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MODULE 1 -- INTRODUCTION TO THE MVMA 2-D CRASH VICTIM STIMULATION

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 in a crash environment. The use of such mathematical
models as tools in automotive safety design has been made possible by
modern large-storage, high-speed computers.

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, is given. A description of a potentially inter-
acting mechanical system, the occupant compartment, is given. The
occupant's position and orientation and their rates of 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 is specified.

It is required <o determine the subsequent motion of the occupant and
the forces which describe his interaction with the vehiciz interior.

SLIDE 3

This figure illustrates the relationship between the motion and
the forces. From the initial position and velocity conditions of the
occupant relative to a vehicle-fixed reference frame, the instantaneous
state of displacements between body and vehicle elments, and hence the
interaction forces, may be determined. The instantaneous interaction
forces thus found, together with the motion equations of classical
mechanics, namely Newton's Laws, determine the instantaneous accelera-
tions essentially as force divided by mass. Integration of the
accelerations then yields the occupant velocities and positions at a
new time, different from the time at which forces were determined by
an arbitrarily small amount, At. 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 sequence is an appropriate description for all 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 to
simulate occupant crash dynamics include both two-dimensional and
three-dimensional motion simulators. The two-dimensional models
are appropriately used for simulating crash events in which primary
occupant motions may be expected to lie within a plane. Thus, two-
dimensional models are most useful for simulating front-end
and rear-end impacts. With care, however, they may be used for some
oblique and siae impacts as well. One such planar motion model, the
"MVMA Two-Dimensional Crash Victim Simulator," is the subject of this
Tutorial System.

SLIDE 4

The MVMA 2-D model is a large and complex computer program. Its
many options and features provide the user considerable flexibility
in defining a crash event but at the same time impose considerable
demands for specification of input data. As a means of facilitating
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 thirteen segments called "modules."”

Each of the Modules 2 through 12 deals with the data requirements of a set of

related model features. Data decks for two example simulations are described

and assembled in Module 13. The titles of the modules are descriptive of

their content and are listed here. It should be noted that Module 6 is
in two parts and that there is no Module 11.

SLIDE 5

The Tutorial System is intended for use by engineers. It is
assumed that the user is familiar with basic engineering terms such

as "acceleration,""force-deflection loading curve," and "moment of
inertia." No mathematical skills are required for understanding most
of the material presented in the Tutorial System modules, but any user

of the computer model is expected to understand the basics of algebra




and analytic geometry. These are required for some aspects of the task
of input data preparation. Knowledge of calculus, differential equa-
tions, and Lagrangian mechanics- is not a necessity for any user,

but it is normally the case that a user with skills in these areas

is better able to use the model effectively. But most important,

and independent from a user's mathematical background, are good
engineering judgment and an understanding of the fundamentals of New-
tonian mechanics.

SLIDE 6

The focus of the Tutorial System is preparation of input data.
It is here that design data, the mathematical modeT, and engineering
Jjudgment must be brought together. The mathematical model, like all
mathematical models, will al]ow-oniy imperfect representations of
reality. In order to simulate physical phenomena as accurately as pos-
sible with the model, it is necessary for the user to understand the
manner by which features of the occupant/vehicle system have been approxi-
mated analytically. Therefore, most of the material in the Tutorial
System is explanation of the features of the mathematical model and the
associated parameters for which the user must supply values. Engineering
Jjudgment is brought to 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 critical and. therefore require special
attention.

It has been demonstrated time and again that for satisfactory per-
formance of mathematical models, there is no substitute for good experi-
mental data. Reality can be simulated only if reality is represented.

SLIDE 7

This is a schematic of the occupant, vehicle interior, and restraint
systems of the MVMA 2-D model. Listed with the schematic are some of
the basic features of the model. Much of the remainder of this module

is summary of these features. Modules 2 through 12 treat these subjects
in detail.

(pause)



SLIDE 8

The MVMA 2-D model includes the following features in its representa-
tion of the crash victim, which may be either a human or an anthropomor-
phic dummy:

1. A nine-mass, ten-segment body linkage;

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

3. Energy-absorbing joints;

4. Time-dependent muscle activity level;

5. Contact-sensing ellipses of arbitrary size, position, and
number which define the body profile; and,

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

SLIDE 9

Some of these features are illustrated in this schematic of the
body linkage. Note that since this is a planar model, a single two-
link leg represents right and left legs combined. Similarly, there are
only two arm links. Angulations at joints are restricted by user

~specification of range-of-motion lTimits and viscoelastic parameters
for hard-tissue resistance.

SLIDE 10

This figure illustrates a typical occupant profile defined by
user-specified contact-sensing ellipses.

