by the constants 
8 and Lp7,  bo th  determined from user-specified input data. This 

C 
point i s  a t  the center of a circle w i t h  radius specified by the user 
which represents the translatory range o f  motion of  the glenoid 
fossla. Joint 7 i s  the time-varying position of the glenoid fossa, 
together with the humeral head. Excursion of this point away from 
point 9 i s  resisted by linear spring and damping elements until 
the joint sinus circle i s  reached. Excursions exceeding the radius 
of tihis circle arc? resisted further by quadratic and cubic spring 
elements since such motions can occur only with stretching of clavicu- 
lar  and scapular ligaments. The dashed line between joints 7 and 
9 i s  most accurately pictured as the projection onto  the X-Z plane 

of the straight line joining the sternoclavicular joint ( 9 )  with 
the glenohumeral joint ( 7 ) .  The angle between this dashed 1 ine and 
the upper arm has no physical significance. Thus, sagittal -plane 
articulation of the upper am a t  the shoulder socket, i .e . ,  e 7  - 
motion about point 7 ,  i s  restricted by viscoelastic elements fixed 
to the upper torso. Joint stop positions of the upper arm w i t h  

respect t o  the upper torso as well as a l l  viscoelastic elements 
are user-prescri bed input data. 

These data inel ude a restitution coefficient for hysteretic un- 
unloading from excursions beyond the joint sinus circle. As i t  may 
not be true that lmesi stance to motion of p o i n t  7 away from point 9 

i s  the same in a l l  directions, the linear, quadratic, and cubic spring 
coefficients are a1 lowed to be specified as functions of the angle 
0, having periods of 360'. 

Three muscle elements can be defined for the shoulder complex. 
One i s  a force producer which limits excursion of joint 7 .  Two are 
torque producers, limiting es-motion and motion of the upper arm 
relative t o  the tolrso. 



SUMMARY OF REQUIRED SHOULDER MODEL DATA 

Location of the sternoclavicular ioint relative to the upper 

torso CG 

Radius of the sinus for claviscapular motions - 
@ Joint stop angles 

@ Joint zero -torque positions 

@ Spring torque coefficients 

Hysteretic and viscous-force energy absorption 

Muscle properties 

0 Time-dependent level of muscle activation 
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The 1  a s t  f ou r  s l  ides have ill ust ra ted  cha rac te r i s t i c s  o f  the 

sagi t ta l -p lane  kinematics o f  the shoulder complex and a lso  cha rac te r i s t i c s  

o f  tihe shoulder mc~del used i n  the MVMA 2-D s imulator .  The data t h a t  

must be spec i f ied by the user inc lude shoulder geometry, the 

posi t i ons  o f  motion-1 i m i  t i n g  stops, passive v i scoe las t i c  proper t ies ,  

and muscle c h a r a ~ t ~ e r i s t i c s .  
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MODULE 4 - CONTACT SURFACES ATTACHED TO THE OCCUPANT 

SLIDE 1 

Modules 2 and  3 describe the occupant 1 inkage adequately only  

for the simulation of free motion problems. In  those modules, link 
lengths, joint ch~aracteristics, and mass and moment of inertia proper- 
ties are defined. No part of the occupant description in those modules 
is  directly relevant t o  the application of external forces t o  the link- 
age, While one can imagine problems of free motion of the human 
linkage that would be of interest in certain types of studies, they 
are of no interest i n  crash simulations. Means must be provided for 
generating forces for occupant interactions wi t h  restraint sys tems 
and surfaces of tile vehicle interior. In general, this necessitates 
deseripti on of the geometry of the interacting sys tems. 



FiGURE 4-1 Example Occupant P r o f i l e  o f  Contact Sensing E l l i p s e s  f o r  
I n t e r a c t i o n  w i t h  Vehic le  I n t e r i o r  Surfaces 
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This module deals with the description of occupant geometry, that i s ,  
with the definition of the planar occupant profile. -The M V M  2-D 
model provides for generation of forces from be1 t s  , ai rbag , occupant 
con1:act with vehicle surfaces, and interaction between body parts. 
The MVMA 2-0 belt models, discussed in Module 9 ,  do n o t  require the 
definition of an occupant profile. The other force producers mentioned 
do clepend on an oecupant profile, and their descriptions are discussed 
in tihis module. Since i t  was convenient t o  use different analytical 
tech~niques for each of the force producers, the occupant contact- 
sensing profile i s  defined for each, independently, by a different 
set  of input parameters. 



OCCUPANT PROFILE FOR INTERACTION 

WITH VEHICLE INTERIOR SURFACES 

@ Ellipses 

@ Arbitrary number 

I) Arbitrary dimensions 

@ Fixed to body links at any position 

@ Maior or minor axes parallel to body link line 

Load-deflection properties 

General material properties for each ellipse 

O Any ellipse can be rigid 
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The most important of the three occupant profiles t o  be discussed 
in this module i s  for sensing occupant interaction with vehicle- 
interior surfaces. I t  i s  'the most important in that i t  w i l l  be de- 
fined for virtually a11 crash simulations while the occupant profiles 

dis1:ussed in the last  two sections of this module are associated with 
special options of the model: and are far less commonly used. 

This contact-sensing occupant profile i s  a set o f  ellipses of 

arbitrary number and dimensions, fixed t o  body links a t  arbitrary posi- 
t iol~s.  The only restriction i s  t h a t  either the major or minor axis 
of each ellipse must be parallel t o  the body link t o  which i t  is 
attached. Material properties may be assigned for each ellipse, or 
an el 1 ipse can be specified as r i g i d .  



FiGURE 4-1 Example Occupant P r o f i l e  o f  Contact  Sensing Ellipses f o r  
Interaction with Veh ic le  Interior Surfaces 
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Forces between the occupant and the vehicle interior are generated 

by the model as a result of interaction of a profile of occupant ellipses, 

such as the example set  illustrated, with a user-defined vehicle-in- 

terior profile. Module 5 details the description of this profile so 

i t  will be only summarized here. This profile i s  a set  of connected 

or disconnected strai  gh t -1  ine segments. An example profile of five 

segments i s  illustrated in this figure, b u t  any number may be prescribed 

and their lengths and locations are arbitrary. As with contact ellipses, 

they may be assigned material properties or may be specified as rigid. 

An untutored user of the MVMA 2-D model would soon develop, on 
his own, a proficiency in defining occupant ellipse profiles appro- 

priate for his various simulations. Nonetheless, a discussion i s  

presented here of' several considerations t h a t  are normally made. Several 

points can be madle by examining the figure. The following discussion 

pertains t o  these points. 

The f i r s t  point deals with specification of unnecessary el 1 ipses. 

For the vehicle-interior profile shown, the head ellipse i s  probably 

unnecessary for simulation of a front-end collision, even for a re- 

strained occupant,. I t  seems unlikely t h a t  any head contacts cou ld  

occur within the time frame of a crash history. While the specifica- 

tion of this head ellipse can do no harm, the only need for i t s  

presence i s  t o  selnse possible contacts ; hence, i t s  presence may repre- 

sent a modeling inefficiency since wasted computations and storage 

resul t. Simi 1 arly , the knee and hand el 1 i pses are probably unnecessary 

for a frontal impiact. The careful user wi 11 seldom go .wrong in 

trying t o  model a crash event as efficiently as possible. 



FiGURE a1 Example Occupant Profile of  Contact  Sensing E l 7  i p s e s  for  
I n t e r a c t i o n  w i t h  Vehicle I n t e r i o r  Surfaces 
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The second plaint deals with incomplete specification of el 1 i pses. 
The figure i1lust:rates such a modeling deficiency for the case of a 
rear impact simulation. The addition of an elbow ellipse might be appropriate 
as the elbow joinit might otherwise pass unimpeded through the seatback 
1 ine. However, tihe effect of am contacts on overal I body dynamics 

a, 

i s  often considered n o t  t o  be of importance, so this may not  be necessary. 

Third, so-called "inhibition switches" for contact interactions 
should be used folr most simulations. Contact inhibition switches can 
be used t o  specif'y either allowed interactions or interactions that 
are not t o  be con~sidered by the model, that i s ,  "inhibited" interac- 
t i  ons. The purpalse of specifying a1 1 owed or di sal 1 owed interactions 
i s  t~sual ly t o  make i t  unnecessary for the computer model t o  check a1 1 

combinations of alccupant ellipses and vehicle-interior regions for 
potential interaction. In many simulations, the user can be sure that 
certain interactions will not  occur, so this will effect a reduction in 
computation expense. For example, for a frontal impact involving the 
occupant in the figure, restrained by a lap belt, i t  would be reason- 
able t o  specify the fol 1 owing a1 1 owed interactions : THORAX against 
SEATBACK, HIP against SEATBACK, HIP against SEATCUSHION, THIGH against 
SEATCUSHION, K N E E  against SEATCUSHION, FOOT against FLOORPAN, and FOOT 

against TOEBOARD. These are seven interactions for which forces could 
result. Since there are potentially seven el 1 ipses interacting with 
five vehicle-interior regions, or 35 total potential interactions, 
use of inhibition switches reduces in this instance by 80% the number 
of potential interactions that the computer model must consider. 



FIGURE 4-1 Example Occupant Profi le  o f  Contact Sensing Ell ipses f o r  
Interaction w i t h  Vehic le  Interior Suriaces 
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Fourth, " hole!s" in the occupant profile are sometimes of consequence 

and sometimes n o t .  For example, the figure shows several spaces be- 

tween el 1 ipses alctng the occupant 1 inkage, b u t  the ellipses present 

are adequate for reasonable interaction with the defined vehicle- 

interior profile. No ellipse should be required a t  a mid-torso loca- 

tion because the hip and thorax el l ipses a t  either end of the torso 

adequately account; for interaction against the single 1 ine of the . 
seat back. Holes in the occupant profile a t  the neck, arms, and lower 

legs are of no conisequence for this case because there are no vehicle 

surfaces which are likely t o  pass through the interspaces. I f ,  on 

the otherhand, the! vehi cl e-i nterior profi le  included a panel region 

in front of the oc:cupant, i t  would probably be important t o  add a 
contact-sensing profile for the lower leg, which might otherwise 

pass upward through the panel area with the knee and foot straddling 

the panels. An ellipse might be needed a t  a mid-torso location for 

a rear collision. 

Fifth, a contact-sensing circle i s  often just as suitable as an 
ellipse. The thorax ellipse in the figure i s  a true ellipse, not a 
circle. B u t  there i s  clearly no advantage in using an ellipse here. 

The only possible interaction of the thorax i s  with the seat back, and 

a circle could be attached t o  the upper torso link which would produce 

virtually identica,l deflections of the seat back for all likely posi- 

tions and orientatiions of the body linkage. Use of a circle instead 

will result in a negligible reduction in computation expense, b u t  the 

circle may be somewhat easier t o  position properly on the upper torso 

link. 



Ellipse "contact point" 
is outside l ine segment; 
therefore,  F=O.  

These circle "contact 
p ~ i n t s "  a r e  between 
the endpoints of 

Body segment the l ine segment; 
el l ipse therefore, F  S O .  

Circles w h i c  
approx imat  

Line segment o f  
vehicle interior 

FIGURE 4-2 A Contact Sensins Ellipse and a Ge t te r  Representat ion of 
the Body Segment P r o f i l e  With Circles 
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Sixth, a single narrow ellipse sometimes defines a segment of 
the occupant profile inadequately and should be replaced by two or 
more circles. This figure i l lustrates such a case. The point on 
each ellipse and circle perimeter of maximum distance i n t o  the material 
side of the line segment i s  called a "contact point," and, for each, 
the maximum penet,ration distance defines the deflection. For the 1 i ne 
segment and ellipse illustrated, the deflection i s  sE. 

The a1 gori t h m  for determining contact forces, discussed in Module 
6 ,  will normally find a non-zero force for a deflection 6 greater than 
zero whenever the contact point i s  between the endpoints of the 1 i ne 
segment. The force i s  normally zero whenever the contact point i s  out -  
side the line segment. The ellipse shown clearly should have an inter- 
action force with the line segment AB. B u t  i t  will n o t ,  even though 
the "deflection" 6E i s  greater than zero, since the contact point 
l ies  outside the line segment. Use of the three circles in place of 
the narrow ellipse i s  superior since, while the contact point of one 
circle i s  outside the segment AB, two circles l i e  within the segment. 
The deflection 6, will produce a reasonable force. A general rule 

t o  fol low i s  t h a t  a contact-sensing el l  ipse should n o t  'be longer than 
any line segment that i t  must contact for there t o  be proper resistance 
to occupant motion. 



Solve 

Then, F = f l  ( b l )  = f2 (4).  
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Seventh, i t  i s  important when assigning material properties t o  keep 
i n  rnind that forces for contacts of the occupant w i t h  the vehicle interior 
can be influenced significantly by the force-deflection characteristics 
of the portion of the body involved. Very often users of crash simu- 
1 at71 on models concern themselves only w i t h  the force-deflection charac- 
ter is t ics  of &elements of the vehicle interior and use rigid contact 
ellipses or circles on the occupant. This invariably results in effec- 
tive! stiffnesses for occupant-interior interactions that are too 1 arge. 
Consequently, resulting model predictions of peak forces and G-level s 
are generally too high. The MVMA 2-D model a1 lows separate definition 
of material properties for contact ellipses and vehicle-interior 
surfaces. The user should define a material for b o t h  elements of an 
interaction whenever data i s  available unless one element i s  considerably 
softer than the other. I n  this case, the s t i f f e r  element may reason- 
ably be specified as rigid. 

The figure i 1 lustrates an interaction between a non-rigid body 

el 1 ipse and a non-rigid vehi cle-interior surface. Both interacting 
elements deform. The total relative di  splacement, 6 ,  i s  the sum 
of the separate deflections, b l  and 62. 



MATERIAL PROPERTIES 

Static force-deflection loading curve 

I) Hysteretic unloading 

Permanent deformations: G = G (6max) 

Absorbed energy: R= R 

4B Inertial spike loading curve 

Friction class 
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Specification of material properties for ellips& of the body 

contiact-sensing profile, and also for elements of the  vehicle interior, 

i s  cliscussed in detail in Module 6 ,  which deals specifically with the 

generation of forces between interacting occupant and vehicle systems. 
s However, a general description of specifiable material properties wi 11 

now be given. 

For each material, values must be prescribed for deflections a t  
the yield point a ~ i d  a t  the beginning and end of material breakdown. 
A force saturatio~l level can be defined i f  desired. Provision i s  

made for tabular or polynomial representation of: 1 )  the s ta t ic  force- 

deflection loading curve; 2 )  the ratio of permanent deformation t o  
maximum deformation upon complete unloading, as a function of maximum 

deflection; 3 )  the fraction of total loading energy not  lost t o  hys- 

teretic absorption upon complete unloading, as a function of maximum 

deflection; and 4 )  the so-called "inertial spike" curve, a force- 

deflection loading curve which may be superimposed upon the static 

loading curve t o  represent the effects on impact forces of mass and 

loading rate. Friction characteristics are also prescribed, b u t  fric- 

tion coefficients are defined not  for materials b u t  rather for pairings 

of "classes" of potentially interacting el 1 ipses and vehicle-interior 

regions. For example, knee and chest ellipses might be of the same 

ellipse friction class i f  bo th  are covered with cloth. The head would 

probiibly be of a different friction class. Similarly, a seat back and 

a padded panel would 1 i kely belong t o  different region friction classes 

becairse of d i  ffere~it  surface roughnesses . 



1 if 6 > 0 (circler o v e r l a p p i n g )  
Deflection = 0 if 6 0 (circles separated)  

FIGURE 4-7 El i i p s e  Replacement C i  rclss a t  P o s i t i o n s  o f  Nearest Approach 
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A second type of interaction which involves body ellipses is  con- 
tact between body parts. Examples of such an interaction are the head 
striking the knee, the chest striking the upper leg, and the chin 
s t r i  king the sternum. 

In any simulation, the same ellipses defined for interaction 
with vehicle surfaces may be used for determining contact forces be- 
tween body parts. This is  no t  required, however. Separate ellipses 
can be defined for this purpose only, i f  desired. Any ellipse can 
be rnade invisible t o  any other ellipse and t o  any region of the vehicle 
interior by inhibition specifications previously described. 

The deflectilon for an interaction between two el 1 ipses i s  determined 
by ii computer program algorithm that models the interaction as one 
circle against another. This algcki t h m  replaces a user-supplied el1 ipse 
by ii circle which is  positioned along the major axis of the ellipse 
so that i t s  distance from a similar circle on another body element i s  
minimum. The figure shows two ellipses a t  an instant of time when 
there i s  no deflection between the ellipses because the centers of 
the ell ipse-replacement circles are further apart than the sum of 
their radii. Approximating an el 1 ipse by a circle positioned along 
the major axis esisentially reduces the ellipse t o  parallel lines wlth 
a semicircular cap a t  each end. 



RHEAD 

FIGURE 4-11 MVMA 2-D Airbag Model 
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The third type of occupant profile senses contact with the airbag. 

The figure i l lustrates the profile, which consists of the line segments 

from 6-c a t  the head t o  9-10 a t  the lower legs. Airbag forces and mo- 
ments are applied t o  the occupant only a t  segments C-1, 1-2, 3-4, 5-6, 

and 7-8, b u t  the airbag submodel makes use of the entire profile. The 

user i s  required ,to define the locations of eight points on the occupant 

fronital proff l e ,  leach fixed with respect t o  some body link as indicated 

in the next slide. 



FIGURE 4-12 Airbag Contact Lines on Occupant 
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The coordinates t i  and c i ,  w i t h  "i " equal t o  1, 2 ,  4 ,  6 ,  7 ,  9 ,  and 
10, define these points. I t  i s  clear that as articulation occurs a t  
body joints, any successive points of this group that are not defined 
w i t h  respect t o  the same body link will undergo relative motion. 
Solid line segments in the contact-line profile are fixed in length 
and orientation by the input data. Dashed lines will vary in b o t h  
length and orientation w i t h  respect to a1 1 body links; these are de- 
termined by the cclmputer model from the input data so as t o  make tne 
contiict profi 1e continuous. Contact 1 ines a t  the head are established 
by the computer model from a user-prescribed head radius. 



SUMMARY OF OCCUPANT CONTACT 

SURFACE SPECIFICATIONS 

@ Ellipse and line segment dimensions 

9 Pasitions of attachments to body iikks 

Loading and unloading properties of body parts 
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The preceding s l  ides have i 11 us t ra ted  the th ree  occupant p r o f i  1 es 

t h a t  sense contact  w i t h  surfaces w i t h i n  the occupant compartment. The 

f i r s t  o f  these i s  a se t  of e l l i p s e s  t h a t  are f i x e d  t o  body l i n k s  and 

which sense i n t e r a c t i o n  w i t h  v e h i c l e - i n t e r i o r  surfaces. This p r o f i l e  

must be defined for  v i r t u a l l y  a l l  crash simulat ions.  The second 

p r o f i  7e cons is ts  of s imi  1 arl 'y prescr ibed e l  1 ipses and i s  needed on ly  

i f s i g n i f i c a n t  forces are expected from i n te rac t i ons  between body par ts .  

The t h i r d  p r o f i l e  i s  a s e t  o f  s t r a i g h t - l i n e  segments at tached t o  body 

segments. These dre needed on ly  i f  the a i rbag submodel i s  used. Ex- 

cept f o r  t h i s  t h i r d  p r o f i l e ,  a l l  contact-sensing l i n e s  on the occupant 

may be assigned a se t  o f  mater ia l  proper t ies  f o r  determination of 

in te i ract ion force:;. For a1 1 occupant p r o f i l e s ,  the user must speci fy 

the dimensions o f  the set  o f  contact-sensing elements and the pos i t i ons  

o f  attachments t o  the body l i n k s .  
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MODULE 5 - CONTACT SURFACES ATTACHED TO THE VEHICLE 

SLIDE 1 

The MVM4 2-D model i s  a predictive tool for estimating the dynamic 
response of a human or an anthropomorphic dummy i n  a crash environment. 
The mathematical simulation of a specific event requires the definition 
of: 1 )  an occupa~nt model; and 2)  a crash environment. The occupant 
moclel i s  described primarily in Modules 2 ,  3 ,  and 4 while the elements 
of the expansive term "crash environment" are described in the remain- 
ing modules. The crash environment i s  comprised of a11 5lements of 
the total system which cause external forces to be developed on the oc- 
cupant. These i l ~ l u d e :  1 ) surfaces of the vehicle-interior profile; 
2 )  restraint systems; and 3 )  vehicle motion. This module deals w i t h  

the f i r s t  of these, occupant-compartment surfaces, 



HEAD 
, R E S T  ROOF HEADER 

WINDSHIELD 

PANEL I 

I FLOORPAN 

FIGURE 5-1 Example P r o f i l e  o f  V e h i c l e - I n t e r i o r  Surfaces 
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Forces between the occupant and the vehicle interior are generated 
by the model as a result of interaction of a profile of occupant el- 
l ip~ses with the user-defined vehicle-interior profile. This profile 
i s  a set  of connected or disconnected straight-line segments. An 

example profile o f  eleven segments i s  illustrated in the figure, b u t  

any number may brs prescribed and their lengths and locations are arbi- 
trary. The line segments may be assigned material properties or they 
may be specified as rigid. 