SLIDE 11

A feature that is unique to the MVMA 2-D Crash Victim Simulator
is its 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 is of obvious
value. Provision is made for calculation of muscle torques at the eight
joints of the body linkage. The muscle model is shown here. It does
not include a contractile element, but the passive viscoelastic



parameters k and ¢ are functions of a user-prescribed, time-dependent
muscle activity level.

SLIDE 12

The typical dependence on time of the muscle activity level is
illustrated here. tR and tC are reflex and contraction times for the
muscle.

SLIDE 13

The extensible two-joint neck is illustrated in this figure.
Viscoelastic elements are not shown. The joints are at either end of
the cervical spine. The upper neck joint may be positioned arbitrarily
with respect to the head center of mass.

SLIDE 14

Shoulder "shrugging" motions may be represented in simulations
with the MVMA 2-D model. Angular articulations of the upper arm link
are independent from the translatory motions of its proximal end.

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-
lipses with a user-defined vehicle-interior profile. This profile
is a set of connected or disconnected straight-line segments. The
example profile illustrated has eleven segments. However, any number
of segments may be prescribed and their lengths and locations are
arbitrary. Time-dependent positioning of 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.

SLIDE 16

The line segments may be assigned material properties or they may
be specified as rigid. Material properties for elements of the vehicle
interior (and also for occupant ellipses) include the following:



Tabular or polynomial loading curves;
Material yield point deflection;
Force saturation level for plastic loading;

E- I JS B A

Hysteretic unloading characteristics that depend on maximum
deformation;
5. Surface friction characteristics.

SLIDE 17

Example loading and unloading curves are shown on this slide.

SLIDE 18

Three optional occupant restraint systems may be used in MVMA 2-D
simulations. Two are belt systems and the third is an airbag model,
which is illustrated.

The figure shows the bag expanding from its source toward the oc-
cupant, for which an airbag contact profile is defined with straight-
line segments. Estimation of bag forces is based on solution of the dif-
ferential equations of gas thermodynamics. The airbag is inflated at
a time-dependent rate specified by the user; inlet mass flow rate is
a tabular input to the simulation. When the bag is fully inflated,
restraining forces due to internal pressure and skin tension are
generated if the bag is in contact with the occupant. The shape
of the bag is allowed to conform to 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 is allowed to flow out of the bag through defined orifices or through
porous bag fabric.

SLIDE 19

The first optional belt system consists of: 1) a one-piece lap
belt attached to the lower torso element and anchored at each end to the
vehicle; 2) an upper torso harness strap attached to the upper torso
element and anchored to the vehicle; 3) a lower torso harness strap
attached arbitrarily to any torso element and anchored to the vehicle.




This belt-restraint submodel is effectively a three-belt system. The
two-segment lap belt shown in the figure is treated by the computer
model as a single piece of webbing that slides freely over the pelvis
through a user-specified point on the lower-torso element. Thus,

a lap-belt tension is determined from the elongation or strain of the
" total belt length, with no adjustment for possible friction effects,
and the established tension is applied at 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 Tower-torso segment, can be specified arbitrarily by the user.

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

SLIDE 20

This is a schematic of the second optional belt-restraint system.
It includes the following features: 1) seven belt segments which may
be independent or, at option, may be paired in certain combinations to
act as a lesser number of separate lengths of webbing by use of various
free-slipping and friction elections at the torso and lap and at 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, at
three of the four anchor locations.

The slip points are shown as open circles, rings R] and R2.
The rings may be fastened to ring straps, which lead to anchors A]
and AZ’ or they may be fixed to the vehicle frame at anchor locations
5 and 85,
are absent. The belt pairs 81-87 and 82-83, may be considered common
straps that may slip freely through their respective rings or with-
an amount of frictional resistance which depends on the resultant

normal force at the ring. Also, three optional methods are available

A] and A2, in which case the corresponding ring straps, B

for simulating the effects of torso belt slippage and friction against
the torso.




As for the simpler belt system, webbing properties for this
system may be prescribed either in terms of force-deflection or
force-strain characteristics.

SLIDE 21

The crash victim's environment is made to be dynamic by specifying
vehicle motion. Three independent motions are prescribed in tabular
form as functions of time: 1) a horizontal acceleration; 2) a vertical
acceleration; and 3) an angular "pitching" acceleration. The three
degrees of freedom for vehicle motion are shown here. Example piece-
wise-linear approximations of hypothetical crash profiles are shown on
the next slide.

SLIDE 22

For user convenience several options are available with regard
to specification of vehicle accelerations. Horizontal and vertical
components may be defined as the responses of a biaxial accelerometer
mounted on a part of the frame that is fixed with respect to the
occupant compartment. Alternatively, the accelerations may be pre-
scribed as motion components within an inertial frame of reference.
The accelerations may be entered in g's or in physical units. Pitching

accelerations may be in either rad/sec2 or deg/secz.