In most instances, the model user will specify line segments of 
fixed position within a coordinate frame which has three degrees of 
freedom for user-prescri bed occupant-compartment moti on. This i s ap- 
propriate for si~nulation of any crash with a human or human analog 
inside an occupant compartment that does n o t  suffer intrusion or col- 
lapse as a result of the impact. However, model options allow the 
user two variations. First ,  motion of segments of the vehicle-in- 
terior profile within the original space of the occupant compartment 
can be prescribed. Time-dependent positioning of the segments might 
model either direct intrusion in the case of a side-impact simulation 
or secondary frontal interior d isp lace ,~nts  resulting from gross defor- 
mation of the engine compartment. For the occupant compartment i 11 ustrated, 

this would most likely involve the elements PANEL, LOWER PANEL, DASH, 

and  TOEBOARD. Second, the time-dependent position of any 1 i ne segment 
can be defined with respect t o  the inerti a1 frame, i f  desired, instead 

of with respect t o  a vehicle-fixed coordinate frame. This opt ion  i s  
only a convenience for users with occasional diverse applications for 

the model. With vehicle motion taken into account, i t  is  always possible 
t o  rnake any such simulation without the use of this o p t i o n .  



VEHICLE INTERIOR REGIONS 

A set of straight-line segments 

- 
Arbitrary number of segments 

Segments connected end to end 

Ail segments have same material properties 
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The user defines a contact-sensing vehicle-interior profile as a 
set of "regions." A region is a set of straight-line segments charac- 

teri zed by the foll lowing features. 

1 ) The 1 ine segments comprising a region are  connected end to end. 
There may be an arbitrary number of segments in a region, with as few 
as one. 

2) All line segments in a region are considered to have the same 
load-deflecti on characteristics since materials are prescribed for 
regions, not for segments. 



FIGURE 5-1 Example Profile o f  Vehicle-Interior Surfaces 
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Several points pertinent t o  specification of regions are i l l  ustrated 
by this slide. a )  First, the roof and windshield lines, although 
connected, would surely be separate regions in any reasonable simulation. 
The reason i s  that these surfaces should have different load-deflection 
properties. b )  Second, the two panel segments, the seat back plus seat 
custiion, and the floorpan plus toeboard m i g h t  reasonably be made two- 
segment regions s'ince the line segments are connected and may very well 
have the same load-deflection properties. c) Third, regions in the 
prot'i le may be disconnected even though segments within a region can- 
n o t  be. 



REQUIRED SPECIFICATIONS FOR REGIONS 

ldentificotion of line segments comprising region plus frame 
of reference 

.. 

Material loading and unloading characteristics 

I) Friction class 

@ Specification of ellipses with which interactions are allowed 
or disallowed 
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A number o f  spec i f i ca t ions  must be made f o r  each region. These 
include, f i r s t ,  i d e n t i f i c a t i o n  o f  the l i n e  segments which comprise 

the region and the frame o f  reference i n  which they are prescribed. 

Second, as mentioned previously,  mater ia l  proper t ies  are prescr ibed 

f o r  each region. This i s  discussed i n  d e t a i l  i n  Module 6. The speci- 

f i a b l e  proper t ies  inc lude a s t a t i c  loading curve, parameters which 

character ize hys te re t i c  unloading, and an " i n e r t i a l  sp i  ken loading 

curve f o r  represe!nting the e f f ec t s  on impact forces o f  mass and loading 

ra te .  

Third,  fri ct , ion charac te r i s t i cs  are prescribed. However, f r i c t i o n  

coe f f i c ien ts  'are def ined no t  f o r  surfaces bu t  ra ther  f o r  pa i r ings  o f  

"classes" o f  p o t e n t i a l l y  i n t e rac t i ng  body e l  1  ipses and regions. Each 

region o f  the veh ic le  i n t e r i o r  must be assigned t o  a  region f r i c t i o n  

c lass.  Vehi c le-  i n t e r i o r  regions w i t h  s i m i l a r  surface roughnesses 

are normally assigned t o  the same f r i c t i o n  c lass.  F i na l l y ,  " i n h i b i t i o n  

switch" se t t i ngs  are usua l l y  prescribed. This opt ion makes i t  pos- 

s i b l e  t o  1  i m i  t the body e l l i p ses  t h a t  must be considered by the model 

f o r  po ten t i a l  i n t e rac t i on  w i t h  the region t o  a  subset o f  the t o t a l  

number o f  e l l i p ses .  E i t he r  allowed o r  disal lowed in te rac t ions  may be 

spec i f ied.  I n  many simulat ions,  the user can be sure t h a t  ce r t a i n  

int ieract ions w i l l  no t  occur. I n  such cases, use o f  t h i s  opt ion w i l l  

redluce computati on expense. 



PANEL 
Posi t ion  

a t  t = 7 0  msec 

Posit ion 
. at t=30 msec 

FIGURE 5-3  Padded Panel Region Displacement f o r  Examole Data 
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Various specifications are required for each 1 ine segment in a 
region. Fi rs t , the 1 i ne segment endpoint positions must be prescribed. 
If  the segment i s  stationary with respect t o  the reference frame 
indicated, whether the vehicle frame or the inertial frame, then of 
course, only a single pair of coordinates is  needed for each endpoint 
of the segment. I f  the segment i s  moving perhaps for the representa- 
t i o n  of intrusion as discussed earlier, then a tabular, time-dependent, 
motion hi story is  prescribed for each endpoint. The figure i 1 lustrates 
a rotation and displacement of a two-segment instrument-panel region 
into the occupant compartment. Such motion can occur with severe 
structural deformations that might result from a frontal impact. 



REQUIRED SPEClFiCATlONS FOR 

LINE SEGMENTS OF A REGION 

@ Segment end point coordinates as tabular functions of time 

"Direction factor" to indicate material side of line segment 

@ "Penetration limit" to help identify cases where an apparent 
deflection should produce no foree 
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In addition to endpoint coordinates, two other quantities must be 
specified for eac:h line segment. These are the so-called "direction 

factor," which indicates the side o f  the line segment that i s  capable 
of producing contact forces, and the "penetration limit," which is 
used by the comp~~ter model t o  identify cases where a deflection i s  

only apparent and should produce no force. 
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FIGURE 5-5  
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The f i r s t  quantity, the "direction factor," is  'explained by 

this slide. I t  iis necessary for the user t o  specify the "material 
side" of each 1 ine segment so that the computer model can properly 
determine an intekraction force between an ellipse and the 1 ine 
segment, This i s  done by indicating whether the inertial origin 
l ies behind or in front of the contact surface a t  time zero. I f  
the inertial origin is  on the side of the surface which should be 
contacted, that i s ,  away from the "material side," then the direction 
factor is  D. F. = + I .  The figure illustrates three different cases 
for a two-segment pane1 region. I n  the upper figure, the direction 
factor for b o t h  segments is  + I .  In  the middle figure the inertial 
origin i s  behind both contact surfaces, so for this case both direc- 
tio~rl factors would be assigned values of -1. The 1 ine segments in the 
1 ower figure have direction factors of different sign. 



PANEL 

FIGURE 5-6 Se lec t ion  o f  Value for Line-Segment Penetration L i m i t  
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This slide iillustrates one case in which a contact force would 

not be properly determined by the computer model unless an appropriate 

val ue were specified for the 1 ine-segment parameter called the "pene- 

tration 1 imi t ."  The figure shows a three-segment instrument panel 

and the upper and lower legs of the occupant. The knee has an ap- 
parent deflection of g o  into the UPPER PANEL in the position shown, 

b u t  a legitimate non-zero force should be predicted only i f  the knee 

passes around the panel area and strikes the UPPER PANEL from above. 

Since the knee location in the normal seated position might very well 

be as shown in the figure, the penetration limit has pertinence t o  the 

specification of conditions a t  time zero. In particular, the penetra- 

tion limit must have a value less than the init ial  distance, to. 

Extreme attention need not be given t o  the selection of a value 

for this quantity. The computer logic only requires a value which 

satisfies the fol lowing inequality shown with the figure. 

There, P.L. i s  the penetration limit. A t  i s  the integration time 

step, e o  i s  the maximum ini t ia l  apparent deflection of a11 ellipses 

against the line segment, and s o  i s  the maximum real init ial  deflec- 
* A t  i s  the tion of all  ellipses against the line segment. Vmax 

maximum change of deflection which is  expected in one time integration 

i s  the maximum speed a t  which an step, which i s  to say that VmX 
(re1 . ) ellipse is  expected t o  approach the contact surface. Since Vmax 

i s  limited roughly t o  the crash impact velocity, a reasonable lower 

bound for P . L .  i s  easily established for a surface t h a t  has no real 

ini t ia l  deflections, t h a t  i s ,  for the case t h a t  so  equals 0. I f ,  

for example, the impact velocity is  30 mph, or 528 in/sec, and the inte- 

gration time step i s  1 .  msec, then  P . L .  .528 inches. In practice, 
('el * )  a t ) .  P.L. i s  best se t  equal t o  i t s  lower bound: P . L .  = max (60,Vma, 

The small value will eliminate the possibility of a sudden, large, 

anofnolous force when an ellipse i s  near the edge of a contact surface. 

This i s  explained in Module 6,  which deals with the generation of 

contact forces. 



SUMMARY OF CONTACT SURFACE 

DATA REQUIREMENTS 

@ Specification of vehicle-interior regions 

il) Material properties 

@ Specification of allowed or disallowed interactions 

Endpoint coordinates for moving or fixed line segments 

@ Line segment direction factors 

1) Line segment penetration limits 
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I n  sumary, the user of the MVMA 2-0 model must prescribe geometry 
and several special parameters for the vehicle-interior profile. 
The occupant-compartment surfaces are specified by "regions," which 
are comprised of arbitrary numbers of 1 ine segments, connected end t o  
end, which have the same material properties. The 1 ine segments 
may be fixed or moving with respect to either an inertial or a 
vehicle frame o f  reference, Material loading and unloading charac- 
termistics must be prescribed for each region, and i t  i s  normal, a l -  

though optional, to specify ei ther allowed or disallowed interactions 
w i t h  el 1 ipses for each region in order t o  eliminate unnecessary compu- 
tati  onal expense. In addition to endpoint coordinates, quantities 
which must be prescribed for each line segment are i t s  "direction 
factor" and "penetration limit," both of which are used by the com- 
puter model t o  help determine whether a force-producing interaction 
exists between the 1 ine segment and a body el 1 ipse. 
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!NODULE 6 -- GENERATION OF CONTACT FORCES ON THE OCCUPANT: Par t  1 

SLIDE 1 

Module 6 i s  i n  two par ts .  Par t  1, which follows,deals p r i m a r i l y  

w i t h  two subjects: f i r s t ,  the determination o f  deformations o f  the 

occupant and elements o f  the veh ic le  i n t e r i o r  t h a t  occur i n  an i n t e r -  

ac t ion  between them; and second, the general force-def l  e c t i  on charac- 

t e r i s t i c s  t h a t  may be prescr ibed f o r  the i n t e r a c t i n g  elements. 



t=O 

POSITIONS AND 
VELOClf lES (OF 

OCCUPANT AND 

DEFLECTIONS 

load-deflection 
propert ies e Q  
deformed elements 

INTERACTION 

Newton's taws 
(d i f fe rent ia l  equations 
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W i t h i n  the  Framework o f  an I n i t i a l  Value Problem 
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SLIDE 2 

Occupant motion within the vehicle bo th  determines and i s  deter- 
mined by forces acting on the occupant linkage.   his slide i l lus- 
trates the relationship between the motion and the forces. A t  some 
instant of time, usually called t = 0, the position and velocity 
conditions of the occupant re1 at i  ve t o  a vehi cl e-fi xed reference frame 
must be known. From these, the instantaneous s tate  of displacements 
between body and vehicle elements, and hence the interaction forces, 
may be determinsd. Further, the instantaneous interaction forces 
thus found, together w i t h  the motion equations of classical mechanics , 
namely Newton ' s Laws, determine the instantaneous accelerations es- 
sential ly as force divided by mass. Integration of the accelerations 
then yields the occupant velocities and positions a t  a new time, dif- 
ferent from the time a t  which forces were determined by an arbitrarily 
small amount, d t  or h t .  New position and velocity conditions having 
been determined, new deflections can be determined and so forth so that 
the entire time histories for motion and forces are established. 

The vector CF) in block 4 of the figure i s  a function of position 
and velocity coordinates and the interaction forces from block 3. 
The interaction forces include restrai n t  system 1 oads , which are 
discussed in Nodules 9 and 10, and "contact forces," with which this 
modl~le deals. Contact forces are those forces resulting from direct 
interaction between body parts or between a body part and a surface of 
the occupant compartment. Block 1 indicates that occupant and vehicle 
pos'itions and velocities must be known before interaction forces 
may be determined. Modules 2 ,  4 ,  and 7 are relevant to occupant 
conditions for block 1,  and pertinent vehicle specifications are 

described in Modules 5 and 8. The subject of this module i s  determina- 
t i o n  of contact-interaction deflections and resulting forces i n  blocks 
2 and 3 .  
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FIGURE 6-3 D e f l e c t i o n  Between a S t r a i g h t - L i n e  Segment and an E l l i p s e  
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A contact  force vector i s  generated whenever a  body e l  1 ipse i n t e r -  

sects a  veh ic le - i  n t e r i o r  1  ine  segment. The f i gu re  i 11 ust ra tes such 

a  case. The def lec t ion a i s  def ined as the distance o f  maximum pene- 

t r a t i o n  o f  the e l l i p s e  beyond the l i n e .  Note from the lower f i g u r e  

t h a t  t h i s  d e f i n i t i o n  s t i l l  appl ies i f  the body e l l i p s e  has passed 

completely beyond the r e s i s t i n g  surface. 

Whether the deforming element i n  a  contact  i n t e rac t i on  i s  the e l -  

l i p s e  o r  the l i n e  segment i s  no t  i m p l i c i t  i n  the d e f i n i t i o n  o f  def lec- 

t i on .  This i s  dependent upon mater ia l  spec i f ica t ions.  The f i gu re  

i l l u s t r a t e s  a  r i g i d  e l l i p s e  against  a  deforming l i n e  segment, bu t  

w i t h  d i f f e r e n t  mater ia l  spec i f i ca t ions  the de f l ec t i on  could be shared 

o r  could be so le l y  i n  the e l l i p s e .  



FIGURE 6-7 Deflection ~etween Ell ipse Replacement Circles 
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SLIDE 4 

Module 4 explains how ellipses attached t o  different body segments 
are approximated, for the purpose of considering potential interactions 
between el 1 ipses, by circles of varying position. An e l l  ipse-ell ipse 
contact force will be produced i f  the el 1 ipse replacement circles 
over1 ap. 

This figure i 11 ustrates contact interactions between rep1 acement 
circles for progrbessively greater deflections. I n  each instance, 
R and r are the radii of the circles, and D i s  the distance between 
their centers. A resulting force i s  applied to the body link of 

each ellipse as a vector along the line between the centers of the 
ci re1 es. 



Static Loading Curve 
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b ,  = yield point (elastic limit) 
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FIGURE 6-8 S t a t i c  Loading Curve 
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SLIDE 5 

Contact forces in the MVMA 2-D model- are directly dependent 
on deformations o f  the interacting elements b u t  not  on deformation 
rates. The user prescribes for each body-segment ellipse and each 
vehicle-interior region a material w i t h  resistive properties t h a t  
depend only  on deflection. This i s  not  to say that the loading history 
of a material i s  not considered; deformations beyond a user-defined 
yield point, or "elastic limit," can result in hysteretic energy 
loss and permanent deformation of the element upon unloading. Also, 
reloading from a partially unloaded s tate  i s  complex. 

The various material properties that can be specified by the user 
will be explained in the remainder of this module. All material 
chalaacteristics described here pertain equally t o  vehicle-interior 
region materials, body el 1 ipse materials, and be1 t webbing materials. 
I t  might  be noted a t  this point, however, t h a t  be1 t material specifi- 
cations can be made optionally in terms of strain,  instead of deflec- 
t i  on. 

An element i s  undergoing "loading" whenever i t s  material deforma- 
tion i s  increasing with time. Note that this does no t  mean that the 
load, or force, i s  necessarily increasing w i t h  time or w i t h  deflec- 
tion. The user i s  required to prescribe a s ta t ic  loading curve for . 

each] material deflned for a simulation. 

Suppose that an element i s  tested in quasi-static loading by 

pressing against it a rigid form, either f l a t ,  e l l ipt ical ,  or cir- 
cular in shape in accordance with the definitions of deflections 
previously i 11 ustrated. A load-deflection curve such as i 11 ustrated 
in this figure could be established. I t  can be represented as ac- 
curately as necessary by a piecewi se-1 inear approximation. For 
example, the curve shown i s  adequately defined for simulation pur- 
poses in tabular form by coordinate pairs of force and deflection 
values of the points marked w i t h  an " X . "  The user may prescribe a 
tabular s ta t ic  loading curve, or optionally, a polynomial curve of 
order six. The tabular form o f  the curve i s  generally used, b u t  

sometimes i t  i s  convenient t o  f i t  a polynomial t o  the load-deflection 
data. The most common use of the polynomial i s  for specifying a 
cons tan t 1 aad- def 1 ect i on s 1 ope. 
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Three points pertinent t o  continued s tat ic  loading are shown 

on the figure as deflections 6t, JD, and 6F, a1 1 user-defined 
input parameters. d C  i s  the deflection a t  the material yield 

point, or "elastic limit." Note tha t  i t  i s  not  identified with the 

limit of material linearity. I ts  proper definition relates t o  
characteristics of the material in unloading. Unloading from 
peak deflections less than d C  are backward along the loading curve, 

t h a t  i s ,  they occur without permanent deformation of the material 

and without energy loss. There are no restrictions on SC except 

t h a t  i t  be greater t h a n  or equal t o  zero. The deflections d D  and 

SF relate t o  material, or structural, breakdown. A1 1 points on the 
user-defined static loading curve beyond SD are ignored by the corn- 
puter model. This value i s  the deflection a t  which the material be- 

gins t o  fa i l .  Continued loading t o  dF or beyond will complete break- 

down of the material, as illustrated in the figure. 
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SLIDE 6 

The so-called " i n e r t i a l  spike curve" i s  a  model feature which 

can be used t o  ac.count f o r  dynamic e f f ec t s  on the force-producing 

capab i l i t y  o f  a  mater ia l .  This i s  the on ly  model feature through which 

mass- and rate-dependence o f  mater ia l  proper t ies  can be represented, 

even i n d i r e c t l y .  I t  i s  observed t h a t  i n i t i a l  impact against  a deforming 

surface i s  sometimes accompanied by a  high force spike which diminishes 

rap id l y  w i t h  increasing de f l ec t i on  and which does no t  reappear w i t h  

repeated loadings. Such an i n e r t i a l  spike force can be spec i f i ed  

by the user as a  tabu la r  o r  polynomial func t ion  o f  de f lec t ion .  This 

curve i s  added t o  the s t a t i c  load-def lec t ion curve prev ious ly  discussed. 