SLIDE 23

In special applications of the MVMA 2-D model, it can be useful to
be able to specify time-dependent forces for direct application to the
occupant. Provision is made for applying such a force to any desired
point on the head, as shown.

SLIDE 24

The MVMA 2-D computer model is organized as a multiprocessor in that
it is divided into three parts which operate in turn. The first
processor is called the Input Processor, or IN. It reads data cards,
packs the values into binary tables,and records those tables for use



by subsequent processors. The second processor, called the Dynamics
Solution Processor, or GO, reads the binary tables, solves the equations
of motion, and incorporates the computed results into the binary

tables. The third processor is called fhe Qutput Processor, or OUT.

It reads the binary tables produced by the other proceﬁsors and

prints a comprehensive summary of all recorded information as the user
specifies.

Discussion of the MVMA 2-D model in preceding sections of this
module is pertinent only to the functions of the first two processors,
that is: 1) reading and interpreting the input data; 2) solving the
equations of motion for the simulated crash; and 3) storing results.
The following discussion is pertinent to the output processor.

SLIDE 25

The output processor has two primary functions: 1) to process
and analyze computed results with various so-called "post-processor"
subroutines, and 2) to produce printed output.

Post-processor subroutines make possiblé digital filtering of
occupant accelerations. Either filtered or unfiliered 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 can be calculated. Up to eighteen standard potential
injury indicators including accelerations, loads, HIC, and severity
indices can be compared against user-speci?ied test values. Joint
relative angles can be similarly tested. In addition, it is possible
to compare any recorded response variable against any other or against
high and Tow test values.

In its second function, printing time histories of response variables,
the output processor deals with forty different categories of computed
results. They include information about vehicle motion, occupant motion,
Joint 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 printout. In
addition, it is possible to obtain formatted printout of input quantities.
Finally, the output processor can produce printer-plot stick-figure
representations of the occupant, the vehicle interior, and the restraint
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configuration. One stick figure from a time sequence of plots is shown
on the next slide.

SLIDE 26

(pause)

SLIDE 27

Two data decks are required for computer simulations made with the
MVMA 2-D model. Each data deck consists of a series of eighty-character
lines which will be called "cards" in this discussion. The first
data deck is read by the input processor, and the cards are identified
by numbers 100 through 1000 in columns 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
is read by the output processor. Each card is identified by a number
1001 through 1600 in columns 77-80. These cards contain data which
control printout and the use of post-processors discussed previously.
In general, data cards can be in any order within a data deck. Cards
which control model options not used for a particular simulation need
not be present. Also, various quantities can be defaulted to constants
stored within the program by omitting their cards from the data deck.

SLIDE 28

Each card consists of ten fields. The tenth field is reserved for
the previously mentioned card identification number. The first nine
fields, consisting of eight columns each, are data fields. Thus,
up to nine numbers may be required per card although most cards make use
of a smaller number of fields. Numerical data must be specified in
either F, E, or D format, examples of which are given with the figure.

SLIDE 29

The Tutorial System self-study guide and audio-visual program are
intended to facilitate learning to use the MVMA Two-Dimensional Crash
Victim Simulator. The point must be made, however, that the model user
must have the MVMA 2-D report manuals, particularly Volume 2, in order

10




to prepare data for a simulation. The Tutorial System self-study guide
is not intended to be a replacement for the report manuals, but rather,
a detailed supplement.

Volume 2 of the MVMA 2-D report manuals include a description of
all 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 is taken includes over 100 such card layouts.
They must be referenced in the preparation of a data set, but they
are not included with the Tutorial System. The table, in addition
to collecting in one place a description of all required input data,
includes information regarding default values for fields of cards omitted
from the data deck and also information regarding required units for
data, field by field. The units required for running the model with
metric-system or English-system data are indicated separately.

SLIDE 30

As previously mentioned, Tutorial System Modules 2 through 12
deal with different groups of related model features. However, it
is not possible to make the treatment of all subject matter in each
module completely self-contained. For example, Module 9 describes
the two optional belt restraint systems in detail. But the description
of general material property specifications, which are relevant to
belt webbing, body parts, and elements of the vehicle interior, is in
Module 6. Thus, reference to belt webbing material properties is made
in move than one module. Two tables are included in Module 1 to aid
the Tutorial System user in locating information within the self-
study guide relevant to any input data parameter. The first shows
all data cards referenced by each module.

SLIDE 31

The second table, one page of which is shown here, indicates all
modules which reference each field of each card.

1n



SLIDE 32

Module 1 has served as an introduction to the MVMA Two-Dimensional
Crash Victim Simulator and the Tutorial System. The Tutorial System
should be used in either of two ways.

First, the thirteen audio-visual modules may all be run, sequentially,
before the self-study manual is used. The audio-visual modules, each
consisting of 35 mm slides and narration on a tape cassette, treat
model features in much greater detail than they have been discussed in
this introductory module. However, they cover their material 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 to the model. They need not be
viewed in one session, of course. In this method of using the Tutorial
System, use of the self-study guide would follow viewing of all modules.

Alternatively, viewing of audioc-visual modules and use of the self-
study guide can alternate. In this method, the user of the Tutorial
System would study the subject matter of a module in detail before
proceeding to the next module.

Either method should be effective in preparing the user for
applying the MVMA Two-Dimensional Crash Victim Simulator to problems
of automotive safety design. After study of Module 13, the user should
be ready to exercise the model. The MVMA 2-D model can be applied 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. Applications have included simulating anthropomorphic dummy
drops onto 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 response of human subjects was measured when the head
was jerked to the side by a falling weight. But use of the MVMA 2-D
model need not be restricted to simulating human or human-analog
systems. Diverse applications are possible if the user is clever in
utilizing the many features of the model.

12
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MODULES OF THE MVMA 2-D

CRASH VICTIM SIMULATION TUTORIAL SYSTEM

MODULE

10

n

12

13

Introduction to the MVMA 2-D Crash Victim Simulation

The Body Linkage

Neck and Shoulder -Models

Contact Surfaces Attached to the Occupant

Contact Surfaces 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 is reserved for an energy absorbing steering
column)

Model Operation

Example Crash Simulations

FIGURE 1-3 Modules of the MVYMA 2-D Crash Victim
SimuTation Tutorial System

SLIDE 1-4
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'PREREQUISITES

User familiarity with basic engineering terms is required.’

Knowledge of algebra and analytical geometry is required.

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

SLIDE 1-5.

17



 MATHEMATICAL SIMULATION

® Focus of the Tutorial System: preparation of input data
® Design data
® The mathemafical model

@ Engineering judgment

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

SLIDE 1-6
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MVMA 2-D MODEL

. Nine-Mass Occupant Model

. Contact-Sensing Ellipses

. Collapsing Vehicle Interior

. Vehicle Exterior for Pedestrian Studies
. Extensible Two-Joint Neck

. Flexible Shoulder

. Time -Dependent Muscle Contraction

. Deployable Airbag

. Energy-Absorbing Steering Column

. Two Belt Restraint-System Submodels

. Horizontal, Vertical, and Pitching Vehicle Motions

FIGURE 1-4 The MVMA 2-D Model
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THE OCCUPANT MODEL

@ A nme mqss, ten segment body hnkuge

‘An extensible, two-joint neck and a reahshcclly flex:ble'
“shoulder complex o

Energy absorbu{g ]omt;

Time depende;wt m‘uscle adlvuty Ievel

Contact-sensing ellipses of arbltrory s«ze, posmon, cmd number

“which define the body profile

‘General and arbitrarily-definable ‘monlinear materials with
‘energy-qbsorbmg capability for all parts of the body
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FIGURE 1-5 Articulated Body Schematic

SLIDE 1-9
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FIGURE 1-5‘ Seated Occupant in Position of Approximate Equilibrium
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SLIDE 1-13
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FIGURE 1-10 Maximum range of motion of the glernid fossa
" (shoulder socket) in shrugging movements

"SLIDE 1-14
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'MATERIAL PROPERTIES

@ Tabular or polynomial loading curves

® ‘Materialyield point deflection

® Force saturation level for plastic loading.

@ Hysteretic unloading characteristics that depend on maximum
deformation

® Surface fricion charaderiics

SLIDE 116
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FIGURE 1-13 MVMA 2-D Airbag Model
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Location

FIGURE 1-16 Vehiclé Coordinates
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I, X

\  FIGURE 1-18 Schematic of Force Applied to Head
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__THE MULTIPROCESSOR MVMA 2-D MODEL

@ IN = Input Processor

® . GO = Dynamics Solution Processor, or Execution Processor

® OUT = Output Processor -

FIGURE 1-19 The Multiprocessor MVMA 2-D Model
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'FUNCTIONS OF THE OUTPUT PROCESSOR

@ Digital filtering of accelerations

® Caiculation and festing of potential injury indicafors

® Printout of forty categories of computed results
® Formatted printout of input quantifies
® Stick-figure printer plots _

i 125
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FIGURE 1-20 Example of Printer Plot Output

SLIDE 1-26
38 ,



« DATA DECKS

é_faﬂr_d—_l}lwum!?er
;fé@s ‘Cardsread ble
on 100, 200,.., 900 content used for
102 outomohc titling of pages
\
|
i
L e . —
1000 - 11000 (blank) marks end of data deck
oo I
1002 i Cards read by OUT.
1003 R St
?
|
{ .
1600 '1_6—99 (blank) marks end of data deck.k