The f i g u r e  i l l u s t r a t e s  an i n e r t i a l  spike curve and the combined 

loading curve. Values f o r  sA and sg i n  the f i g u r e  are supplied by 

the user. JA i s  the de f l ec t i on  a t  which i n e r t i a l  e f f ec t s  of the 

surface break down i r reparab ly .  This means t ha t  once de f l ec t i on  ex- 

ceeds s A 9  subsequent re-loadings from de f lec t ions  less  than 6A w i l l  

be along the s t a t i c  curve, no t  the combined curve. fig i s  the deflec- 

t i o n  a t  which a l l  I n e r t i a l  e f f ec t s  cease. 
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This sl ide i l lus t ra tes  a loading curve for an element which de- 
forms plasticly once the load has reached a specific value. The force 
saturation level i s  a t  load F,,,, an input parameter. Whenever the sat- 
uration force limit i s  exceeded by the s t a t i c  curve, the regular 
loading sequence i s  superceded. Force saturation affects only s t a t i c  
loading. The inert ial  spike curve i s  unaffected. I f  loading i s  on 
the combined s t a t i c  and inert ial  spike curve when Fmax i s  reached, 
only the s t a t i c  component will be limited t o  Fmax. 
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An element i s  undergoing "unloading" whenever i t s  mater ia l  defor- 

matlon i s  decreasing w i t h  time. While i t  i s  no t  necessar i ly  t r ue  t h a t  

force increases w i t h  de f l ec t i on  i n  a 1 oadinq mater ia l ,  the decreasing 

de f l ec t i on  f o r  unloading o f  a reasonably spec i f i ed  mater ia l  , w i l l  be 

accompanied by - decreasing force. The f i g u r e  i 1 l us t r a tes  the loading 

curve f o r  a mate r ia l  which su re ly  requi res hys te re t i c  unloading 

speci f i c a t i o n s  because unloading back a1 ong the 1 oadi ng curve from 

any deformation which exceeds Jp would invo lve  force increase f o r  

decreasing de f lec t ion .  Unloading curves are ca lcu la ted by the compu- 

t e r  model from user-prescribed spec i f i ca t ions .  These w i l l  be explained 

a f t e r  one add i t i ona l  p o i n t  i s  made from t h i s  f i gu re .  

the de f l ec t i on  a t  the mate r ia l  " e l a s t i c  1 i m i  t ," was discussed 

ea r l  f e r  i n  t h i s  module. I f  mater ia l  de f l ec t i on  once exceeds 6C, then 

any subsequent unloading w i l l  no t  be back along the load ing curve bu t  

ins tead w i l l  be along a curve which l i e s  below the load ing curve. 

It i s  noted i n  connection w i t h  the f i g u r e  tha t ,  wh i le  there are no 

r e s t r i c t i o n s  on the user-suppl ied value f o r  Jt, i t  cannot reasonably 

be greater  than 6,, f o r  a mater ia l  w i t h  a loading peak as i l l u s t r a t e d .  
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SLIDE 9 

This figure i 11 ustrates unloading from a turnaround deflection 

'ma, greater than 6C. On complete unloading from beyond the elastic 
1 imi t, the force usual 1y returns t o  zero before the deflection. In 
other words, there is  usually a permenent deformation of the surface, 
represented in the figure by the deflection U. I n  general, the 
permanent deformation increases with increasing turnaround deflections, 



FIGURE 6-13 Permanent De fo rma t i on  A and G - r a t i o  As Functions o f  Maximum D e f l e c t i o n  
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SLIDE 10 

The upper portion of the next figure illustrates the typical 

dependence of permanent deformation on deflection. For deflections 

up Lo the elastic limit, the permanent deformation i s  zero. 

As deflection increases without bound, the permanent deformation 
applcoaches the value of the turnaround deflection. This characteristic 

of the material i s  illustrated in a completely equivalent way in the 

lower figure. The lower curve i s  simply the upper curve divided by 

deflection, point for point. Tha t  i s ,  the lower curve defines, 

as n function of 6,,, a non-dimensional ratio of the permanent deflec- 

tion t o  the turnaround deflection, This function i s  zero for deflections 

u p  t:o the elastic limi t and approaches 1. as timx increases without 

bound. The function has been called the "G-ratio," and in the MVMA 2-D 
model i t  i s  a user-supplied input for each material. I t  may be entered 

in tabular form or i t  may be assigned a constant value. I t  should be 
note!d, however, t h a t  a constant can be used w i t h  safety only i f  there 

are a priori reasons t o  expect a particular approximate maximum deflec- 

tion of the material for the specific crash simulation. The reason for 

this i s  t h a t  for most materials the G-ratio changes rapidly with 

increasing deflection past the yield point. 
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This sl  ide again i 11 ustrates an example loading-unloading cycle. 
Sinre the integral t o  dmax of the force times an incremental deflection, 
name!ly, the area under the s ta t ic  loading curve, i s  the work done in 
reac:hing the turnaround deflection, 6,,,, unloading along a curve 
whic:h l ies  under the loading curve means that there i s  a hysteretic 
energy loss. Energy i s  absorbed by heating or by mechanical breakdown 
of tihe material. In the figure, area B equals the absorbed energy. 
Area, A i s  the restored, or conserved, energy. Just as permanent defor- 
mation i s  in general a function of turnaround deflection, so i s  the 
amount of energy restored upon complete unloading. For each material , 
a nclndimensional 'ratio of restored energy to total loading energy 
can be defined i n  parallel t o  the G-ratio for permanent deformation. 
This quantity i s  called the "R-ratio" and i t  i s  clearly a function of 
turnaround deflection, namely the ratio of area A t o  the sum A plus 
B ,  where A and B are both functions of the turnaround deflection. 
The model user supplies the R-ratio either as a tabular function of 

'max or as a constant. Th? next slide i 1 lustrates the typical 
dependence of the R-ratio on bmax.  



FIGURE 6-15 R - r a t i o  as a Funct ion  o f  Maximum D e f l e c t i o n  
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The R-ratio i s  used together with the G-ratio by the computer model 
for calculating an unloading curve whenever unloading from a deflection 
greater than 6C begins. The unloading curve i s  normally quadratic 
in form, and i t s  coefficients are determined so that unloading occurs 
with the appropriate permanent deformation and restored energy. Strictly, 
the G- and R-ratios are not independent quantities as there exists 
a constraint between their values. This is  discussed in Module 6 ,  Part 
2 .  
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E i t he r  o f  two types o f  unloading from a force-saturat ion leve l  

can be spec i f ied by the model user. Both are i l l u s t r a t e d  i n  t h i s  f igure.  

The standard method i s  t o  unload w i t h  a spec i f i ed  slope, 8, an inpu t  

parameter. A1 te rna t i ve ly ,  the G-ratio i s  used t o  determine a permanent 

def~omation, t o  which unloading occurs along a s t r a i g h t - l i n e  segment. 



SUMMARY OF DATA REQUIREMENTS 

FOR MATERIAL SPECIFICATIONS 

(I) Tabular or polynomial static loading curve 

@ Tabular or polynomial inertial-spike loading curve 

# Deflections at the material yield point and beginning and end 
of material breakdown 

(I) Foree saturation level and unloading slope 

# G-ratio for permanent deformation as a function of turnaround 
deflection 

R-ratio for restored energy upon unloading, as Q function of 
turnaround deflection 
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The subject of this module has beens the loading and unloading 

characteristics of elements of the occupant profi le,  the vehicle-interior 

profile, and the belt restraint systems. While any such element may 

be specified as rigid i f  desired, material specifications should always 

be made for deformable elements i f  data  are available. Static and 

inertial-spi ke loading curves are prescribed, together with associated 

parameters such as the yield-point deflection and deflections a t  the 

beginning and end of material breakdown. An optional force saturation 

1 eve1 may be spec:i fied independently. Hysteretic unloading charac- 

terist ics are specified by the user by G- and R-ratios, from which 

permanent deformation and conserved energy can be calculated as func- 

t i  ons of maximum deflection. 
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MCIDULE 6 -- GENERATION OF CONTACT FORCES ON THE OCCUPANT: Par t  2  

SLIDE 1 

Par t  1  o f  Module 6 deals p r ima r i l y  w i t h  the d e f i n i t i o n s  o f  def lec- 

t i ons  and mater ia l  proper t ies  o f  elements o f  the occupant p r o f i l e  and 

the veh i c l e - i n t e r i o r  p r o f i l e .  Par t  2, which fo l lows, deals w i t h  various 

fea1:ures o f  the algorithms i n  the MVMA 2-0 model which generate occu- 

pant contact forces. 



Solve 4 + h 2 =  5 

h(41- f2 (a * )=  O* 

Then, F = f, (81) = f2 (4) 

FIGURE 6-18 Mutual Deformation of an Ellipse and a L ine  
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Whenever two deformable elements contact each other, bo th  will 
deform. In the MVMA 2-D model, this is  called "shared deflection" 

or "m~utual deformation." The figure illustrates such an interaction for 
an ellipse and a line segment. Interacting ellipses could be considered 
just as well. Given only the position of the ellipse and the position 
of the line, the total deflection 6 i s  determined. The component 
deflections 6 1  and 62, however, depend on the material properties of the 
interacting elemer~ts. The compressive forces in the elements w i  11 be 
equal. I n  order to determine the interaction force, the computer model 
solves the equations shown with the figure for and s2. 
The total deflection 6 i s  a known value a t  each instant of time. 
f l  and f 2  are the functional relationships between force and deflec- 
tion for the two materials, specified by the user in polynomial or 
tabular form as explained in Module 6 ,  Part 1 .  

The solution algorithm involves an iterative procedure, and i t  
requires five control values specified by the user. Two are conver- 
gence epsilons, E I and c 2 ,  one for each material. The force balance 
i s  considered t o  be good enough when f l ( J 1 )  i s  within c of f2(62) ,  
where E = minicl, c 2 ) .  Other values required are for the maximum and 
miniimum a1 lowed tr ia l  adjustments of the component deflection values 
a t  any iteration step and the maximum number of deflection adjustments 
allowed for finding force balance a t  any time step. Guidance in 
choosing values for these parameters i s  provided in the text for this 
module. 



Solve 4f hz= 6 

f1(4)-f* Ib)= 0- 
Then, F = f,(&l)=f2[h2). 

FIGURE 6-18 Mutual Deformation o f  an El 1 i pse  and a L i n e  
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I t  i s  important t o  keep i n  mind t h a t  forces f o r  contacts o f  the 

occupant w i t h  the veh ic le  i n t e r i o r  can be i n f l uenced  s i g n i f i c a n t l y  by 

the force-def lec t ion cha rac te r i s t i c s  o f  the po r t i on  o f  the body 

involved. Very o f t en  users o f  crash s imulat ion models concern them- 

selves on ly  w i t h  the fo rce -de f lec t ion  charac te r i s t i cs  o f  elements o f  

the veh ic le  i n t e r i o r  and use r i g i d  contact  e l l i p s e s  o r  c i r c l e s  on the 

occupant. This i nva r i ab l y  r esu l t s  i n  e f f e c t i v e  s t i f fnesses  f o r  occu- 

pant - i  n t e r i o r  i n te rac t ions  t h a t  are too 1  arge. Consequently, resu l  t i n g  

model pred ic t ions o f  peak forces and G-1 evels are genera l ly  too high. 

Botli ma te r ia l s  for  an i n t e r a c t i o n  should be defined whenever data are 

ava i lab le  unless one i s  considerably s o f t e r  than the other.  I n  t h i s  

case, the s t i f f e r  element, whether e l l i p s e  o r  1  ine,  may reasonably 

be spec i f i ed  as r i g i d .  

The d e f i n i t i o n  o f  de f l ec t i on  f o r  a  contact  i n t e r a c t i o n  has been 

given i n  Module 6, Par t  1. An explanat ion was a lso given o f  mater ia l  

spec i f ica t ions from which a  contact  force can be determined when 

def lec t ions and de f l ec t i on  h i s t o r i e s  are known, This s1 i de  i 11 ust ra tes 

a  c l ~ n t a c t  i n t e r a c t i o n  between two deformable bodies, and the means by 

which the contact  fo rce  i s  determined i n  such a  case has been out1 ined. 

Nothing has y e t  been sa id  about the prec ise circumstances under 

which a  force w i l l  be calculated. That i s ,  when i s  a  contact  i n t e rac t i on  

considered t o  have taken place? 

Only the i n t e rac t i on  between an e l l i p s e  and a  l i n e  needs t o  be 

discussed. One obvious requirement f o r  product ion o f  a  contact  force 

by the s imulat ion model i s  t h a t  there be a  p o s i t i v e  r e l a t i v e  displace- 

ment between the e l l i p s e  and the l i n e .  A non-zero force should c l e a r l y  

be determined f o r  the de f l ec t i on  6 shown i n  the f igu re .  



FIGURE 6-19 An Ellipse Which Misses a Line Segment co the  Side  
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This s l i d e  i l l u s t r a t e s  a case where the de f l ec t i on  6 ,  as prev ious ly  

defined, i s  p o s i t i v e  y e t  there should be no i n t e r a c t i o n  force because 

the e l l i p s e  passes t o  one s ide o f  the l i n e  segment. It i s  obviously 

necessary t o  conslder no t  on ly  de f l ec t i on  against  the extended l i n e  

defined by the segment endpoints A and B bu t  a lso the pos i t i on  o f  the 

e l  1 i pse re1 a t i v e  t o  the endpoints themselves. 



tact 

FIGURE 6-20 An Ellipse Contact ing a L ine  Segment Near I ts  Edge 
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An intermediate condi t ion i s  shown here. Whi 1 e the so-cal 1 ed 

"contact po in t "  i s  beyond the endpoint A ,  s t i l l  there i s  an apparent 

i n t e rac t i on  between the e l  1 ipse and the segment and a means should 

be provided f o r  est imat ing an appropr iate force. I f  the e l l i p s e  i n  

the f i g u r e  were moved upward so t h a t  the contact p o i n t  l a y  f a r  beyond 

the edge o f  the l i n e  segment, a zero i n t e rac t i on  force should 

c l e a r l y  be predicted, Such a condi t ion has already been i l l u s t r a t e d  

i n  the previous s l i de .  I f ,  on the other hand, the e l l i p s e  were moved 

downward so t h a t  the contact  po in t  l a y  halfway between the l ine-seg- 

ment endpoints, then an i n t e rac t i on  force appropr iate f o r  f i r m  

contact  should be predicted. The model provides a means by which 

d imin ish ing normal forces can be ca lcu la ted as an e l l i p s e  moves from 

fi rn~  contact  throirgh intermediate pos i t i ons  such as i 1 l us t r a ted  i n  t h i s  

f igure t o  pos i t ions o f f  the edge o f  the segment where forces become 

zera . 



F e f f  = E F (6 )  

FIGURE 6-21 Effectiveness Factor E as a Function o f  s, the Pos i t ion  of 
Contact Point w i t h  Respect to  Line Segment, WI t h  Edge 
Constant 1 as a Parameter 
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The user suppl ies f o r  each l i n e  segment a value f o r  a parameter 

ca l  l e d  an "edge constant. " Whenever there i s  a p o s i t i v e  r e l a t i v e  

displacement between an e l  1 ipse  and the 1 ine, a so-cal l ed  " e f f e c t i  ve- 

ness f ac to r "  i s  ca lcu la ted f o r  the i n t e r a c t i o n  as a func t ion  o f  the 

edge constant and of the p o s i t i o n  o f  the contact  p o i n t  r e l a t i v e  t o  

the extent  of the segment. The e f f e c t i v e  force i s  found by mu l t i p l y i ng  

the deflection-dependent normal fo rce  determined from mater ia l  proper- 

t i e s  by the  ef fec t iveness fac to r ,  E. 

The d e f i n i t i o n  o f  the e f fec t iveness f ac to r  i s  i l l u s t r a t e d  by t h i s  

s l i de .  The f i g u r e  shows E as a func t ion  o f  a non-dimensional coordinate 

c a l l e d  "s," which ranges from 0 t o  1 as the p o s i t i o n  o f  the contact  

p o i n t  var ies  from endpoint A o f  the 14 ne segment t o  endpoint B.  

The quan t i t y  s takes on negat ive values f o r  contact  p o i n t  pos i t i ons  

beyond endpoint B. The ef fec t iveness f a c t o r  i s  symmetric about the 

midpoint  o f  the l i n e  segment, and i t  has the value 1 f o r  contact  p o i n t  

pos i t i ons  near the middle o f  the segment, t h a t  i s ,  where e l l i p s e  con- 

t a c t  w i t h  the segment i s  f i rm,  U n i t  value f o r  the effectiveness fac- 

t o r  icesults i n  undiminished forces f o r  contacts near the middle. The 
extent  o f  the f i r m  area of the segment i s  def ined by the user-prescribed 

edge constant, A ,  which i s  a parameter o f  the graph f o r  E. The 

effectiveness factor  increases l i n e a r l y  from 0 t o  1 from a contact  

p o i n t  p o s i t i o n  o f  non-dimensional d istance A beyond an endpoint t o  a 

p o s i t i o n  of d istance A w i t h i n  the endpoint. Thus, the ef fect iveness 

factor  i s  always . 5  for  contact  p rec ise ly  a t  an endpoint, and the e f -  

fec t i ve  force i s  zero for  any contact  beyond an endpoint by a non- 

dirner~sional d istance greater  than A. 



FIGURE 6-22 Effect iveness Factors f o r  Edge Constant Values o f  0. and . 5  
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The two extreme forms of the effectiveness factor are illustrated 
here. I n  the upper figure, for an edge constant of 0, an undiminished 
force results for a11 contacts within the segment endpoints, b u t  the 
effective force is  zero for any contact beyond an endpoint. In the 
lower figure, the surface softens away from the center. The user pre- 
scribes an edge constant value for each line segment of the vehicle 
interior. Each edge constant must be from 0. t o  .5, 



F n o r m a l ,  e f f .  Resultant 

/ Magni tude = 

F;GURE 6-23 Resultant Interaction Force Vector For Friction 
Coefficient 7 = . 4 :  Resultant = 1.08 Fnormai, 
Heading = 21.8' 
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In addition to a force component normal t o  the contact surface, 
the interaction force vector includes a friction component parallel 
t o  the surface for interactions between an ellipse and a line. This 
component i s  determined as the product of a user-defined coefficient 
of friction and the effective normal force resulting from edge-factor 
adjustment. The figure i l lustrates the friction force as the hori- 
zontal component of the resultant force vector. 

Modeling of friction should not be neglected by the user since 
i t  can sometimes significantly affect results. Friction coefficients 
for interactions within the occupant compartment are typical ly in 
the range .25 t o  . 7 5 .  The figure i s  proportioned for a coefficient 
value of . 4  and shows that while the magnitude of the resultant force 
vector may be ver,y l i t t l e  different from the normal component alone, 
the direction of the resultant may be significantly different. 

In the MVMA 2-D model, friction coefficients are defined not 
for materials b u t  rather for pairings of  "classes" of potentially 
interacting el1 ipses and regions. ior example, a seat ,back and a 
seat cushion might be of the same region friction class if they are 
covered w i t h  the same fabric. On the otherhand, the head and foot 
el 1 ipses would 1 i kely belong t o  different el 1 ipse friction classes 
because of different surface characteristics. Each region of the 
vehicle interior i s  assigned t o  one of ten friction classes. Ellipses 
are similarly asslgned t o  one of five ell ipse friction classes. Thus, 
up  t o  50 combinations of ell ipse and region classes can be assigned 
friction coefficients. Friction coefficients may be constant or 
they may be specified as polynomial functions of deflection in order 
t o  represent "plowing" a t  the el 1 ipse-region interface. 



Small values, 0.1 or less, are appropriate 
for the energy restitution coefficient ( R-rotie) 
for most biological tissues. 
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As the user gains experience, improvement in modeling technique 
will result in more effective and more efficient simulation of 
the crash event. Points relevant to effective modeling procedure are 
made throughout the modules of the MVMA 2-0 Tutorial System. The 
remaining slides and discussion of this module address modeling 
considerations that re1 ate to contact forces and are largely mis- 
cell aneous . 