FIGURE 1 22 Data Decks

SLIDE 1-27
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/i

Acceptable data formats

123.4

E
1.234E2

D

'1234D2

FIGURE 1-23 A Data Card
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DATA CARDS REFERENCED BY MODULES

Module

Data Cards Referenced

2 201-217, 303, 227-238

3 201-203, 205-217, 227, 228, 233, 235-242,.303

4 102, 103, 106, 219-226, 402, 412, 903, 907-909

5 102, 103, 106, 219, 401-412
6-1 103, 219, 221-226, 401, 403-408, 702-716
6-2 102, 103, 219, 222, 401, 402, 404, 409, 410, 412, 605,

606, 705

7 205, 206, 215, 216, 301-304, 409, 1501, 1502

8 601-606

9 102, 218, 501, 701-723
10 102, 411, 901-909
n -
12 101, 102, 104, 105, 107-111, 218, 1000-1004, 1100-1107,

1200-1202, 1300, 1400, 1401, 1500-1502, 1600

FIGURE 1-25 Data Cards Referenced By Modules

_SLIDE 1-30
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" DATA CARD FIELDS
AND REFERENCING MODULES -

Card Field
] 2 3 4 5 6 8 9

101 {12 12 pe he 12 12 12 iz |2
102 |[9,12 foyi2 e 4 4,5 |4 6-2 |12 12
103 |62 B2 -1 61 g2 |5 5 4 4
106 (12 b2 12 i 12 12 |12 12 |2
105 e he 12 2 12 12 12 12 12
06 |45 b5 a5 as

07 |2 12 2 he 12 |12 |2 12 12
108 |2 12 P2 he 12 iz e e 12
109 |h2 12 e e 12 12 |12 12 12
1o |he 12 he e 12 12 |12 12 12
m e 12 2 he

201 (2.3 |2 2 2 2 2 3 3
200 2.3 2,3 | 2 2 2 2 2 3
203 | 2 2 > 2 2 2 2 2,3
204 | 2 2 7 2 2 2 2

205 |23 PR3 PR3 k3 {23 a3 |os ks o
206 (2,3 2,3 P30 |23 |23 (23 |23 |37 |23
207 |2 2 2 2 2 2 2 2 2
208 ||2 2 2 2 2 2 2 2 2
209 |2 2 2 2 2 2 2 2 2
210 ||2 2 ) 2 2 2 2 2 2
21 1123 23 R3 0 [2,3 0 [ (23 [3 ks |23
212 |2 2 > 2 2 2 2 b 2

FIGURE 1-26 Data Card Fields Referencing Modules (Page 1 of 6)
~ SLIDE 1-31
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USING THE TUTORIAL SYSTEM

Qi Sequenhal viewing of the ClUdIO vnsual modules, followed
by use of the self- study guide h

;r -] Alternate use “of the qudno vnsucl program "and the self- study'

gurde T

\suoe 1- 52
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MODULE 2 -- THE BODY LINKAGEL

SLIDE 1

The MVMA-2D crash victim is represented,analytita]]y as a "lumped
mass" dynamical system. That means that we approximate the body by
a string of rigid links and that all viscoelastic elements affecting
angulation of body parts relative to each other act at discrete
points connecting the links. This approach is essentially the same
as used in other crash victim simulators developed to date.

SLIDE 2

The first figure illustrates this body linkage. The crash
victim is treated as an eight-mass system in which ten physical
links are represented. The user of the MVMA-2D model supplies values
for link Tlengths 111ustrated and specifies the location of each link
center of mass with respect to a body joint. A mass and moment of
inertia are specified for each body element.

SLIDE 3

Since this is a planar model there would be no great purpose
to including left and right legs separately. Consequently, a single
two-1link leg represents the two legs combined, as if bound together.
Accordingly, the thigh and lower leg masses, M5 and M6,shou1d be
assigned double values. The arms are similarly treated as only two
links.

SLIDE 4

The human spinal column is more or less continuously flexible
since it is composed of thirty-three vertebrae and intervening fibro-
cartilaginous discs. The model simulates flexibility of the combined
thoracic and lumbar spines by two articulations which connect three
torso masses. These are joints 3 and 4 in the figure. The mass
M2 ordinarily represents the thorax and contents while M4 represents
the pelvis and attached soft tissues. Mass M3 can be called the
abdominal arca as it serves as the mass between the thoracic and
pelvic regions.
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SLIDE 5

F]exibi1ity of the cervical spine (neck) is accounted for by two
articulations, one at the occipital condyles at the base of the
skull and one at the seventh-cervica]/first-thoracic'juncture, where
the neck joins the chest. The neck element itself is massless in
this model, but neck mass can be apportioned however desired at the head
and torso junctures. This element can undergo both compression and
elongation. Note that the upper neck articulation may be offset from
the vertical head axis.