The f i r s t  p o i n t  deals with assigning values for R-ratios, or 
energy restitution coefficients, for body el 1 ipse materials. The 
energy restitution coefficient for soft  biological tissues in general 
decreases rapidly as a function of deflection. Whi le  the appropriate 
value! for zero deflection i s  I . ,  values of . I  or less are appropriate 
for peak deflections which might occur in a crash. This can be under- 
stood intuitively by considering a fal l  victim who lands on a concrete 
surfiice in a prone, face-down orientation from a fa1 1 height of ten 
feet. His bounce height divided by ten feet provides a rough estimate 
for an average overall R-ratio. , 



Force 

FIGURE 6-27 Maximum-Energy Unloading f o r  a G-Ratio Near t o  1 .  
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Second, whi le the user of the MVMA 2-D model is.  required to provide 
R-ra1:ios and G-ratios separately for the calculation of unloading 
curves, they cannot in real i t y  be inuependent. For example, a G- 

ratio near 1. can be consistent only with R-ratios near zero. This 
follows from the following argument and is  illustrated by the figure. 

Althaugh an unloading curve for any combination of G and R 
valules could be determined which would satisfy both the permanent deflec- 
tion and restored-energy requirements, only concave-upward unloading 
curves are reasonable for deflections beyond the yield point. The 
straight-line unloading t o  w shown in the figure is  thus the limit of 
reasonable curves. Since the area under the curve is  maximized by 
straight-1 ine unloading, the R-ratio for any value of maximum deflec- 
t i o n  should always be less than or equal t o  the energy ratio C/(C+D). 
Since the area C approaches zero as u approaches bmax, that i s ,  as 
the Gratio approaches 1. , the R-ratio must approach 0. 

The user may occasionally specify incompatible G- and R-ratios 
for unloading from a particular loading curve. Shou ld  G and R be in- 
com~latible for some &,,, , then the computer model wi 11 by default 
accept the G-ratio and unload t o  w on a straight-1 ine curve, ignoring 
the R value. A warning i s  printed, and results will normally be 
reasonable, b u t  the condition can be corrected i f  desired by reducing 
either G or R.  E:lcperience has shown that reducing G is generally 
better. 



'max = maximum d e f l e c t i o n  

G = g(d,,) [G-ra t io ;  inpu t ]  

R = r(bmax) [R-ra t io ;  i n p u t ]  

Fmax = f ( 6  ) [ loading curve;  inpu t ]  max 

u = Gs,,, [permanent deformation] 

c = ( 6 ,  - Fmay / 2  [ a rea  under s t r a i g h t  l ine 
unloading] 

AL = C + D = a(6,,) = 16max f ( x i  
0 

[ a rea  under loading curve] 

R C/AL for a1 1 bmax 

FIGURE 6-28 Determination o f  Compatibi l i ty of R-Ratio wi th  a 
Spec i f i ed  G-Ratio 
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I f  the user wants t o  be e n t i r e l y  ce r t a i n  t h a t  G and R funct ions 

are compatible, i t  i s  necessary t o  v e r i f y  t h a t  condi t ion (8)  on 

t h i s  s l i d e  i s  s a t i s f i e d  f o r  a l l  values o f  6max. 



Force 

Deflection, b 

FIGURE 6-29 G-R Cornpatibi 1 i t y  Cons t ra in t  f o r  Constant S t i f f n e s s  Loading Curve 
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A commonly used loading curve i s  one of'constant slope, or s t i f f -  
ness. The curve f'or-a stiffness K i s  illustrated here. I t  i s  easily 
demonstrated, for such a loading curve, t h a t  the inequality relating 
G and R which should be satisfied for all  turnaround deflections 

'max is :  R 1 - G. 

Various other model i ng considerations pertinent t o  generation 
of  contact forces are discussed in the text for this module; and one 
final point will be discussed here in some detail ,  b u t  f i r s t  an ad- 
d i t i ~ ~ n a l  note might be made relative t o  G- and R-ratios. 

I t  should be kept in mind that G- and R-ratios determined quasi- 
statically may be different from values appropriate for a dynamic inter- 
action. If staticially determined values are used, an implicit assump- 
tion i s  that the material i s  capable of responding instantaneously 
t o  cnanges in deflection, that i s ,  that there i s  no dependence on rate 
of unloading. The degree t o  which s t a t i c  and dynamic values differ 
depends, of course, on the material, b u t  in general, the G-ratio wi 11 
be larger and R snlaller for fas t  unloading, such as would occur in a 
cras n . 



contact p 

deflection 

r 

I \ 

\ 
I 

\ / 
/ 

oint a t  

Time = t l  

FIGURE 6-30 A Sudden, Large Deflection Near an Acute Angle 
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The final modeling consideration that will be discussed relates 
t o  a particular use of the so-called "penetration limit." One use 
of this 1 ine-segment i n p u t  parameter has already been discussed in 
Module 5. 

The figure i l  lustrates how the contact force generation algorithm 
in the model can have difficulty in defining an interaction when the 
user has represented some part of the vehicle-interior profile by 1 ine 
segmlents which meet a t  an acute angle. Use of acute angles may result 
in sudden, unreasonably large forces on the occupant af ter  an el lipse 
passlas near the vertex. Such forces can result i f  the ell ipse passes 
arouind the corner, as i l lustrated, so that the f i r s t  effective deflection 
between the line segment and the ell ipse contact point i s  large. 

The most effective way of lessening the likelihood of occurrence 
of this problem in the case that acute angles must be used in the 
vehicle interior i s  t o  set  the "penetration limits" for the line 
segments to properly small values. One way of recognizing as "false" 
a sudden, large deflection such as shown i n  the figure for line segment 
BC i!; t o  compare i t  with the maximum change of deflection which i s  pos- 
sible in one time Sntegration step. If the f i r s t  effective deflection 
i s  larger than the maximum possible change in one time step, then the 
deflection i s  false and no forces should be calculated while the 
ell ipse remains behind the line segment. Clearly, the smallest false 
defI~!ctions which can be recognized i n  this manner are just larger 
t h a n  the product of the time step A t  and the speed a t  which an ellipse 
approaches the contact surface, say v("'! Therefore, the computer 
model wi 11 recogni ice most fa1 se deflections by comparing the deflec- 
t i o n  with a penetration limit set  t o  Vma, ( ) ~t , where Vmax (re' ) , the maxi- 
mum speed a t  which an ell  ipse i s  ever expected t o  approach the surface, 
can be taken as the crash impact velocity, a reasonable limiting 
value. Thus, for an impact velocity of 30 mph, or 528 in/sec, and an 
integration time step of 1 .  msec, penetration limits may be set  t o  .528 
inches and no false deflections greater than ,528 inches wi 11 be accepted 
as real by the computer model. Penetration limit values should n o t  
be taken as significantly less t h a n  Vmax ~t since real interactions 
between ellipses and line segments might  then be identified as false. 



SUMMARY OF DATA REQUIREMENTS 

OF CONTACT FORCE ALGORITHMS 

Specification of loading properties of mate rials with corn pa tible 
G- and R-ratios for unloading 

Shared-deflection (mutual -deformation) iteration eontrols 

0 Friction class specification for each ellipse and region 

Deflection-dependent friction coefficient for each pairing of 
friction classes 

An edge constant and a penetration limit for each line segment 
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I n  summary, the user must supply a va r i e t y  o f  data r e l a t i n g  d i r e c t l y  
t o  .the determinat ion o f  contact  forces. Module 6, P$rt 1, dea l t  p r i -  

ma r i l y  w i t h  loading and unloading proper t ies  o f  elements o f  the occu- 

pant p ro f1  l e  and the v e h i c l e - i n t e r i o r  p r o f i l e .  Speci a1 parameters 

t h a t  have been discussed here i n  Module 6, Par t  2, inc lude f i v e  

quan t i t i e s  t h a t  are used by the model i n  determining the component 

def ' lect ions i n  i n t e rac t i ng ,  mutual l y  deforming elements, The most 

important o f  these are force-convergence "epsi lons" f o r  the i n t e r a t i o n  

procedure which f i nds  the fo rce  balance and a l i m i t  t o  the number of 

a1 lowed i t e r a t i o n s .  Each body e l  I ipse and each v e h i c l e - i n t e r i o r  reg ion 

i s  assigned t o  a f r i c t i o n  c lass.  For each p a i r i n g  o f  f r i c t i o n  classes, 

a f r i c t i o n  c o e f f i c i e n t  i s  spec i f i ed  as a polynomial func t ion  o f  def lec-  

t i o n  so t h a t  plowing can be represented. F i na l l y ,  f o r  each l i n e  seg- 

men t, an edge constant and a penet ra t ion 1 i m i  t must be prescribed. 

The f i r s t  o f  these may be used t o  sof ten a l i n e  segment near i t s  

edges, and a primary use o f  the second i s  t o  prevent the ca l cu l a t i on  

o f  large, anomalous contact  forces near corners o r  edges i n  the vehic le-  

i n t e r i o r  p r o f i l e .  
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MODULE 7 - OCCUPANT POSITIONING WITH RESPECT TO THE VEHICLE 

This module deals w i t h  the descr ip t ion  o f  occupant p o s i t i o n  and 

o r ien ta t ion .  



COMPUTER SIMULATION 

OF OCCUPANT DY NAMlCS 

IN A CRASH ENVIRONMENT 

GIVEN (input): 

1) Description of ca biomechanicai system representing 
the occupant 

2 )  Description of a mechanical system representing 
the occupant compartment 

3 )  Time-history of occupant compartment motion 

4 )  Occupant position a t  onset of crash 

DETER MINED (Output): 

1 )  Occupant motion 

2 )  Forces on Occupant 

3 )  Derived descriptions and measures of the crash 
dynamics 

FIGURE 7-1 Computer S imul a t i  on o f  Occupant Dynami cs 
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The problem of determining occupant dynamics in a crash environ- 
ment can be simplay stated. A description of a mechanical or biomechanical 
system, the occupant, is  given. A descrjption of po-tential ly interacting 
mecliani cal sys tem, the occupant compartment, i s  given. The motion 
in space of the occupant compartment as a function of time i s  specified. 
And finally, the occupant's position and orientation and their rates 
of change are specified for some single instant of time. I t  is  required 
t o  determine the motion of the occupant and the forces which describe 
his interaction with the vehicle interior. 

Since the user of the simulation model is  required t o  specify 
occupant position and orientation and their rates of change for some 
instant of time, arbitrarily assigned the value t = 0, this module 
i s  pertinent to preparation of i n p u t  data sets. I t  i s  also pertinent 
t o  interpretation of model o u t p u t  since "occupant motion" i s  nothing 
more than time-hi stories of occupant posi tion and orientation. Rates 
of change with respect t o  time of these histories, namely, velocities 
and accelerations, are equivalent descriptions of the motion and are 
nonnal ly printed together with the position history. 



d,--p\ 
I \ 
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.I "n" particles with p * . ,  

I r I I I  "Zn" degrees of 
(. 8 I 
a/-*:/ 

I freedom 

FIGURE 7-2 "nu Free Particles in  an Inertial Coordinate Frame 
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Consider a system o f  "n" particles confined t o  *a plane, and l e t  
the positions of a l l  points in the plane be defined in an arbitrarily 
positioned, non-accel erati ng orthogonal axi s sys tem w i t h  coordinates 
X alnd Z.  This i s  a so-called "inertial coordinate frame." In general, 
"2n" coordinate values must be specified t o  completely define the state 
of the system a t  any instant of time, t ha t  i s ,  there are "2n" degrees 
of freedom. However, i f  constraints exist on the positions of particles 
relative t o  each other, then fewer than "2nn coordinate values are 
sufficient. 



X 

\ 
\ 

"n" particles with 
"2n-3" positional 
constraints - 
a rigid body 

3 degrees of freedom 
X ~ r  ZA, @le 

F I G U R E  7 -3  A Rigid Body i n  2-Space, with Three Degrees o f  Freedom 
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I f  there e x i s t  "2n - 3" independent pos i t i ona l  const ra in ts ,  then 

the system of par , t ic les  i s  ca l l ed  a " r i g i d  body." There remain three 

independent modes o f  motion o f  t h i s  system, and as "nu approaches 

i n f i n i t y  there are i n f i n i t e l y  many equivalent ways t h a t  three indepen- 

dent degrees o f  freedom may be defined. It i s  most convenient and 

conventional t o  ioca te  an a r b i t r a r y  p o i n t  i n  a r i g i d  body, normally 

the center-of-mass po in t ,  by the two car tes ian coordinates x and z. 
The t h i r d  coordinate i s  the  angle o f  i n t e r cep t  between the x- o r  z- 
ax is  o f  the i n e r t i a l  frame and an extended 1 i ne  drawn between two 

spec i f i ed  bu t  a r b i t r a r y  po in ts  i n  the r i g i d  body. I n  the f i gu re ,  

the three quan t i t i es  X A ,  ZA,  and egt are so-called "general ized coor- 

d inates" f o r  the r i g i d  body. 



-Xv 

8 

five points shared by ti id 
bodies in tho (in age f 

14 generalized coordinates: X l , Z 2 , ~ I ,  B,, e3,8,, e5, 
@,,ll, 8n, Ln,Xj,Zs 

FIGURE 7-4 Occupant Model General i zed  Coordinates fo r  Input  and Output (abso l  u t e  
coordinates def ined w i  t k  respect t o  vehic le  axes) 
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I f  a system of particles i s  not rigid, then one additional generalized 
coordinate must be defined for each positional constraint fewer than 
2n - 3 which exists for the system. The MVMA 2-D man model 1 inkage 
consists of eight rigid-body elements. If this were not a kinematically 
constrained 1 inkage, twenty-four general i zed coordinates would be re- 
quired t o  define :the position and orientation of the system, three for 
each rigid-body element. There are, however, five points shared by the 
rigid-body elements, a t  body joints, and for each, the X and Z 
coordinate values of one particle point are made redundant. Thus, there 
are ten positional constraints. Consequently, the 1 inkage shown 
has only fourteen degrees of freedom, and fourteen suitable generalized 
coorwdinates are indicated. Eleven have been chosen t o  be relative 
t o  tihe axis system ( X V , Z v ) .  They are nine link angles, e l  t o  0 ,  plus 

'n and two cartesian coordinates of the upper torso element center of 
mass, X2 and Z2. Three coordinates were more conveniently defined 
as relative t o  points in the linkage. They are L n .  the length of 

the extensible neck link, and (XS .ZS) ,  the coordinates in a coordfnate 
frame fixed t o  the upper torso element of the end of the upper arm element. 
1nit:ial values for all  fourteen of these occupant coordinates must be 
specified by the user, together with fourteen init ial  velocities. 



Lower neck ioint 

\ i2 
inertial 

Upper spine joint 

Oc = constant 
L27 = constant 

(X,,Z,) 
relative 

' upp. r arm , inert ial  

FIGURE 7-5 Shoulder Jo in t  
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The coordinates Xs and ZS represent shoulder flexibil i ty in the 
7 i nkage and they are more clearly i 11 ustrated here. These coordinates 
are normally initialized t o  zero because zeroes define a rest position 
for the shoulder 1 inkage -- t h a t  i s ,  p o i n t  7 then coincides with point 
9. Joint properties and dimensional parameters o f  the shoul der 1 i nkage 
as well as the relst of the body linkage are discussed fully in Modules 
2 and 3 .  



el, 83,84,B59 Qq87,Bp, 8, : 0 (input or output) 

Uppas 
Torso (2) 

+ 8  

Hip SXv 

FIGURE 7-6 Occupant Model Configuration w i t h  all Body Link Angles Equal t o  
Zero, for INPUT or O ~ T P U T  
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The d i f f e r e n t i a l  equations o f  motion f o r  the occupant which are 

numt?r ical ly in tegra ted  by the computer model are der ived i n  terms of 

general i zed coordinates def ined re1 a ti ve t o  an i n e r t i  a1 frame. 

This d e f i n i t i o n  o f  coordinates i s  pe r t i nen t  t o  the ana l y t i ca l  equations 

o f  mot ionsin Volume 1 o f  the MVMA 2-0 manuals and t o  the computer 

modt:l code. The   average user o f  the MVMA 2-D s imulat ion,  however, 

w i l l  be concerned on ly  w i t h  model i npu t  and output, and f o r  both, 

coordinate values are r e l a t i v e  t o  an a rb i  t r a r i  ly posi  t ioned coordinate 

frarne i n  the vehic le.  

A veh i c l e - re l a t i ve  coordinate frame i s  shown i n  t h i s  s l i de ,  and 

the i l l u s t r a t e d  occupant o r i en ta t i on  i s  f o r  a l l  l i n k  angles equal t o  

zero. The body 1 inkage o f  a person touching h i s  toes wh i le  doing 

s i t -ups approximates t h i s  o r ien ta t ion .  The legs are s t r a i g h t  out  t o  

the r i g h t ,  p a r a l l e l  t o  the veh ic le  x-axis, and the to rso  i s  completely 

forward and down, w i t h  a r t i c u l a t i o n  a t  the  h i p  only. The arms are 

extended s t r a i g h t  ahead toward the  feet .  Unfolding the occupant 

i 11 us t ra ted  i n t o  an approximation o f  a seated p o s i t i o n  would c l e a r l y  

requ i re  spec i f i ca t i on  o f  head, neck, and torso l i n k  angles o f  about 

+904 and a lower l e g  angle o f  about -90°. As explained and i 1 l u s t r a t e d  

ea r l  i e r ,  the ca r tes ian  coordinates ( X  Z ) of the upper torso 
2' 2 

element are a lso  spec i f i ed  w i t h  respect t o  the ax is  system (Xv,ZV) 

i n  the vehic le.  



FIGURE 7-9 Seated Occupant i n  P o s i t i o n  o f  Approximate Equi 1 i br ium 
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The MVt44 Two-Dimensional Crash Victim Simulator has been appl  ied 

in various ways for the modeling of dynamical systems. A broad range 

of front, rear, and even side impacts for driver and passenger have 

been simulated. The applications include simulating anthropomorphic 

dummy drops onto  a hard surface and human fall  victims striking 

yielding and unyielding surfaces. They include simulating pedestrians 

struck by a vehicle. Simulations have been done of laboratory tests 

in 'which lateral 'neck response of human subjects was measured when the 

head jerked t o  the side by a falling weight. Use of the MVMA 2-0 

model need n o t  be restricted t o  simulating human or human-analog systems. 

While i t  could be used t o  simulate a hanging t o  help determine force 

levels for vertebral fracture, i t  could also be used t o  model a particle 

subject t o  a two-dimensional force field or a three-ball billiards 

shot  on a four-cushioned table. Diverse applications are 

possible i f  the user is  clever in utilizing themany features of the 

model . 
I t  i s  unfortunate that the most common application of the model, 

simulation of vehicle occupant dynamics, presents a difficulty ' 

presented by few of the special model applications -- namely, proper 

specification of the init ial  position and orientation of the mechanical 

1 inkage. The special model applications, while often requiring a 
certain amount of ingenuity and imagination in the construction of 

input d a t a  sets,  normal ly involve simpler mechanical systems than 
the occupant/vehicle-interior system; and in particular there i s  normal ly 

no special difficulty in initializing the simpler systems for the 
desired state of force balance or imbalance. On the other hand, 

init ial  positioning of the occupant within the occupant compartment 

requires special care by the user because several variously-di rected 

force vectors are required on the seated-occupant linkage t o  balance 

gravity. I n  practice i t  i s  not possible t o  specify the ini t ia l  po- 

sition so t h a t  the sums of all  moments and a11 forces on all  body parts 

are equal t o  zero. The user should a t t empt  t o  approximate this con- 

dition of equilibrium, however, i f  i t  i s  intended t h a t  the occupant 

be seated a t  rest a t  crash onset. The best measure of his success 

i s  probably the nearness t o  zero of the values calculated by the model 



FIGURE 7-9 Seated Occupant i n  P o s i t i o n  o f  Approximate Equilibrium 
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a t  time zero for body link angular accelerations and upper-torso and 

hip resultant linear accelerations. I f  these values are small in 

comparison with the maximum values attained in the simulation, then 

the in i t ia l  imbalance i s  probably not significant. 



INITIAL POSITIONING OF OCCUPANT 
FOR APPROXIMATE EQUILIBRIUM: FIXED DATA 

Establish body link lengths and masses 

@ Establish occupant contact-sensing profile, including ellipse 
sizes and attachment positions 

Establish vehicle-interior profile 

@ Establish static load-deflection relations for all ellipses and 
vehicle-interior regions 
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In lieu of a pre-processor computer model or special subroutines, 
the user himself [nust establish an initial positioning for approximate 
equilibrium. It should be made clear that various approaches are 
equally good. & reasonable way to proceed is as fo? lows. First 
decide on all body-segment masses and body dimensions, including link 
lengths and sizes and attachment positions of ellipses which define 
the contact-sensing profile. Decide on the positions in the vehicle 
o f  a11 segments oii the vehicle-interior profile. Next, determine what 

material stiffnesses will be assigned for a11 ellipses and vehicle- 
interior 1 i ne segments. 