SLIDE 6

A similar massless body link is found at the shoulder connecting
joints 7 and 9 in the figure. This element allows simulation of
shoulder flexibility resulting from motion of the clavicle. Neck
and shoulder flexibility is discussed in detail in Module 3.

SLIDE 7

The first series of slides has dealt with physical quantities
such as body segment length, mass, moment of inertia, and center
of gravity location. These quantities are measured relatively easily
for simulations of dummy motions as the dummy can be disassembled.
The measurement of link lengths and inertial properties of human and
cadaver subjects is not yet an exact science.

SLIDE 8

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

SLIDE 9

A so-called "in-line orientation" is defined as a reference orien-
tation for several model input quantities. Body joints are numbered
here as in the first series of slides.

Angulation at body joints is relatively free until hard-tissue
resistance is encountered. Polynomial coefficients for nonlinear
resistive torques are prescribed and become effective when specified
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range-of-motion limits are reached. A relative angTe is considered
positive when the link nearer the head is positioned counterclockwise
from its in-line orientation as shown in the figure.

SLIDE 10

Values for the range-of-motion limits, the so-called joint
stop angles, are normally taken as the extreme angulations voluntarily
assumed by human subjects. Two joint stop angles are defined for
each joint so that both clockwise and counterclockwise angulations
can be properly limited. For many joints, these positions are on
either side of the in-line orientation, that is, one value is positive
and one is negative. For this reason they are often called "positive"
and "negative" joint stop angles. But since there is no general
restriction on the stop values and since indeed the stops are not
always 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 in the figure. Positions of
Lo the upper link, requiring clockwise rotation are described by
negative angles.

Another quantity illustrated by the figure is the "natural link
position." A better name for this quantity might be "link equilibrium
position." It is the value of the relative angle at which no linear
component of spring torque results. In contrast to the nonlinear joint
stop coefficients, the values normally used for linear coefficients
produce small torques except for large relative angulations. The
natural link positions are most commonly set to coincide with the
initial occupant configuration so that no joint torques exist at time
zero. Resistance to small motion away from this configuration is
normally considered to be due to soft-tissue deformation, but the
linear joint torque component can sometimes be used effectively
with nonlinear components in softening hard-tissue resistance.
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SLIDE T

This next figure is a stick-figure representation ofa seated
occupant. As an example of joint stop locations, consider the
knee, for which a range of motion is illustrated. The lower leg is
at the positive-most stop in the bent knee position. There, the
upper-leg link, La, is located +150° counterclockwise from an in-line

position with the Tower leg element, L The straight leg position of

zero degrees angulation is the negativs-most stop. The natural link
angles are normally chosen for the rest position of the seated occupant.
Here, the knee has a natural link position of 62° since the upper leg

is 62° counterclockwise from an in-line orientation with the lower

leg. The two stop angles and the natural link angle must be specified

for each joint.
- SLIDE 12

Spring torques resisting joint angulation are illustrated in this
figure as functions of relative angle at a joint. A linear torque
component is proportional to §, the angular distance from the natural
link position. Nonlinear square and cubic terms enter the torque com-
putation when interaction with the two stops is encountered. From
the formula it is seen that three stiffnesses are required to specify
joint spring torques.

SLIDE 13

Four additional properties of the joint have yet to be described.
These deal with energy absorption. The first property is the "R-
ratio" for the joint. This is the fraction of the energy stored in
the 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 is illustrated in the
figure. During program execution, a quadratic unloading curve is
computed such that the area A is related to the total loading
energy through the R-ratio.

SLIDE 14

This figure defines two quantities needed for computation of a
constant friction joint torque. Fg is the constant torque level for
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joint "i." The quantity Vg is the velocity threshold for constant fric-
tion. This is the minimum relative angle velocity for which the full
friction torque results. Torques for relative angle velocities less
than the velocity threshold in absolute value are calculated with

a cubic ramp, as illustrated in the figure. This quantity is

required for computational stability. Constant friction is not a com-
ponent of torque appropriately used for modeling the human being since
human joints are virtually frictionless. It is very useful, however,
in simulating anthropomorphic dummies. Another required coefficient,
not illustrated here, is the proportionality constant for a velocity-
dependent torque -- the viscous friction coefficient. This torque is
directly proportional to the magnitude of the relative angle velocity
and, of course, acts in a direction to resist motion.

SLIDE 15

Ten data quantities that must be speEified for all joints have
been described with the preceding six slides. These include joint
stop locations, 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
friction torque, and a viscous torque coefficient.

The upper and lower neck joints in the MVMA 2-D model are atypical
joints in an important sense. They are allowed to have viscoelastic
properties in flexion different from those in extension. While the
"typical" joints discussed can have asymmetric joint-stop positions,
still the torque-producing elements are the same for positive and
negative relative angle motions.

SLIDE 16

The remainder of the module deals mostly with data required for
modeling human response to impact. The first item discussed is muscle
tension. None of the previously described viscoelastic 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
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determines generalized forces for muscle tension torques at the eight
joints. A similar torque is calculated to resist angular motion of the
shoulder link. Muscle tension. resistance to elongation of the neck

and shoulder links is also modeled. ‘

Experimental investigation of the knee joint indicates that this
property is properly 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
activation, M.

a1s A, and ay are assumed to be constants for the subject and
the joint. Arguments relating these quantities to muscle tissue
strength properties allow the development of scaling laws for going
from joint to joint in an individual or from individual to individual
for the same joint.

SLIDE 17

The torques M are specified by the user as time-dependent levels
of muscle activation. M(t) for any particular joint is generally
bounded by the maximum static moment that the vehicle occupant would
be able to generate voluntarily. Typically, the dependence on time
is as shown in the figure. tR is the reflex time, a non-zero value
whenever the vehicle occupant is not pre-tensed because of awareness
of impending impact. tC is the contraction time, which is the time
required for muscle activity to peak from a state of rest. Values
of tR and tC for muscles at all joints are typically 50 msec and 120

msec, respectively.
SLIDE 18

The MVMA-2D muscle model, based directly on angular motion,
is somewhat artificial in that muscle moments are really a result
of lineal action of a muscle with a moment arm. This results in
no analytical difficulties, however, since all lineal muscle coef-
ficients can be related to effective angular coefficients by the effec-
tive moment arm, L.
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SLIDE 19

Muscle tension data are required only for those cases where the
user desires to simulate 1iving human response to a dynamic environ-
ment. Required for each joint are the three coefficients a15 3y, A3
and a time-dependent table defining muscle activity moment. Example
data are included with the text of Module 2.

SLIDE 20

Good biomechanical and anthropometric data are important for
successful use of any crash victim simulator. It will often be the
case that the user has established a good data set for one segment
of the population, for example, middle-age males of 50th percentile
stature and weight. However, he may have little data for other popu-
lations. It is generally possible by applying scaling relations to
good data for one population to develop reasonable data for other popu-
lations.

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

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

1) A1l internal and external length measures of the "scaled"
biomechanical system (subscript 2) are proportionate to the corresponding
measures of the "scaled to" system (subscript 1) by the same proportionality
constant. That is, linear scaling in size is assumed.

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

3) Corresponding anatomical elements of the two systems have the
same material constitutive properties. This means that material
parameters such as Young's modulus (E) are the same for corresponding
elements while the strengths of the elements will not be the same
if they are of different size.

It is clear from these conditions that biomechanical scaling
will be better between some population segments than between others.
Linear scaling in size is probably the primary weakness in human
scaling. The reason is that body proportions are functions of age
and sex. For example, better results can be expected for scaling
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from 35-44 year-old males to 18-24 year-old males than one can expect
from scaling 35-44 year-old males down to 6-9 year-old females.

But it is also clear from the stated assumptions that scaling between
segments of the human population has a considerably firmer basis than
scaling from lower primates to humans, which is a common technique.
used in the development of human injury tolerance data.

SLIDE 21

The preceding slides have illustrated the features of the MVMA-2D
body linkage and the data required for model operation. Four of
these illustrate overall geometric and inertial properties. Two
define joint stop locations and link equilibrium angles. Five de-
scribe force resistance properties at joints. All of the joint
properties are relevant to both dummy and human simulation except
for constant friction torque, which is not realistic for human
joints, and muscle contraction torque, which is characteristic of
human response only.
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FIGURE 2-1 Articulated Body Schematic

'SLIDE 2-2
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“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
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Positive Relative Angle

|(-Z In-Line

Orientation

' La‘ body link nearer to head

Lg = body link nearer to feet

FIGURE 2-5 1In-line Orientation

SLIDE 2-9
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Lower
Joint Stop.

“Natural”,
Link Position

Upper
Joint Stop:!

In-Line Orientation
| st
A

i (arB) - iOin";
Lg = body link nearer
to head
'LB L-B = ?:ci:eltink nearer
+ rotation

FIGURE 2-6 Definition of joint stop angles and
natural Tink position

SLIDE 2-10
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Joint Stop Position

‘Joint Stop Position

FIGURE 2-7 Joint Stop Positions for Knee

SLIDE 2-11
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. Spring Torque .
“at Joint

]

Lower Stop

]
L]
'

) . Relative Angle
“Natural” Upper at Joint

Link Angle ‘Stop

, o - 2, 13N can
SPRING TORQUE = -k e xp 8-{ ) Nonunear &+ K2,NONLNEAR 1)sama

' |

Linear component 'Nonlinear, joint-stop component

FIGURE 2-9 Linear and nonlinear joint torque

SLIDE 2-12
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Joint Stop
Torque