INITIAL POSITIONING QF OCCUPANT 

FOR APPROXlMATE EQUiLlBRlUM 

Determine total deformation of hip ellipse and seat cushion 
line required to balance the torso weight plus half the 
upper leg weight 

Determine total deformation of foot ond floorpan for 
balancing lower leg weight plus half the upper leg weight 

Use scale drawings or equations to determine the hip-ioini 

coordinates and upper and lower leg angles which give the 
required initial deformations 

Use scale drawings or equations to find torso link angler which 
make torso ellipses tangent to the seat back or produce 

desired deflections 

Determine required input coordinates for the upper torso 
center of gravity from the established hip ioint position and 
torso link angles 

Assign head, neck, and arm angles 
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Next, on the basis of the material s t i  ffnesses of the hip el-  
l ipsc and the seat cushion line, determine the total- h i p  plus seat 
cush3ion deformation required t o  produce a vertical component of seat 
forct? which will balance the weight of the torso segments plus one half 
of tile upper legs segment. Similarly determine the total deformation 
required for the materials of the floorpan and of a contact el 1 ipse 
a t  the foot in order t o  produce a force which will balance the weight 
of tlie lower legs plus half the upper-leg weight. I t  i s  reasonable 
t o  pasi tion the h i p  el 1 ipse so that i t  i s  tangent t o  the seat back, 
producing no normal force. Thus, i t  i s  now possible, using scale 
drawings or analytic geometry, to establish the coordinates of the hip 
joinat and upper and lower leg angles which will result in the desired 
ini t.ia1 defonations a t  the seat cushion and floorpan. 

With the hip-joint position a1 ready established, values for the 
torsr:, 1 ink angles can next be determined which wi 11 make the torso con- 
tact  el 1 ipses tangent to the seat back. I f  desired, they can instead 
be determined so that torso-ell ipse deformations of the seat back 
produce forces w i t h  moments about the h i p  which balance torso gravita- 
tional moments about the hip. However, the force and moment imbalances 
that result from assuming a zero init ial  deflection, or simply from 
makiing a reasonable estimate of the non-zero init ial  deflection, wi 11 

not be significant t o  the crash dynamics. 

Finally, the coordinates o f  the hip j o i n t  position together with 
the establ ished torso 1 ink angles and dimensions completely determine 
the coordinates X2 and Z2 of the upper torso center of gravi t y  . I t  
i s  nrrcessary i n  assigning ini t ia l  head, neck and arm angles t o  be 
certain that contact el 1 ipses attached t o  the head and arm segments 
are no t  i n  position t o  interact w i t h  a head rest ,  the seat back, the 
seat cushion, or any other vehicle-interior segment. The procedure 
described here can be modified i f  t h i g h  or knee el 1 ipses are present 
and i n  potential contact w i t h  the seat. 

Details for an example ini tial-posi tioning problem are included 
w i t h  the text of this module. Only one further p o i n t  wi l l  be dis- 
cussed here. 



SEAT 
CUSHION 
FORCE 
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HIP 
CIRCLE 
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8 (in.] 

DEFLECTION 

F I Y i C E  7-13 Force-Deflection Curves for S r a t  Cushion and H i p  Ci rcl? 
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One step i n  the foregoing procedure- is t o  determ'ine the combined 

deformation o f  the h i p  e l l i p s e  and the seat cushion l i n e  requi red 

t o  balance the to rso  weight plus a pc r t ion ,  say ha l f ,  o f  the 

upper l eg  weight. If both the h i p  c i r c l e  and the seat cushion are 

modeled as deformable, then two s t a t i c  force-def lec t ion curves must 

be considered. Example curves are i 11 ustrated. 

I f  the torso weight i s  77 1b and the  upper legs weight i s  37 I b ,  

the force t o  be blalanced i n  the z -d i rec t ion  i s  95.5 1 b. The force 

norrnal t o  a seat cushion l i n e  a t  an angle o f  16' from the hor izonta l  

should be 95.5 times the cosine o f  16O, o r  91.8 lb .  From the force- 

def ' lection equation f o r  the seat cushion, shown w i t h  the f igu re ,  the 

seat cushion de f lec t ion  which w i l l  produce t h i s  force i s  found as 

the so lu t i on  o f  the f i r s t  equation on the next s l i de ,  



Weight to be balanced: 95.5 Ib 

Component norms to lgseat twshion: 91.8 Ib 
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I t s  solution may be found iteratively, graphically, or by other 

means t o  be 6sc = 1.533: The hip-ci rcle deflection necessary for 

91 . I 3  Ib i s  found similarly as the solution of the third equation as 

H :: .541".  The total deflection, t h a t  i s ,  the sum of the component 

defl ecti ons , has thus been determi ned as 2.074" . 



SUMMARY OF DATA REQUIREMENTS 

FOR INITIAL POSITIONING OF OCCUPANT 

Nine body link angles 

- 
x and z coordinates of upper torso center of gravity 

9 Two shoulder-ioint coordinates 

9 Nee& length 

I) Condition of approximate equilibrium 
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This module has described the p o s i t i o n  coordinates f o r  which 

i n i t i a l  values must be spec i f i ed  f o r  the- 14-degree-oY-freedom 

occupant model. These inc lude n ine body l i n k  angles and the two 

car tes ian coordinates o f  the upper to rso  center o f  g rav i t y .  Those 

eleven are prescr ibed w i t h  respect t o  a coordinate frame f i x e d  t o  the 

occupant compartment. The three other  posi  t i o n  va1 ues requi red are 

fo r  the  car tes ian shoulder- j o i n t  coordinates, spec i f i ed  i n  a frame 

f i xed  t o  the upper to rso  element, and the i n i t i a l  neck length. 

I n  addi t ion,  i n i t i a l  v e l o c i t i e s  must be spec i f i ed  f o r  each of these 

coordinates. The user must p o s i t i o n  the occupant c a r e f u l l y  w i t h i n  

the occupant compartment so t h a t  the occupant w i  7 1 be seated a t  

r e s t  i n  a cond i t i on  approximating fo rce  and moment equ i l i b r i um  a t  

crash onset. 
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MODULE 8 -- CRASH DECELERATION PROFILES AND HEAD APPLIED FORCES 

SLIDE 1 

The crash victim's environment is  made t o  be dynamic by specifying 
a vehicular motion. If the crash victim i s  a pedestrian, the vehicle 
might  be moving w i t h  constant speed or i t  might be accelerating or 
dece!lerating. If the crash victim i s  an occupant of either a struck 
veh~~cle or a striking vehicle, he i s  normally ini t ia l ly  a t  res t  with 
respect t o  the vehicle. He interacts dynamically w i t h  the vehicle 
interior and restraint systems only as a result of occupant compartment 
acce!leration or deceleration. Therefore, unless the model i s  being 
useti t o  solve a free motion problem, i t  i s  always necessary t o  pre- 
scrii be a vehicular motion. 



Inertial reference frame 

\ Accelerometer 
Location 

F I G U R E  8-1 Veh ic le  Coordinates 
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The figures shows a schematic of the planar vehicle. Point "ON 

i s  the origin of a coordinate system fixed t o  the occupant compartment. 
I ts  location in the vehicle i s  arbitrary; i t  might ,  for example, be a 
point on the toeboard. In the i 11 ustration, the vehicle-fixed coordinate 
frame i s  just behind the front seat and a t  knee level While occupant 
position and the location of points defining the vehicle interior are 
prescribed with respect t o  this point, vehicle motion i s  prescribed by 

speciifying the position of point "0" within an inertial reference 
frame. In additilon t o  horizontal and vertical motions, an angular 
pitc:hing motion must also be defined. I n  the MVMA 2-D simulator, 
the pitch angle i s  positive when measured counterclockwise from the 
inertial x-axis,   as i 11 ustrated. 

I n  order t o  (define these three motions, the user f i r s t  specifies 
for each an ini t ia l  position and an ini t ia l  velocity. I t  i s  often 
convenient to define the inerti a1 frame reference p o i n t  as coincident 
w i t h  the vehicle origin a t  time zero. The ini t ia l  vehicle x- and t -  

coordinate values wiT1 obviously b o t h  be 0. i n  this case. If 
velocities of the vehicle degrees of freedom are t o  vary with time, 
then acceleration histories must also be prescribed. Only for a 
simulated pedestrian impact would i t  be reasonable t o  hold vehicle 
vel olci t ies  constant. In order that vehicle accelerations can be 
specified with greatest possible ease, i t  is  not required that the ? inear 
accelerations be defined a t  the point "0," b u t  rather a t  an arbitrary 
point i n  the occupant compartment, where, for example, a biaxial ac- 
celerometer might be mounted. The location of t h a t  point in vehicle 
coordinates, that i s ,  relative t o  point "0," must be specified. Its 
coordinates are (a,c)  i n  the figure. 



OCCUPANT COMPARTMENT ACCELERATIONS 

O Accelerations for three vehicle degrees of freedom as tabular 

functions of time 

0 Linear accelerations defined with respect to either the vehicle 
frame of reference (biaxiai accelerometer) or the inertial frame 

1) Linear accelerations in g's, i~/secZ, or m/sec2 

Pitehing acceleration in rad/secZ or deg/sec2 
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Acceleration his tori es are entered i n  tabu1 ar form as functions 
of time. For user convenience several options are available with 
regard t o  their specification. Linear accelerations, that i s ,  x and 
z, may be defined i f  desired as the responses of a biaxial accelero- 
meter mounted on a part of the frame that i s  fixed w i t h  respect t o  the 
occupant compartment. A1 ternati vely , the accelerations may be precr i  bed as mo- 
tion components fc~r the vehicle origin within an inertial frame of reference. 
The x- and z-accelerations may be entered in g 's  or, depending on 
whether the simulation i s  being made with English or metric system 

2 2 units, in/sec or m/sec . Pitching accelerations may be in rad/sec 2 
n 

or deg/secL. I t  m i g h t  be noted here that definition of the beginning 
of the crash, that i s ,  t = 0, i s  arbitrary, b u t  i s  reasonably taken 
as the time a t  whiich accelerations begin t o  deviate from zero. 
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The user can approximate a continuous accelerometer trace t o  
any desired degree of accuracy by connected s trai  ght-1 i ne segments. 
Piect!wise-1 inear approximations are shown of hypothetical accelero- 
meter traces for a 30 mph frontal barrier collision. Seven input 
points are sufficient to accurately approximate the horizontal 
component of acceleration. The f i r s t  six are a t  times of O msec, 
25, 65, 75, 85, and 120 msec. Since the acceleration profile 
i s  identically zero after 120 msec, the seventh point should be for 
an acceleration o f  zero a t  some time exceeding the end of the crash. 
This coordinate might be 1000 msec, arbitrarily , since simulations are 
normally terminated a t  200 t o  250 msec. There i s  seldom any 
occu~pant dynamics of interest after 250 msec. 

The pitching acceleration trace i 11 ustrated might have been ob- 

tained from an angular accelerometer, from analysis of non-coi ncident 
linear accelerometer data, or from film analysis. Like the x- and 
z-accelerati ons i n  the figure, this  trace i s  a piecewi se-1 i near approxi - 
matiion of a more complex profile, 

Whether the model user inputs vehicle acceleration components 
relative t o  the inertial frame or i n  the vehicle frame of reference 
generally depends on the source of his data. The linear acceleration 
profiles may be entered in whichever form i s  more convenient. I t  i s  
unnecessary for the purpose of defining input data for the user to 
understand the analytical re1 at i  onshi p between acceleration compo- 
nents i n  these two reference frames. I t  i s  not a consideration in the 
spec:ification of data. B u t  an analytical relationship between them 
does exist. 



VEHICLE ACCELERATION TRANSFORMATIONS 

v vehicle p i t c h  angle 

.- (vehic le frame) e, ( i n e r t i a l )  - (vehic le frame) cos ev + ZV,WOM x,, = Xv,"o" 

- *  ( i n e r t i a l  ) - (vehic le frame) ** (vehic le frame) 
Z,, = - X v ~ , l o u  s i n  a, + ZV91,0,, cos av  

where 

(vehic le frame) O* eo 

Xv , I@O I #  = 'accel erorne t e r  - ~ a ~ + a ~ ~  0 2 

" (vehic le frame) .. 
Zv 9 Moll = Zacce~erometer + a e v  + c Bv2 
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The simple tiransfomation shown here relates the inertl'al compo- 
nents to components measured in the rotating vehicle coordinate system. 
These relations are pertinent t o  understanding the printed o u t p u t  of 
vehicle motion. Although the user i s  allowed t o  prescribe acceleration 
components in the vehicle-fixed frame, inertial components are cal- 
culated by the computer model for o u t p u t  and for use in the equations 
of motion. The inertial  components are,  of course, identical t o  the 
vehicle-relative components whenever the vehicle i s  n o t  pitched. 



FIGURE 8-5 Schematic o f  Force Wppl l"ed t o  Head 
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Crash decelerat ion p r o f i l e s  provide an i n d i r e c t  fo rc ing  exci ta- 

t i o n  t o  the occupant l inkage. It i s  i n d i r e c t  i n  t ha t  crash forces on 

the occupant r e s u l t  only when prescribed vehicle motion causes i n t e r -  

ac t ion  w i th  occupant-compartment surfaces and r e s t r a i n t  systems. The 

MVMA Two-Dimensional Crash Vict im Simulator provides as wel l  f o r  a special, 

d i r e c t  forcing exc i ta t i on  tha t  has found occasional use. This i s  the 

d i r e c t  app l ica t ion  o f  a time-dependent force vector t o  any desired po in t  

on the head. Both the magnitude and d i rec t i on  o f  the vector can be 

time dependent since the X- and 2-components are separately speci f ied.  

These componcsnts are prescribed as tabular  functions o f  time and 

they may be defined w i th  respect t o  e i t he r  the i n e r t i a l  axes o r  the 

ro ta t ing  head system. The point  of appl icat ion o f  the force vector 

cannot change w i th  time since i t s  coordinates i n  the head system, 

"a" and "c" i n  the f igure, are user-defined constants. 



2 7  Fx=500 cos y6 sin (= t)  

7 7 .  F,=-500 sin /6 s i n ( g t )  

FIGURE 8-6 Example o f  Da ta  f o r  Force Applied t o  Head 
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This figure i l lustrates a 500 l b . ,  10 msec half-sine force 

applied a t  the base of the skull in a superior and anterior direction, 

30' above the inertial horizontal axis. The force i s  applied a t  a 
poi nt 4 inches posterior and 1 . 2  inches inferior o f  the head center of 

gravity. The sinusoidal force pulses are approximated by piecewi se- 

1 i near forms. 
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Diverse app l i ca t ions  might be made o f  t h i s  model feature.  One use 

t o  which i t  has been pu t  was t o  a i d  i n  the empi r ica l -  determinat ion 

of in composite l a t e r a l  bending s t i f f n e s s  o f  the neck f o r  small defor-  

matlons. An experiment was devised i n  which a short-durat ion,  low- 

l eve l  fo rce  could be appl ied l a t e r a l l y  t o  a sub jec t ' s  head. The 

sub,ject was seated, and a sideboard prevented any torso motion. The 

force pulse was recorded as a func t ion  o f  time, and angular head 

acca le ra t i  on was determined from accelerometers mounted on a b i  te-bar 

s t r ~ ~ c t u r e .  The experiment was then simulated w i t h  the MVMA 2-D 

model. Primary inpu ts  t o  the model were head mass and moment o f  i n e r t i a  

and neck mass, a l l  estimated from cadaver data, and neck length,  de- 

tennined from x-rays o f  the  subjects.  The e l a s t i c  to rs iona l  s t i f f n e s s  

coe f f i c i en t s  a t  the upper and lower neck j o i n t s  were considered t o  be 

ad j r~s tab le  parameters f o r  a ser ies  o f  computer s imulat ions which 

used measured head fo rce  as a d r i v i n g  exc i t a t i on .  Neck s t i f fnesses  

appropr iate f o r  small l a t e r a l  bending de f lec t ions  o f  the  head and 

neck were thus determined as the coe f f i c i en t s  which gave the  best 

f i t  o f  s imulated angular acce lerat ion response t o  exper imental ly measured 

response. 



SUMMARY OF DATA REQUIREMENTS FOR 
VEHICLE MOTION AND HEAD APPLIED FORCES 

Horizontal acceleration history plus initial position and velocity 

m 

O Vertical acceleration history plus initial position and velocity 

Pitching acceferation history plus initial position and velocity 

@ linear aereler~tions in inertial frame or in rotating vehicle frame 

9 Accelerometer location in vehicle 

Time-dependent components of head applied force 

@ Location on head of point at which force i s  applied 
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This module has explained the spec i f i ca t i on  o f  motion f o r  the 

occupant compartrnent and a lso a special  feature t h a t  a l lows a time- 

dependent fo rce  vector t o  be appl ied t o  any p o i n t  o f  the occupant 

head. The veh ic le  has three degrees o f  freedom, hor i zon ta l  and 

v e r t i c a l  1 inear  coordinates p lus a p i t ch i ng  coordinate. The motion 

for. each o f  these i s  spec i f i ed  as a tabu1 a r  acce lerat ion h i  s t o r y  

together w i t h  i n i t i a l  p o s i t i o n  and v e l o c i t y  values. The 1 inear  

acce lerat ion components may be def ined e i t h e r  as r e l a t i v e  t o  an i ne r -  

t i a l  frame o f  reference o r  as r e l a t i v e  t o  a r o t a t i n g  coordinate frame 

f i x e d  t o  the vehic le,  I f  the  l a t t e r  op t ion  i s  selected, then the 

act:eleration h i s t o r i e s  represent the motion t h a t  would be 

sensed by a b i a x i a l  accelerometer f i x e d  w i t h i n  the r o t a t i n g  frame. 

I n  e i t h e r  case, the user must a lso  loca te  a simulated accelerometer 

w i t h i n  the veh ic le - f i xed  coordinate system. D i r ec t  appl i c a t i o n  o f  

a time-dependent fo rce  vector t o  the head o f  the occupant requi res 

sp r !c i f i ca t ion  of t ime h i s t o r i e s  o f  the  two fo rce  components and the 

l oca t i on  on the Iiead o f  the p o i n t  o f  app l i ca t ion .  
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MODULE 9 -- BELT RESTRAINT SYSTEMS 

SLIDE 9 

The MVMA Two-Dimensional Crash Victim Simulator includes two 
independent belt system models for optional usage. The first  i s  i l lus- 

trated by the next slide. The second, a more complex system, will be 

dist:ussed later. 



FIGURE 9-1 Simple Belt System 



S L I D E  2 

This be1 t system consists of: a )  a one-piece lap belt attached 
t o  the lower torscr element and anchored a t  each end t o  the vehicle; 
b )  a n  upper torso harness strap attached t o  the upper torso element 
and anchored to the vehicle; c )  a lower torso harness strap attached 
arbitrarily to any torso element and anchored t o  the vehicle. The 
simpler of the t w o  belt-restraint submodels i s  effectively a three- 
be1 t system. The two-segment lap be1 t shown in the figure i s  treated 
by the computer model as a single piece of webbing t h a t  slides freely 
over the pelvis through a user-specified point, called an "attachment 
point," on the lower-torso element. Thus ,  a lap-be1 t tension i s  de- 
termined from the elongation or strain of the total belt length, with 
no adjustment for possible friction effects, and the established ten- 
sion i s  applied a t  the attachment point on the body through both the 
inboard and outboard segments. The lap belt anchor positions in the 
vehicle, as well as the attachment point on the lower-torso segment, 
can be specified arbitrarily by the user. 

The torso harness restraint consists of two individual straps : 
an upper strap attached to a fixed point on the upper torso segment 
and a lower strap attached to a fixed point on the upper-, mid-, 
or lower-torso secpent. Unlike for the lap be1 t,  the two segments o f  

the torso harness are independent pieces of webbing. Each extends from 
an anchor point positioned arbitrarily in the vehicle to an attachment 
point fixed on a torso element. Thus, a "no-slip" condition i s  as- 
sumed a t  the torso for each belt segment, and entirely independent 
belt tensions are calculated for the two segments. There i s  no 
necessity t o  define equivalent webbing properties for the two segments. 
Indeed, speci fication of different force-producing characteristics 
for these two segments i s  a means sometimes used for simulating slip- 
ping and friction for the torso restraint of the three-belt submodel. 
I t  i s  also possible t o  simulate belt slipping by allowing the body 
segment t o  deform together with the belt a t  the attachment p o i n t .  

Thus, the attachment point i s  made t o  relax, i n  a sense, in the direc- 
tion of the applied belt tension. 



Vehicle Body 
Anchor 

1 
plus out- I 
o f -p lane  
component I 

Vehicle lo I Body 
Anchor ' 4 Attachment 

( taut,  unstretched bel t  l ength ,  I 
including out-of-plane component)  1 

I 
I 
I 

Deflection I 
I 
I 

-1 

Vehicle I ( t )  
I 

Anchor 
rn 
V 

(stretched belt  length, including Body 
out -of -p lane component)  Attoehment 
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Loading curves for the three pieces of webbing may be prescribed 
e i  tlier as force-d~eflection relations or force-strain. relations. The 
typts of specification must be the same for a l l  belts in the system. 
Wheqiher force-deflection or force-strain relations are used generally 
depends on the form of available data. 

For determination of belt forces, belt deflection i s  defined as 
the difference between stretched belt length and the length of the 
taut, b u t  unstretched, webbing. For each belt i n  the three-belt 
system, the i n p u t  parameters pertinent t o  determination of be1 t de- 
flection are the unstretched webbing length a o ,  the ini t ia l  slack A ,  

and the vehicle coordinates and body segment coordinates, respectively , 
of the belt anchor and the attachment point on the body. These 
values do not over-specify the be1 t geometry, as might be thought, 
because the defined belt length & o  should not i n  general be a projec- 
tion on to  the x-z plane b u t  rather i s  the to t a l  belt length in three 
dimensions. The specification of both  unstretched belt length and 
ini t ia l  slack along with ini t ia l  endpoint coordinates a1 lows calcula- 
tion by the computer model of the proper init ial  "out-of-plane" 
component of webbing length, O.P.C.  in the figure. The stretched 
belt length a ( t )  i s  calculated as the straight-line distance in the 
x-z plane between the instantaneous positions of the belt anchor and 
attachment point plus the constant value determined for the init ial  
out-of-plane length. 

Since the input constant L o ,  the uns tretched be1 t 1 ength, i nc1 udes 
the out-of-plane component by definition, the be1 t deflection a t  time 
t i s  a - L O .  The strain is  defined as the ratio of belt elongation 
t o  total init ial   belt length, as shown by the equation with the figure. 

For the second optional be1 t restraint-system submodel , which 
wi 1'1 be discussed later,  required inputs relating t o  be1 t lengths are 
the same except that out-of-plane length i s  specified instead of the 
totill, unstretched belt length. 
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This figure i 11 ustrates be1 t geometry for the three-be1 t submodel. 
A1 1 be1 t anchor points, shown as Al , A2 ,- A3,  and A4,. are prescribed 
by the user in the vehicle coordinate frame. Anchors 1 and 2 are 
interchangeable; either may be considered the inboard or outboard 
lap belt anchor. The three be1 t attachment points are defined rela- 
tivl? to body joints by 6-s coordinates. The upper torso-harness strap 
must be attached t o  the upper torso element and the lap belt attach- 
ment must be on the lower torso element. The lower torso-harness 
strap, however, may be attached t o  any desired torso element. The 
point ( t 3 , c 3 )  is  illustrated in the figure for attachment t o  the mid- 
dle torso element. For the belt-restraint submodel which will be 
discussed later, be1 t attachment points on the occupant are specified 
in the same manner except that the coordinate perpendicular t o  the link 
1 in(? i s  positive toward the front of the body. 



BELT MATERIAL PROPERTIES 

Loading curves as functions of deflection or strain 

- 
Unloading characteristics 

() Permanent deformation us function of maximum 
deformation 

() Hysteretic energy absorption 

0 Belt-failure characteristics 
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Loading curves f o r  be l t s ,  whether i n  terms o f  de f lec t ions  o r  

s t ra~ ins ,  may be def ined e i t h e r  i n  polynomial o r  tabufar  form. Speci- 

f i c a t i o n  o f  loading curves i s  described i n  de ta i  1 i n  Module 6, Par t  

1, and w i l l  no t  be discussed here. Both s t a t i c  and " i n e r t i a l  spike" 

loading curves may be assigned f o r  b e l t  mater ia ls ,  and unloading 

cha rac te r i s t i c s  miny be prescr ibed i n  terms o f  deflection-dependent 

"E and R-ratios," which determine permanent deformation and restored 

enerbgy upon compl tzte unloadi ng. 

Three i npu t  parameters unrelated t o  the spec i f i ed  load ing curves 
pe r t a i n  t o  be1 t f i i i l u r e  o f  the three-be l t  system. Two are the lap- 

b e l t  and torso-be1 t breaking forces. The t h i r d  i s  the t ime durat ion 

f o r  b e l t  f a i l u r e ,  which ensures t h a t  a f t e r  a b e l t  force exceeds i t s  
breaking l e v e l  the fo rce  w i l l  be reduced gradual ly  t o  zero. A 
value o f  1. ms 1 s often used. The be1 t - f a i  1 ure mechanism can be def ined 

a1 t e r n a t i v e l y  by speci fy ing the webbing load ing curves so t h a t  loads 

reduce t o  zero a f t e r  breaking def lect ions,  o r  s t ra ins ,  are  reached. 

Only t h i s  l a t t e r   neth hod can be used for  the second opt iona l  b e l t  

system. 



inboard anchor 

FIGURE 9-6 Advanced Be1 t System 
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Whether or nlot belt restraint-system data are present in a d a t a  
set  for an MVMA 2,-D simulation, a belt-system control switch must be 
properly set. I f  the switch value i s  O . ,  then no beit forces will 
be determined even though the data set  may include cards with beft- 
system specifications. A value of 1. or 2 .  indicates that the three- 
belt submodel i s  to  be used. If a 1 .  i s  entered, then only lap- 
be1 t forces wi 11 be determined. Lap-be1 t and shoulder-harness forces 
will all be determined i f  a 2.  i s  entered. This switch should be set 
t o  3 .  whenever be1 t forces are to be detemi ned for the so-cal 1 ed 
"advanced be1 t-system submodel . 

A schematic of this second optional belt-restraint system i s  shown. 
I t  iincludes the following features: a) seven belt segments which may 
be i,ndependent or, a t  option, may be paired in certain combinations 
t o  ac t  as a lesscer number of separate lengths of webbing by use 
of various free slipping and friction elections a t  the torso and lap 
and a t  s l ip  points; b)  a s l ip  point in the three-be1 t upper harness 
system; c) a s l ip  point between the lower torso and lap sections; 
d )  optionally , 1 nsrtia reels, either vehicle-sensi tive or webbing- 
senjlitive, a t  three of the four anchor locations. 

The anchor A4 cannot have an inertia reel; the outboard lap 
be1 t; segment, i f  present, fastens securely t o  this anchor. Here, and 
on slides t o  follow, a solid semi-circle a t  an anchor position indi- 
cates an optional inertia reel. 

The system includes two s l ip  points where three belt segments 
come together. One i s  in the upper harness system and one i s  between 
the lower-torso and lap sections, The slip points are shown as open 
circles, rings R1 and R2.  The rings may be fastened t o  ring straps, 
which lead t o  anchors A, and A2,  or they may be fixed t o  the vehicle 



inboard anchor 

FIGURE 9-6 Advanced Be1 t System 
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frame a t  anchor lc~cat ions A, and A2,  i n  which case the corresponding 

r i n g  straps, B6 and B5, are absent. Be l t  segments % and B6 are 

alwa-ys "independent" o f  other b e l t  segments since they fasten t o  the 

s l i p  rings. Through each r ing,  however, passes a strap of webbing 

shown i n  the f igure  as a p a i r  o f  be1 t segments, e i t he r  B1 and B7 

o r  B, and B3. A t  option, the members o f  these pa i rs  can be made 

independent by proh ib i  ti ng s l i pp ing  o f  th; combined strap through 

the r ing.  I n  t h i s  case the r i n g  locat ion i s  a juncture o f  three 

independent straps o f  webbing. The pa i rs  8,-B7 and B2-B3, however, 

may be considered cormn straps tha t  may s l i p  f r e e l y  through t h e i r  

respective r ings o r  w i th  an amount o f  f r i c t i o n a l  resistance 

which depends on the resu l tan t  normal force a t  the r i ng .  The tension 

i n  any one-piece segment p a i r  i s  determined from the t o t a l  def lect ion,  

o r  t o t a l  s t ra in ,  o f  the combined lengths o f  webbing. 

Various p o s s i b i l i t i e s  f o r  combinations o f  anchor type and type 

o f  belt-segment i n te rac t i on  a t  a r i n g  are i l l u s t r a t e d  i n  the next two 
s l i d t ! ~ .  
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T L 
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i = l , j P 6  
ANCHORj = 1 i = 2 ,  j . 5  
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rf ng 
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i = 2 ,  j . 2 ,  k = 3 ,  

FIGURE 9-7 Belt Anchor Type Des ignat ion f o r  Anchor " i "  
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For each anchor, an anchor type designation must be made, and f o r  

each ring,a r i n g  type designation i s  made. 



FIGURE 9-8 Des igna t ion  o f  R ing -Be l t  R e l a t i o n s h i p  f o r  S l i p  P o i n t  "i" 
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SCHEMATIC 
r 

RING TYPE 
DESIGNATION ALLOWED INDEX VALUES 

I 

i T: - 
- 

RINGj = 1 
i = 1, j = l,ANCHORI = 3 

i = 2, j = 2 o r  3, 
ANCHOR2 = 3 

1 = 2, j = 2 and 3, 
ANCHOR2 = 3 

B 

 RING^ 1 

RINGi = 2 o r  
3 

i . 1 ,  j = 1 , e a 6 ,  
ANCHORl = 1 o r  2 

i = 1, j = 1, e = 7 ,  
ANCHOR3 1 o r  2 

i = 1, j = l , g =  6 a n d  7, 
ANCHOR, and ANCHOR3 = 1 

o r  2 

i = 2 ,  j = 2 , e Z 5 ,  
ANCHOR2 = 1 o r  2 

i = 2, j = 2 ,  e = 3 and 5, 
ANCHOR2 = 1 o r  2 

i = l . j = 1 , k = 7 ,  
ANCHORl = 3 ( o r  0) 

i = 2 ,  j . 2 ,  k = 3 ,  
ANCHOR2 3 

RINGi = 2 o r  
3 

i . 1 ,  j Z 1 , k = 7 , a = 6 ,  
ANCHORl = 1 o r  2 

i = 2 ,  j 3 2 ,  k P 3 , ~ = 5 ,  
ANCHOR2 = 1 o r  2 

1 
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(pause) 



INTERBELT INFLUENCE OPTIONS 

0 Normal-Force Friction 

0 Static coefficient of friction 

(I) Sliding coefficient of friction 

I) Force Difference Saturation 

I) Maximum allowed difference between belt segment 
tensions (saturation force difference) 

Percentage Influence 

9 Designation of "influencing belt" 

Positive or ne,gative fractional force-adiustment 
coefficient 

@ Maximum force-adjustment bound 
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The upper and lower t o r so  be1 t s ,  B1 and B2, may be made independent. 

O r ,  op t i ona l l y ,  f r e e  s l i p p i n g  can be modeled through use o f  a  force- 
* equa' l izat ion op t i on  f o r  t o r so -be l t  o r  l ap -be l t  pairs,  Th is  op t i on  fo r  

the  advanced b e l t  system i s  i d e n t i c a l  t o  the standard t reatment o f  the 

combqined two-segment l a p  be1 t discussed e a r l  i e r  f o r  t he  three-be1 t 

submodel. 

I n  general, however, f r i c t i o n  and bel t -system geometry f ac to r s  lead 

t o  unequal be1 t tensions. Three op t iona l  methods are a v a i l a b l e  t o  

a l low the  tens ion  i n  one to rso  b e l t  t o  i n f l uence  the tens ion i n  the 
other.  These are c a l l e d  " i n t e rbe l  t in f luence  options," and they w i l l  
now be described. 

The f i r s t  i n t e r b e l t  i n f luence  opt ion i s  intended t o  simulate the 

ef fe lct  o f  s t a t i c  and s l i d i n g  f r i c t i o n  between b e l t s  and the occupant. 

This i s  done by a l low ing  the to rso -be l t  p a i r  t o  "relax," i n  e f f e c t ,  

towa'rd the be1 t segment of greater  tension. Normal-force f r i c t i o n  

e f fec ts  are approximated from an est imate o f  the normal fo rce  where 

the webbing i s  i n  contact  w i t h  the occupant. Two system parameters 
prescr ibed by the user f o r  t h i s  opt ion are s t a t i c  and s l i d i n g  coef- 

f i c i e n t s  o f  f r i c t i o n  f o r  the belt-occupant in te r face .  The s t a t i c  

f r i c t i o n  coe f f i c ien t  i s  i n  general a t  l e a s t  as l a rge  as the s l i d i n g  

f r i c t i o n  c c e f f i c i e n t  although t h i s  i s  no t  a  requirement. Free s l i p p i n g  

resu' l ts if both co le f f ic ients  are spec i f i ed  as zero. A non-s l ip  cond i t i on  
i s  g~~a ran teed  by spec i fy ing a  very la rge  value f o r  the s t a t i c  coef f ic ient .  

An i n t e r b e l t  i n f luence  op t ion  can be selected which w i l l  s imulate 

the e f f e c t  o f  b e l t  f r i c t i o n  i n  an e n t i r e l y  d i f f e r e n t  manner. Here, 
a  "sa tu ra t ion  forcle d i f ference"  i s  prescr ibed by the user f o r  the torso 

be1 t pa i r .  Whenever the d i f fe rence  i n  tension between the two 

b e l t s  exceeds t h i s  fo rce  sa tu ra t ion  value, the greater  o f  the forces 

i s  reduced by an amount such t h a t  the d i f fe rence  i n  tensions i s  

equal t o  the  ~ a t u r ~ a t i o n  value. The tension i n  the o ther  b e l t  i s  un- 
changed. This adjustment of the force d i f fe rence  i s  intended t o  

represent p a r t i a l  !s l ipp ing against  s t a t i c  f r i c t i o n .  The on ly  
quan t i t y  t h a t  the luser must define i f  t h i s  op t ion  i s  used i s  t h e  value 

fo r  the sa tu ra t ion  fo rce  di f ference. 



INTERBELT INFLUENCE OPTIONS 

O Normal-Force Friction 

I) Static coefficient of friction 

I) Sliding coefficient of friction 

8 force Difference Saturation 

Maximum allowed difference between belt segment 
tensions (saturation force difference) 

0 Percentage Influence 

@ Designation of "influencing belt" 

@ Positive or ne,gutive fractional force-adjustment 
coefficient 

0 Maximum force-adiustment bound 

SLIDE 9-9 



The t h i r d  i n t e r b e l t  inf luence op t ion  al lows the user t o  spec i fy  , 

a p o s i t i v e  o r  negat ive f r ac t i on  of the tension of one torso be1 t 

which w i l l  be appl ied as an add i t i ve  adj istment t o  the tension o f  the 

othler. Thus, one b e l t  i s  designated by the user as an " in f luenc ing  

b e l t . "  I t s  tens ion i s  no t  adjusted, bu t  i t  determines the adjustment 

t o  the o ther  b e l t  of the pa i r .  I n  conjunct ion w i t h  t h i s  opt ion,  the 

user suppl ies a "maximum inf luence-force bound." I f  the  force adjust-  
a. 

ment, i n  absolute value, i s  greater  than t h i s  bound, then the bound 

i tslel f i s  appl i e d  as the adjustment. The "percentage i n f l  uence" 

op t ion  i s  more a r t i f i c i a l  than the other  to rso  i n t e r b e l  t in f luence  

opt ions,  bu t  i t  has nevertheless found usefu l  appl i c a t i  on. 



INERTIA REELS 

At any anchor except outboard lap 

() Vehicle-sensitive reel 

0 Locks at  specified time, or 

Locks when inertial acceleration or vehicle pitch 
exceeds specified limit 

Webbing-sensitive reel 

Locks when rate of belt feedout exceeds specified 
limit, or 

Locks when acceleration of belt feedout exceeds 
specified limit 
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This s l i d e  summarizes the i npu t  data requirements o f  a  model 

feature which has been mentioned b r i e f l y  -- i n e r t i a  ree ls .  

Any anchor except f o r  the outboard lap-be1 t anchor may have an 

i n e r t i a  r e e l  o f  e i t h e r  the vehicle-sensi t i v e  o r  webbing-sensi t i ve type. 

A veh ic le -sens i t i ve  r ee l  can be made t o  lock a t  some spec i f i ed  time, 

o r  a l t e r n a t i v e l y ,  when e i t h e r  o f  two condi t ions occurs: a )  the resu l -  

t a n t  i n e r t i a l  acce lerat ion a t  the anchor l oca t i on  exceeds, i n  absolute 

value, a  specif ield l i m i t ;  o r  b )  veh ic le  p i t c h  exceeds, i n  absolute 

value, a  specif ield l i m i t .  A webbing-sensit ive r ee l  w i l l  l ock  e i t h e r  

when the r a t e  o f  b e l t  feed-out o r  the acce lerat ion o f  b e l t  feed-out 

exceeds a spec i f i ed  l i m i t .  Once a r ee l  o f  e i t h e r  type locks i t  w i l l  

remiiin locked f o r  the durat ion o f  the crash h is to ry .  



Sll P POINT PARAMETERS 

I) Controls for force-balance iteration 

I) Ring type designation 

Anchor type designation 

Coefficients of friction for belts slipping through rings 

SLIDE 9-11 



SLIDE 11 

Finally, a few additional points are made here relative t o  the 
upper and lower s'lip points, rings R1 and R2 in foregoing slides. 
The rings, i f  present, are fixed t o  the vehicle frame or fastened t o  the 
end of ring straps, B5 and B6. I f  a ring i s  not anchored t o  the vehicle, 
then i t s  location a t  any value of time i s  determined by the condition 
thal: x- and z-forces a t  the ring location sum t o  zero. This involves 
sol\ring simultaneous nonl inear equitions for the ring coordinates, 
and some of the required input data are specifications for the numerical 
solution algorith~n.' Guidance in selecting values for the less obvious 
of these parameters, such as controls for an iteration process by 
which a force balance i s  determined, i s  provided with the text for 
Module 9. 

A primary ~h~arac ter i s t ic  of the rings i s  that the webbing straps 
passing through them can be allowed to  s l ip  either freely, or w i t h  a 
desired amount of frictional resistance, or n o t  a t  a l l .  I n  addition 
t o  ring type and anchor type designations, which were illustrated in 
two foregoing slides and are explained fully in the text, pertinent 
input quantities are coefficients of friction for belt slipping at  
the two rings. 



SUMMARY OF DATA REQUIREMENTS 
FOR BELT -SY STEM SUBMODELS 

THREE-BELT SYSTEM and ADVANCED BELT-SYSTEM SUBMODEL: 

Anchor locations 

Body attachment locations 

0 Initial belt slacks 

Unstrained belt lengths or out-of-plane components 

Webbing properties for either strain or deflection deformation 

ADVANCED BELT-SYSTEM SUBMODEL only: 

a' Seven optional belt segments 

@ Anchor "type" designation 

Ring "type" designation 

Inertia reel characteristics 

Interbelt influence options' 

@ Normal-force friction 

Force difference saturation 

@ Percentage influence 

Slip ring friction 

Force-balance iteration controls 
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I n  summary, the MVMA 2-D Crash Vic t im Simulator includes two 

independent b e l t  system models f o r  opt iona l  usage. These are a three- 

be1 t system and a more complex system t h a t  may have up t o  seven be1 t 

segments. Many of the data requirements f o r  these two submodels are 

bas ica l  l y  s i f i i  l a r .  These inc lude anchor locat ions i n  veh ic le  coordinates, 

be1 t segment attachment po in t s  on to rso  elements, i n i  ti a1 be1 t slacks , 
uns t ra i  ned be1 t 1 engths o r  out -o f -p l  ane components, and e i t h e r  force- 

s t r a i n  o r  force-cleflection webbing proper t ies .  Data requirements 

spec i f i c  t o  the advanced be1 t-system submodel inc lude a descr ip t ion  

of o v e r a l l  system design by designat ion of: 1)  b e l t  segments present 

i n  the system; 2 )  anchor "types"; and 3 )  upper and lower s l i p  r i n g  

"types." For any i n e r t i a  r ee l  present i n  the system, various s p e c i f i -  

cat ions must be made. Three op t iona l  methods are ava i lab le  f o r  simu- 

l a t i n g  s l i p p i n g  a~nd f r i c t i o n  e f f ec t s  f o r  the to rso -be l t  pa i r .  These 

are the so-callecl " i n t e rbe l  t in f luence opt ions.  I' Each requi res 

d i f f e r e n t  i n p u t  data. F i na l l y ,  coe f f i c i en t s  o f  f r i c t i o n  are needed 

for b e l t s  s l i p p i n g  through the s l i p  r i ngs  and, i n  the case t h a t  a r i n g  

i s  present bu t  no t  f i x e d  t o  the veh ic le  frame, force-balance i t e r a t i o n  

con t ro ls  are required. 
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MODULE 10 -- AIRBAG RESTRAINT SYSTEM 

SLIDE 1 

An airbag su~bmodel may be used optionally with the MVMA 2-D Crash 

Vict:im Simulator. The estimation of bag forces i s  based on solution 

of the differenti(a1 equations of gas thermodynamics. The airbag can 

cont:act both the occupant and vehicle interior. Restraining forces 

due to  the internal pressure and skin tension are generated when the 

bag i s  fully inflated. The shape of the bag i s  allowed t o  conform t o  
that of the occupant and the vehicle interior with free sections of the 

perimeter defined as circular segments. When the pressure in the bag 

reaches a specified level, gas i s  allowed t o  flow out  of the bag 

thrclugh defined o1.i fices. 



SUMMARY OF ASSUMPTIONS IN AORBAC SUBMODEL ANALYSIS 

@ The occupant feels constraint forces only after bag i s  ful ly 

expanded. 

() The skin of the bag does not stretch. 

I) The bag cross-section perimeter i s  circular except 
where i t  conforms to the shape of the vehicle interior 
or to the occ~rpunt. 

@ Tangential bag forces are negligible. 

@ Adiabatic expansion of ideal nitrogen i s  at assumed. 

Bag pressure does not affect the rate of inflation, 
which i s  specificed by the user. 

@ The attachment point i s  f ixed in the occupant compartment. 

@ The effect of skin tension can be approximated from bag 
pressure, occupant width, and depth of penetration into 
the bag. 

FIGURE 10-2 Summary o f  Assumptions i n  Airbag Submodel Analysis 
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The approach chosen f o r  developing an ana l y t i ca l  submodel f o r  

i n f l a t a b l e  occupant r e s t r a i n t s  was t o  produce the simp1 e s t  model t h a t  

woul d prov ide acce!ptabl e agreement w i t h  experimental data, Assumptions 

made i n  the formulat ion o f  the ana l y t i ca l  model were based upon both 

analys is  o f  the phiysical processes invo lved and observat ion o f  high- 

speed movies o f  t es t s  o f  prototype i n f l a t a b l e  sa fe ty  r e s t r a i n t s  . User 

experience w i t h  th~e model may suggest a l t e r a t i o n  o f  some o f  the assump- 

ti onis o r  genera l i za t ion  o f  some o f  the algor i thms used t o  cover a 

wider v a r i e t y  o f  phys ica l  s i t ua t i ons  . Observation o f  high-speed movi es 

of t es t s  l e d  t o  three assumptions. 

F i r s t ,  no r e s t r a i n t  fo rce  i s  exerted upon the occupant u n t i  1 the 

occurrence of f u l l  bag i n f l a t i o n ,  which i s  def ined as the cond i t ion  i n  

which the calculat,ed per imeter o f  the deformed o r  undeformed bag equals 

the spec i f i ed  f i  11 ed-bag per imeter.  This i s  equiva lent  t o  s t a t i n g  t h a t  

the mass of the bag and i t s  contents can be neglected. 

Second, the s k i n  o f  the bag does no t  s t re tch .  

Th i rd ,  the pelrimeter of the bag cross sec t ion  i n  the plane o f  mo- 
t i o n  conforms t o  the shape of the automobile i n t e r i o r  o r  t o  the occupant 

wherever they touc:h. E l  sewhere the per imeter i s described by c i  r c u l  a r  

arcs. 



SUMMARY OF ASSUMPTIONS IN A I R B A G  SUBMODEL ANALYSIS 

L 

The occupant feels constraint forces only after b o g  i s  fu l ly  

expanded.  

(Ib The skin of the b a g  does no t  stretch. 

I) The bag cross-section perimeter i s  cisrulor except 
where i t  conforms to the shape of the vehicle inter ior 
or  to  the occupant. 

@ Tangenfiul bag forces a re  negligible. 

@ Adiabatic expansion of idea l  n i t rogen i o  a t  assumed. 

@ Bag pressure does not  affect the rate o f  inf lat ion, 
which i s  specificed b y  the user. 

The attachment point i s  fixed in the oecupant compartment. 

The effect of skin tension con be approximated from bag 
pressure, occupant width, end  depth of penetrat ion into 
the bag. 

FIGURE 10-2 Summary o f  Assumptions i n  AIrbag Submodel Analysis 



Five other assumptions were made t o  simplify the model. 

First, tangential forces between the occupant and the bag are assumed 
neglligi ble in comparison with normal forces, 

Second, thermodynamic properties of the gas i n  the bag are calculated 
using adiabatic e:wpansion of ideal nitrogen, neglecting potential energy 
of the gas. Flow of gas through the deflation membranes is  calculated 
assuming unchoked flow through a converging nozzle. 

Third, bag pressure does not affect the rate of inflation by the 
gas generator, wh-ich delivers gas a t  a predetermined rate. This im- 
plies that the area o f  the cross section of the bag increases a t  a 
predetermined rate until the bag i s  fi l led.  

Fourth, the point a t  which the bag attaches to the automobile 
interior i s  fixed with respect t o  the interior. This means that the 
bag may not be attached t o  a collapsible steering column. 

Fifth, restraint force due to tension i n  the skin of the bag, 
caused primarily by the bag wrapping around the sides of the occupant, 
i s  approximated by a simple algorithm which takes into account the most 
important variables: pressure in the bag, width of the occupant and 

deptlh of penetration into the bag. 



RHEAD 

FIGURE 10-1 MVMA 2-0 Airbag Model 
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The airbag expands within a closed area illustrated in the figure. 
The area i s  defined by: a) five user-prescribed straight-1 ine segments, 
1-2, 2-4, 4-6, 7-8, and 9-10, attached,respectively, to the upper 
torso, middle torso, lower torso, upper legs, and lower legs; b )  calm 
cu1al:ed straight-l ine segments joining the endpoints of the five pri- 
mary 1 ine segments; c) two calculated straight-l ine segments approxi- 
mating the front of the head; d )  from one t o  five user-prescribed 
frontal-interior line segments; 3 )  a roof 1 ine extending t o  above 
and behind the heajd; and f )  two calculated 1 ine segments, a-b and 
10-A, which close the area. The dimension labeled "RHEAD" i s  a 
user-prescribed va~lue for average head radius. I t  i s  used for deter- 

miniing the line segments bc and cl which approximate the front of the 
head. 

The bag source may be arbitrarily positioned within the passenger 
compartment; for example, on the instrument panel. This p o i n t  i s  
shown as ( X A y Z A )  i n t h e  figure, and i t  is  fixed in the vehicle. I t  
cannot move either with the steering assembly system or with any part 
of tile vehicle interior. The ai rbag w i  11 , however, react against 1 ine 
segments which define a frontal interior profile. This profile is  com- 
pri sed of from one t o  five connected 1 i ne segments generated from two 
t o  six points specified by the user. The profile for airbag contact 
is  normally identical t o  the profile of instrument panel lines de- 
finecl for interaction with the vehicle occupant. The figure, however, 
illustrates a bag-sensing profile which i s  less detailed than the oc- 
cupant-sensing prolrile. Entries on data cards for the occupant-sensing 
profile define points A ,  B ,  C ,  D,  E ,  F and thus the line segments 
A B ,  B C ,  CD,  DE,  and EF. These five segments, the maximum number a1 lowed, 
can only approximat;e the occupant-sensi ng profile, shown by sol id 
lines. Since this profile i s  a reaction surface for the airbag, 
the user should make the approximation t o  the true interior line most 
accurate near the blag source. Al 1 vehicle-interior line-segment end- 
points can be prescribed as functions of time, and the airbag will 
sense any collapse of the 1 ines AB, B C ,  C D ,  D E ,  and EF about i t .  
These lines are sensitive only t o  airbag contact while the example 
vehi cle-interior configuration defined by FGEDCBHAI i s  sensitive 
only t o  interaction with contact ellipses. 



RHEAD 

FIGURE 10-1 MVMA 2-0 Airbag Model 
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Airbag forces and moments are appl ied t o  the occupant a t  seg- 
ments C-1,  1-2, 3-4, 5-6 ,  7-8. These forces are the sum o f  elemental 

forces from elemental areas o f  contact  between the bag and the occu- 

pant. Each elemental fo rce  i s  made up o f  two par ts :  one caused by 

pressure i ns i de  the bag and the other  by tension i n  the bag skin.  

The f i r s t  o f  these i s  ca lcu la ted from the elemental length o f  bag 

contact, the wid th  o f  the occupant a t  t h a t  po in t ,  and the pressure 

i n  the bag. The sk i n  tension fo rce  resu l t s  from the tendency of the 

bag t o  wrap around the sides o f  the occupant. 

A vector healding must be spec i f i ed  t o  define an ax is  along which 

the bag center progresses as the bag becomes an ever-expanding c i r c l e .  

Th i s  ax is  i s  i l l u s t r a t e d  i n  the f i g u r e  as the dotted l i n e  extending 
inward from l i n e  segment DC. The heading angle remains constant u n t i l  
contact  occurs w i t h  bounding segments o f  the closed area i n  which the 

airbag expands. A f te r  such contact, the heading o f  the bag center 
motion i s  adjusted i n  order t o  balance z -d i rec t ion  forces on the baa. 



EXHAUST 
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F I G U R E  10-4 Supply cylinder and Bag 
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The airbag is  inflated at  a time-dependent rate specified by the 
user; inlet mass flow rate is  a tabular input t o  the' simulation. Sup- 

ply gas temperature i s  similarly specified in tabular form as a function 
of time. Energy absorption by the bag results by either or b o t h  of two 
means, controllable by the user. First, exhaust gas may be vented 
through user-defined orifices, as i 1 lustrated here. Second, the 
venting of gas over the surface of the bag may be simulated by defining 
the porosity of the bag fabric. For the f i r s t  of these deflation 
mech~anisms, the user specifies area of a deflation membrane and 

the pressure differential necessary t o  rupture it .  Expl ici t assump- 
tions made in the calculation of the exhaust mass flow rate are: 
1) t,hat unchoked flow through an orifice occurs with no losses, 
that i s ,  with a value of 1 for the orifice discharge coefficient; 
and, 2 )  that the bag has two deflation orifices. Since the exhaust 
mass flow rate i s  directly proportional t o  the discharge coefficient 
and t o  the area of a deflation membrane, the user may effectively ad- 
just the pre-assumed values for discharge coefficient and number of 

orifices by adjusting the value for deflation membrane area appropriately. 

For the second optional method, venting gas through porous bag 
fabric, the user i s  required t o  specify bag porosity as a tabular func- 
tion of pressure dlifferential. The two deflation mechanisms may be 
combined in any crash simulation. B u t  i f  i t  i s  desired t o  use only 
bag-porosity deflation, i t  i s  necessary t o  ensure against gas loss 
through the deflation orifices, which are an integral feature of the 
airbag model. This may be done by specifying an unrealistically large 
value for the pressure differential necessary t o  burst a deflation 
membrane or by setting the deflation membrane area equal t o  zero. 



OTHER USER -PRESCRIBED PARAMETERS 

Airbag "fire" time 

Bag perimeter when fully inflated 

Out-of-plane bag width 

Out-of-plane widths for occupant 

Gas constant, specific heat at constant pressure, 
and ratio of specific heats for source gas 

@ Exhaust pressure (one atmosphere) 
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Values for various quantities not mentioned so far ,  or mentioned 
only in passing, ~lnust be prescribed by the user. These include 
the bag f i r e  time. Also, the perimeter of the bag when fully inflated 
and the bag width, that i s ,  the out-of-plane dimension, must be 
specified. Other out-of-plane widths required are for the head, 
shoulders, torso, h i p ,  and thighs. Quantities for which standard 
handbook values are normally specified are the gas constant for the 
source gas, and a'lso the specific heat a t  constant pressure 
and the ratio of this value t o  the specific heat a t  constant volume. 
For real gases, the specific heats and also their ratio are depen- 
dent on temperature, b u t  for the temperature range likely for airbag 
simulations, a mean ratio o f  1.4 is  accurate for either nitrogen or 
air. Finally, the exhaust pressure i s  specified. This i s  normally 
one atmosphere. 



FIGURE 10-7 Airbag Contact Lines on Occupant 
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Bag forces on the occupant r e s u l t  from in te rac t i on  o f  the airbag 

w i th  the occupant p r o f i l e ,  mentioned previously as a  sect ion o f  the 

boundary o f  the closed area i n  which the-airbag expands. This occu- 

pant p r o f i l e  i s  a  series of s t r a i g h t - l i n e  segments. The user speci- 

f ies the locat ions o f  e igh t  points  on the occupant f r o n t a l  p r o f i l e ,  

each f i x e d  w i th  respect t o  some body l i n k  as i l l u s t r a t e d .  The coor- 

dinates ti and ri, w i t h  "1" equal t o  1, 2, 4 ,  6, 7, 8, 9, and 10, de- 

f ine these points.  It i s  c lea r  t h a t  as a r t i c u l a t i o n  occurs a t  body 

j o i n t s ,  any successive points  of t h i s  group tha t  are not  defined w i th  

respcsct t o  the same body l i n k  w i l l  undergo r e l a t i v e  motion. So l id  

l i n e  segments i n  the contact 1  i n e  p r o f i l e  are f i xed  i n  length and 

or ie l i ta t ion  by the1 i npu t  data. Dashed l i n e s  w i l l  vary i n  botn length 

and or ien ta t ion  w i th  respect t o  a11 body 1  inks; these are determined 

by the computer model from the input  data so as t o  maKe the contact 

~ r o f f  1e continuous . 



SUMMARY OF DATA REQUIREMENTS 
FOR AIRBAG SUBMODEL 

Bag "fire" time 

Bag source fixed in vehicle 

Vector heading for initial expansion - of bag 

Inlet mass flow rate, function of time 

Supply gas temperature, function of time 

Thermodynamic constants for source gas 

Perimeter for fully -inflated bag 

Occupant profile for airbag contact 

Frontal-interior line segments for interaction with airbag 

Out-of-plane bag and occupant widths 

Deflation membrane parameters 

Bag fabric porosity, function of pressure differential 
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Many quantities must be prescribed for simulations which use the 

ai rbag submodel. Most are included i n  this summary of data requirements . 
The bag f i re  time i s  specified by the user and the circular airbag issues 

from a source point, fixed in the vehicle, in a specified init ial  direc- 

tion. Inlet mass flow rate and supply gas temperature are specified 

in tabular form as functions of time. Also, several thermodynamic 

constants are prescribed for the source gas, and the perimeter for 

the fully-inflated bag is  required. Quantities directly pertinent t o  
establishing a i  rbag contacts and resulting forces include an occupant 

profile, a frontal-interior profi 1 e of the occupant compartment, and 

out-of-plane bag and occupant widths. Bag deflation may occur either 

through ruptured deflation membranes or over the surface of the bag 

through porous bag fabric. 
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MODULE 13 -- EXAMPLE CRASH SIMULATIONS 

SLIDE 1 

The purpose of this module i s  t o  give the user of the Tutorial System 
a "hands-on" feeling for input data sets required for exercising the MVMA 

2-0 Crash Victim Simulator and for the output which i s  generated. Data 
deck:; are described and assembled in this module for the following 
two :;imulations: 

1 .  a 30-mph frontal barrier crash w i t h  vehicle interior deformation 
and a dummy passenger restrained only by a knee bar; and, 

2. a crash w i t h  similar occupant and vehicle configurations except 
that the occupant i s  restrained additionally by a torso harness. 



Arbitrary Decomposition 

of MVMA 2-D Data Set Into Subsets 

DATA SUBSET CARD NUMBERS 

Title Cards 100, 200, ..., 900 

General Controls for IN and G O  101, 102, 103 

Debugging Printout Controls 104, 105 

Categories of Output  Variables 
to be Stored 107 - 111 

Vehicle Mo t ion  601 - 604 

Occupant Description 

Oecupant Position 

Vehicle Interior 

Friction Characteristics 41 2 

Allowed or Disallowed Contact . 

Interactions 106 

Belt Restraint System 218, 501, 701-723 

Airbag Restraint System 901 - 909 

End of Data Deck for INP 1000 

Categories of Output  Variables 
to be Printed 9001, 1002 

HIC, Femur Loads, a n d  Filtering 1003, 1004 

Potential ln iury  Indicators 1100 - 1401 

Printer-Plot Stick Figure Time 
Sequence 1500 - 1502 

End of Data Deck for  OUTP 1600 

FIGURE 13-1 Arbitrary Decomposition of MVMA 2-0 Dzta Se t  Into Subsets 
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I t  is  normal ly convenient t o  construct a data set  card by card, 
beginning w i t h  Card 100 and proceeding through Card 1600. However, a 
complete data set  also can be viewed as a collection- of subsets which 
may be dealt w i t h  individually. In this module, discussion of the con- 
struction of data sets i s  i n  terms of eighteen largely independent sub- 
sets. These are identified in the slide. They include several which 
describe the occupant, the vehicle interior, restraint systems, and the crash 
acceleration or deceleration profiles. Others include controls for obtaining 
vari lous types of printout, including those produced by pos t-processor 
functions of the model. 

If various dekpendencies between some subsets are taken i n t o  account, 
subsets developed for different sf mulations can be assembled t o  yield 
complete data decks for new simulations. This approach often considerably 
simplifies the task of  constructing a data deck. I t  also allows users t o  
col 1 lect a 1 i brary of possible data arrangements. 



FIGURE 13-2 Occupant and Vehic le  Interior Configuration f o r  Example 1 
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Construction l o f  the data se t  for the f i r s t  example simulation will 

now be discussed. Example 1 is  a simulation of  a 30-mph frontal barrier 
crash with 'a dummy passenger restrained only by a knee bar. The frontal 
portion of the vehicle interior displaces toward the occupant during 
the event, simulating intrusion. The occupant and vehicle interior con- 
figuration a t  crash onset are shown in the schematic. 



F I G U R E  13-3 Title Cards f o r  Example 9 

1. 1. 32.174 oe 0 0 .  ZOO. L. 5. t a .  
0. 0. 0. 0. 0. 0. $Q. .000001 5. 
.Z e 05 lOOOOOo 15000. LO. e0S 10. 1 0  1. 

FIGURE 13-4 General Controls f o r  I N  and GO for Example 1 



SLIDE 4 

Title card!; for this simulation are shown in the upper porti on 
oaf this slide. Each page of o u t p u t  for a simulation i s  headed by 
s ~ r d  t i t les ,  supplied on Cards 100, 200, etc. - t h k u g h  900. The 

100-Card is  for a "run t i t le , "  which should be cgntered in the f i r s t  

72 columns and which wi 11 appear on the ff rs t  line of each page of print- 
out .  The secontf ? ins of page heading consf sts o f  the concatenabd 
content of Casds; 200 through 900. Each of these cards f s  n o m l l y  used 
firr description of a speclffc simulation characteristic. For example, 

tfre 700-Card normally describes the type o f  be1 t n?stmint systm used. 
Htwever, t!ere a r e  no restrictions on the content o f  these urds. 
Rre 19-col umn sub-ti t le  ffelds af Cards 200 thraugh 700 plus the 17-column 
f-iald of either Card 800 or Card 900 can be used together for any 
1:ll-charactor description of the simulation. 

The t i t l e  cards for Example 1 have b a n  grouped toget!er a t  the 
beginning of the data set except for the 200- and 300-cards, which 
hitve bo th  been used for occupant description and are placed in :he 
ot:cupant data subset to be dfscussed later. Cards t n  data subsets which 
ftrllow the t i t l e  card subset in this example w i t  1, of cnune, have 
card identificat:ion numbers both higher and lower than those cards in 
the t i t l e  card sldset.  Data cards can be post tioned within the data 
dcrck in any order, without attention to  card identification number. 
Exceptions t o  tfi~is are the 1000- and 1600-cards, which serve as "snd-of- 
delta-deck" markers and must be the last cards of the data decks for tile 
Irtput and Output: Pre-Proctssors, respectively. 

A number of general controls are rquired for the operation o f  the 
Irlput and Execut:f on Processors. These are on Cards 101, 102, and 

703 and are illustrated i n  the lower portion of tire slide. Some of 
ere most important of these cbntrals specify: 7 ) the system of units, 
e i  they metric or English, for the simulation; 2)  crash duration, 
fr~tegration time step, and time increment for printing of outgut; 3) 

use or non-use o f  the various ~ s t r a i n t  system options; 4)  intepretttion 
af "inhibition c:ardsN for allowed or disallowed contact intoractions ; 
arld 5)  1fmits for the algori t h m  which detennfnes shared-deflection 

force balance. The two examples used with this rnoduie are 
for 200 msec duration, one mec f ntegratfon time steo, and five msec 
prr 'n tout  interval. The simulations ars, made with English sys- data. 

The cards shown here illustrata clearly the standard iornat of 
f rlout cards for the MVMA 2-D Crash Victjm Simulator -- nine f ie lds of 
e ~ g h t  co'iums each and a card identificztion number i n  columns 73 
througn 80. 

3 93 



0. 
23. 
6, 
13.5 
32. 
tZ. 
60.  
LOO. 
2 .  
0 .  
2 B 

0. 

Vehicle Motdon Cards for  Example 1 
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The vehicle motion, or more precisely, occupant compartment motion, 
i s  described with Cards 601 through 604, Cards for, the 30-mph frontal 
barrier crash of Example 1 are shown. Init ial  position and velocity 
values for vehicle horizontal , vertical and pitch coordinates are on 
Card 601, together w i t h  two coordinates for an accelerometer location. 
The remaining carlds specify acceleration histories for the three vehicle 
degrbees of freedom. 



Horizontal  
Occupant -25 
Compartment 
Acceleration 

! Time (ms) 

FIGURE 13-6 Hor izon ta l  Component of Vehic le  Accelerat ion fo r  Example 1 
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Change in the horizontal component of vehicle velocity for  th i s  

example results  from the acceleration profi le  shown, which i s  defined 

by twenty-three time-acceleration points on cards following the 602- 

carti. The crash simulated i s  for an impact velocity of 30 mph,  a ;V 
of 32.8 mph, 33.9 g ' s  peak acceleration, and a stopping distance (or 
"crush") of 21.8 inches. 
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FIGURE 13-4  Occupant Parameter Cards for Example 9 
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The occupant description subset i s  shown in this slide. The data 
are preliminary dlata compiled by HSRI from several sources for a GM 

Hybr8id I1 dummy. Cards 201 through 21 6 plus 227 through 242 describe 
mass and moment o f  inertia properties for the body 1 inks, link lengths, 
and joint properties. The contents of these cards are discussed in de- 
tai 1 i n  Module 2. Cards 219 and 220 define el 1 ipses which serve as 
the contact-sensing profile of the body. We see a total of 10 body ellipses 
representing head, thorax, h i p ,  thigh, knee, shank, heel, toe, elbow, and 
hand. Next to t w o  of these identifiers on the 219-Cards are CHESTMTL 
and HIPMATL. Theoe indicate that material properties are t o  be specified 
for THORAX and HIP ellipses -- they are not rigid. Next to the identi- 
f iers  on the 220-Cards are two columns defining el 1 ipse location on 
the crash victim and two more columns defining semi-major axes. 
Loacling and unloading characteristics of body materials are prescribed on 
Cards 221 through 226. You see the identifiers, CHESTMATL and HIPMATL, 
on Cards 221. The CGR cards (223 and 224) define the unloading charac- 
ter is t ics  of the force-deformation profiles while CSTAT, on Cards 225, 
defines the force.~deflection re1 ation i tsel f. 



FIGURE 13-8 Occupant Pos i t ion  Cards for Example 1 
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The seated oc:cupant a t  "time zero" was shown in an earlier slide. 
Data required for positioning of the occupant are shown here. Among the 
data on these cards are i ni ti a1 position values for the fourteen occu- 
pant degrees of freedom, which include the init ial  link angles, neck 
length, shoulder c:oordinates, and horizontal and vertical locations 
within the occupant compartment of the upper torso center of gravity. 
For ,the two example simulations, init ial  link angles and upper torso 
CG location were estimated from scale drawings of the 'time zero" 
occupant and vehicle-interior configurations, so the values here 
produce only approximate ini t ia l  occupant equi 1 i brium. The resulting 
total ini t ia l  upward force on the occupant, for exampf e ,  i s  207.1 I b ,  
whictr does not  equal the occupant weight, 163.7 1 b. The init ial  
imbal~ance is  n o t  great enough t o  significantly affect the simulation 
results . 

Values on Carid 217 are for the so-called "joint equilibrium angles," 
and ather data are the init ial  velocities for the fourteen occupant 
degrees o f  freedom. These velocities, on Cards 302 through 304, are 0. 
for the example simulations of this module since the occupant is  to be 
ini t ia l ly  a t  rest #i t h i n  the occupant compartment. 
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FIGURE 13-9 Veh ic le  Interior Profile for Example 1 
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A vehicle interior with which the occupant i s  to interact must be 
prescribed by the user. Two types of data are required. The f i r s t  of 

these describes the geometrical profile of  the interior in the plane of 
occupant motion. The primary elements of this description are the 
endpl~i n t  coordinates of line segments which comprise so-call ed vehicle- 
interior "regions ," a "region" being a se t  of connected straight01 ine 
segments having the same material properties. The slide shows the 
vehicle interior profi 1 e defi ned for Example 1 .  Region and segment 
name!; are indicated, segment names in parentheses. So1 id  1 i nes i ndi ca te  
positions of 1 ine segments before frontal interior penetration into the 
occupant compartment, which begins a t  40 ms. A1 1 penetration occurs 
between 40 and 80 rns, and the dashed lines represent the deformed 
vehicle interior. Note that the toeboard segment decreases considerably 
in lringth. There i s  no restriction that segment lengths be held con- 
stant while undergoing motion. 



FIGURE 13-10 Data Cards for Definition o f  Geometrical Profile 
and Material ?roperties f o r  a Typ ica l  Region 
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Data for one of the penetrating regions of the vehicle interior,  

the INSTRUMENT PANEL region, are i l lustrated here. The INSTRUMENT 
PANEL profile i s  defined entirely by Cards 401, 402, .409, 410, and 

411. 

The second type of data required for the vehicle interior describes 

material characteriisti cs , t h a t  i s ,  loading and unloading properties 

of regions of the defined profile. Data are on Cards 403 through 408. 

An entry on the 402-Card for each vehicle interior region assigns 

the region t o  a "friction class." A "friction class" i s  similarly speci- 

fied for each body ell ipse on i t s  219-Card. The similarity between 
the d a t a  format for body ellipses and vehicle contact surfaces should be 

noted bo th  with respect t o  geometric quantities and material properties. 



FIGURE 13-11 Data Cards for Coefficients of F r i c t i o n  for Example 1 
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Coefficients sf friction are then specified, as the next data sub- 
se t ,  on 472-Cards for combinations of ell ipse and region classes. This 
sl ide shows one card for each pairing of friction classes represented in 
the set  of contact interactions which can occur in simulation Example 1 .  
For any simulation, coefficients of friction will default to 0. for any 
pai ring not repres~ented by a 41 2-Card. Frictional forces between the 
occupant and elemelnts of the vehicle interior can be large enough t o  
have a considerable effect on the magnitude and direction of the resultant 
force! vector a t  the interaction interface. I t  i s  therefore important 
i n  simulations t o  #account for frictional forces accurately. 
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FIGURE 13-12 I n t e r a c t i o n  " I n h i b i t i o n "  Cards f o r  Example 1 
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Modules 4 ant1 5 discuss the use of 906-Cards for specification 
of a1 lowed or disallowed combinations of potential ly-interacting body 
el 1 i pses and vehi el e interior regions. !'A1 lowed" combinations are nor- 
mal l>y specified when the number of probable interactions i s  less than 
the number of improbable interactions. This is  judged t o  be the case 
for the f i r s t  sim~lation example, so twenty-one allowed interactions 
have been specified between the ten body ellipses and nine vehicle- 
interior regions . One card, the 1 as t  one on the sl  ide, has been in- 
cluded for an allowed interaction between body ellipses THIGH and 

THORAX. 



FIGURE 73-13 Output Processor Data Deck for Example 1 
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The last  carti in the data deck for the Input ?re-Processor must be 
the 1000-Card. I t  is  blank except for the card identification number 
i n  c,olumns 77 through 80. Cards 1001 through 7600 constitute a 
separate data deck from Cards 100 through 1000, w h i  cil -have been i 1 1 ustrated 
in the preceding $1 ides and which are read separately by the Outpu t  Pre- 
Proc~ssor. Tbese cards control post-processing and printout of data 
calculated and stored by the Execution Procsssor. Tnese data and 
data generated by the Input Processor are smred in four external 
f i les ;  as long as the f i les  are maintained intact, they can be processed 
by the Output  Proc:essor any number of times, using different c ~ n t r o l  
Cards 1001 through 1600. 

The entire Output  Pre-Processor data deck for Example 1 consists o f  

seven cards. The f i r s t  two cards, 1001 and 1002, are used for specifi- 
cation of categories of calculated data for which printout is desired 
and the order of printout for these categories. The fifty-one cate- 
gories of results which  may be printed are fdenti fied by Category 
Number in bbdules 1 and 12. The ordering for printout shown i n  the 
slide i s  identical to the default ordering which would result if  the 
1001- and 1002-Cards were omitted from the data deck. 

Various data are required on Cards 1003 and 1004 for the post- 
proclessor functions of ffltering of occupant accelerations and detenina- 
t i on  of NIC and femur loads. In add1 t l o n  to HIC and femur loads, other 
potential injury indicators can be detemf ned and printed by the O u t p u t  
Procrassor. They are requested by using Cards 1100 through 1401, none 
of wiiicb are incluaed i n  the data deck for Example 1. 

A tfme sequence of printer-plot pages can be produced which dapi c t  
the occupant and al l  lines of the vehicle interfor. Controls for pro- 
ducitrg the p r i n t o u t  are read from Cards 1300 through 1502. The most 
important data on these cards are margin coordinatas which frame the 
printer-plot image wi th in  the vehicle coordf nate system and the simulation 
times t o  be included in the time sequence of printouts. 

As for the Input Pre-Processor data deck, a single card is rcquired 
t o  m a r k  the end of  the Output  Pre-Processor data deck. I t  i s  Card 1600, 
which is  blank except for the card identiffcation number. 

This slide and the preceding slides have illustrzted the data 
subsiets which togsther constitute the complete datr deck for Example I .  
They are shown assembled together i n  Module 13 of the Self-study 
Guide. The following e ight  slides show selected pages of MVMA 2-0 
printogf f o r  simulation Example 1. 

41 1 
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FIGURE 13-15 I n p u t  Processor Data Deck Echo for Example 1 (exampie page) 

SLIDE 13-14 

41 2 



SLIDE 14 

Both the Input and O u t p u t  Pre-Processors always produce "echoes" of their 
data decks. An example page from the Input Pre-Processor "echo" for 
Example 1 i s  shown here. The eight-column data fields are separated by 

asterisks. You w i  11 recognize some of the i tems which have already been 
discussed such as !vehicle deceleration, body 1 inkage data and el I ipses . 
(pause) .' 
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This slide shows a n  example page of printout from the summary o f  the 
i n p u t  data. The enti re input data summary for Example 1 i s  63 pages. 
This printout i s  produced whenever category 0 i s  requested on the 1001- 

Card, The fact that this sumary is  63 pages in length reflects the awe- 
some amount of  information required t o  define the crash victim and 
his ~!nvironment. B u t ,  i t  should be remembered that each of the parameters 
may he changed by entering a new number in a 1 ine f i l e ,  an activity 
requiring only a flew moments of time. This task i s  considerably easier 
than building a new experiment t o  reflect the change in the parameter. 
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The data declcs for Example 1 cause printer-plot stick figure out -  
p u t  to be generated for each 10 ms of simulation time. Selected "frames" 
of t'he time sequence are shown for the knee-bar restrained passenger, 
here for time "zero" and on the next three slides wfthout comment. 
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(pause) (10 sec) 
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(pause) (10 sec) 
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(pause) (10 sec) 
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Nine example pages of printout of numerical results for Example 1 
are shown in Module 13 of the Self-Study Guide. Two are shown here 
on slides for the purpose of i l lustrating o u t p u t  format for response 
variables. This s,l ide shows displacements , velocities, and accelerations 
for the horizontal, vertical, and pitching components of  occupant 
compartment motion. Time in milliseconds i s  in the f i r s t  column. Units 
are indicated for each variable. The f i r s t  two lines of printout re- 
sul t  from the t i t l e  cards 100, 200, etc. - through 900, and are used 
for describing t h e  simulation. 
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This slide i l,l ustrates the printout describing the contact inter- 
action between the! HIP  ellipse and CUSHION LINE 1 of the SEAT CUSHION 
region. Deflection, normal force, friction force, and other variables 
are printed out .  

(pause 5 sec. ) 
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The second exampTe data set  discussed in this module includes the 
samei 30-mph frontal barrier crash acceleration profile as used for Example 
7 .  Simulation Ex(smple 2 i s  similar t o  Example 1 i n  other ways also. 
I t  uses the same occupant description data subset and the occupant i s  
positioned within the vehicle in an identical manner. The vehicle in- 
ter ior  used i s  basically the same, The primary difference between Exam- 
ples 1 and 2 i s  that whi 1e both occupants are restrained by a knee bar, 
the occupant in Example 2 is additionally restrained by a torso harness. 
There are a number of other differences in the data sets. None of 
these affect the crash dynamics; they have been included t o  i l lustrate  
various program opti ons. 

This sl ide shows the seated occupant a t  time zero, restrained by 

upper and lower segments of a torso harness. The three-belt submodel 
described i n  Module 9 i s  used for this simulation. 



FIGURE 13-27 Belt Restraint System Cards f o r  Example 2 
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Since i t  i s  desired f o r  t h i s  s imulat ion t o  have on ly  the to rso  har- 

ness and the knee bar  as r e s t r a i n t s ,  and no t  a l ap  b e l t ,  the b e l t  system 

data subset shown here includes some spec i f i ca t ions  worthy o f  note. 

While any o f  the  seven be1 t segments o f  the Advanced Be1 t -Res t ra in t  

Submodel may be inc luded o r  omit ted from a be1 t system design, the 

Threti-Belt Submodel i s  no t  as f l e x i b l e .  I t  must inc lude e i t h e r  both lap  

b e l t  and to rso  harness o r  the l ap  b e l t  alone. Therefore, i n  the data 

subset shown, i n  order t o  e f f e c t i v e l y  e l im ina te  the l a p  b e l t ,  a b e l t  

matelmial named NO STRENGTH i s  def ined by 704- and 705-Cards and i s  

prescr ibed a zero s t i f f n e s s  w i t h  a 708-Card. This b e l t  mater ia l  i s  as- 

signed t o  the l ap  b e l t  on Card 702. Again, s i m i l a r i t y  o f  mater ia l  property 

cards, w i t h  e l  1 ipse and contact surface spec i f i ca t ions  should be noted. 

The to rso  be1 t s  are each pre- tens i  oned t o  5 I b. This i s  done by 

assigning negat ive values f o r  i n i t i a l  s lack on Cards 701 and 702. Be1 t 

ancbctr loca t ions  and attachment po in ts  on the  occupant are prescr ibed 

on Ca~rds 501 and 218. 
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FIGURE 13-28 Debugging P r f  n t o u t  Spec i  f i  c a t i o n s  f o r  Example 2 

FIGURE 13-29 S p e c i f i c a t i o n s  f o r  S t o r a g e  o f  Output  C a t e g o r i e s  f o r  Example 2 
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Module 12 explains the use of 104- and 105-Cards for obtaining 

"debugging" printlout of intermediate results from the Execution Processor. 

Time-dependent, m u 1  ti-level switches may be set  for sixteen divisions 

of program variables. The upper portion of the slide i l lustrates speci- 

fications for deblugging printout for Example 2 from 0 t o  3 ms and from 
198 ms t o  the end of the simulation. 

Field 9 of Card 104 i s  set  t o  1. in order t o  limit debugging 

prir~tout t o  each final evaluation for the four-step Runge-Kutta i nte- 

grat:ion. A "packing dictionary," which i s  often useful in interpreting 

debugging printout, i s  requested by defaulting the ninth field of Card 

105 t o  0. by omission of the card from the data deck. 

There has been ear l ier  mention of the use of Cards 1001 and 1002 

for specifying categories of calculated data for which printout i s  

desired. I t  should be kept in mind t h a t  in order for the Output Processor 

t o  print o u t  variables in response t o  specifications on Cards 1001 and 

1002, those variables must f i r s t  be stored in an external f i l e .  Speci- 

fication of categories which are t o  be stored during execution of the 

Execution Processor for possible la ter  p r i n t o u t  i s  made separately through 
use of Cards 107 through 11 1 .  For Example 1 ,  these cards were omitted 

from1 the data deck and thus, by default, a l l  categories were stored 

for printout. However, the data deck for Example 2 includes the cards 

shown in the lower portion of this slide. Only variables for categories 

for which a "0." 'is specified will be written t o  the external f i l e  for 

possible printout. Use of Cards 107 through 111 i s  explained in Module 

1zn  

Additional differences between simulation Examples 1 and 2 
are discussed in Flodule 13 of the Self-Study Guide, which includes corn- . 
p1et:e data  sets fair both. . 
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Several example pages of o u t p u t  from simulation Example 2 are 
shown in the Self-study Guide. One i s  the debugging. printout illustrated 
here, which can be interpreted only by referencing Volume 3 of the 
MVMA 2-D report. Printout of this nature, while not ordinarily 
required, is  useful t o  look inside the computational loops of the program 
t o  1 mate possible programming errors and t o  study anomalous behavior. . 
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The printout: on this  s l  ide i s  for response of the upper torso 
be1 t for Example No. 2 .  Included are b e l t  elongation, rate of elongation, 
bel't angle, and blel t load, 



SUMMARY 

I) Example 1- a 30 mph frontal barrier crash with vehicle 
interior deformation and  a dummy passenger restrained 
only by a knee b a r  

Example 2- a crash with similar occupant a n d  vehicle 
configurations except that  the occupant i s  restrained 
addi t ional ly  by a torso harness 

8 Input and Output  Processor data sets constructed as 
collections of subsets 

Occupant data 

Vehicle inter ior data 

a Restraint system data 

Vehicle motion 

@ Various computer model controls 

SLIDE 13-27 
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In  this module, data decks have been described for two example 
simulations and selected pages of printout have been. illustrated. 
The simulations were for: f i rs t ,  a 30 mph frontal barrier crash with 
vehilele interior cleformation and a dummy passenger restrained only by 

a knee bar; and selcond, a crash with similar occupant and vehicle con- 
figurations except t h a t  the occupant is  restrained additionally by a tor- 
so harness. ~iscuss~on of the construction of data  sets for the I n p u t  and 

O u t p i ~ t  Pre-Processors was in terms of subsets. They include several 
which describe the occupant, the vehicle interior, restraint systems, 
and the crash acceleration profile. Others include various computer 
model controls , including those for obtaining many different types of 

pri n-tou t . 