FIGURE 2-10 R-ratio for energy conserved at joint stop

SLIDE 213
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Constant Friction Torque

J
ii
%
Y Relative Angle Velocity

FIGURE 2-11 Joint friction at joint "i"

SLIDE 2-14
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IDATA QUANTITIES FOR JOINT DEFINITION

® Joint stop locations (2)

o ‘.llj&fu ral (zero- torqu e[pOS‘l}l‘O n (l)

® Spring torqus cosficionts (3)

® Enirgy absorpian in it unioading ()

@ Velocity-dependent viscous motion resistance (1)

@ Constant friction (2)

Sie 215
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.

Relative Angle

) k~= ayt gilM\
¢ = 03|Ml
M=

FIGURE 2-12

“M(t), muscle activity level

Muscle element

SLIDE 2-16
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Muscle
Activity
Moment

R et fe t

Time
FIGURE 2—]3_ Muscle activity moment as a function of time

SLIDE 2-17
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\\\\\\\}X

FIGURE 2-14 Muscle at a joint

'SLIDE 2-18
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“MUSCLE TENSION DATA

-] Muscle tissue pcxrqm'eter's, ay, G, G

® Muscle activation level, M(t)

‘SLIDE 2-19
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SCALING RELATIONS

Ca et

LENGTH:
AREA:

VOLUME:

MASS:

MOMENT OF INERTIA:
DAMPING COEFFICIENT:
LINEAL SPRING CONSTANTS:

TORSIONAL SPRING CONSTANTS:

M = mass
- 1/3
L] = LZ(Ml/MZ)
_ 2/3
A] = AZ(Ml/MZ)
Vp= VoM /M)
m = m2(M]/M2)
- 5/3
Iy = T(M/My)
_ 2/3
i ; CZ(?]gMZ) (2-n)
n) _ (n 2-n)/3
Ky = K (M1/M2)
where F = K(])G + K(z)dz + ...
(n) _, (n)
Kle = K2 (Ml/MZ)

where T = Ké])Ae + ng) (Aé)2 + ..

FIGURE 2-18 Parameter Scaling Relations

~ 'SLIDE 2-20
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_ SUMMARY OF REQUIRED
'BODY LINKAGE DATA

® |Body segment lengths

® . Center of gravity positions

® Body segment masses

© Moments of inertia
@ \Joint stop locations

@ |Joint zero-torq;é position

® Spring Torque coefficients
© Energy absorption in joint
® Viscous forque

® Constant friction torque

@ Muscle tension.

\SLIDE 2-21
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MODULE 3 -- NECK AND SHOULDER MODELS

SLIDE 1

In this module, the neck and shoulder models of the MVMA 2-D
Crash Victim Simulator are discussed.

SLIDE 2

The cervical spine is that portion of the spinal column from the
skull to the thoracic spine. It supports the head and provides mobility
and flexibility in the neck. The upper portion of the first slide shows
a lateral view of the human cervical vertebral column.

Viewed as a mechanical system, the human neck is complex. The MVMA 2-D
occupant model is a lumped-parameter system. While the neck representation
in this model is more complex than that in most whole-body motion
simulators in current use, it still adds only three degrees of freedom
to the occupant model. The user is therefore neither required nor al-
lowed to define values for more than a relatively few biomechanical
neck parameters. The discussion accompanying this slide and
the following four is an introduction to the anatomy of the neck.

The purpose of this introduction is not to define quantities for
which values must be provided, since no anatomical detail is included
in the analytical neck model, but rather to help the user to develop
good judgment and insight in the use of the model and interpretation
of results.

There are three primary types of structural components in the
cervical spine -- vertebrae, intervertebral discs, and ligaments.
Of the thirty-three vertebrae in the human spinal column, seven are
in the neck. The seven vertebrae are conventionally designated Cl
through C7, where C1 is the uppermost vertebra, commonly called the
atlas. The lower portion of this slide is a superior view of a typical
cervical vertebra, any below the axis, C2. The anterior portion of
each vertebra is a solid vertebral body, which imparts strength to
the spinal column and bears the weight of the head. A bony
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vertebral arch is attached to the posterior portion of the body. It
encloses and protects the spinal cord. This arch also furnishes

bony projections and processes, to which ligaments and muscles attach.
The inferior portion of the skull, or occiput, is closely attached to
the cervical spine by some of these ligaments and muscles.

- The skull is 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 first cervical vertebra, the atlas.

SLIDE 3

Hefe, x-rays show the cervical spine in neutral, hyperflexed, and
hyperextended positions. Note that in the neutral position, the normal
cervical spine is already in slight extension, a rearward bending with
convexity forward. This normal cervical curvature is called lordosis,
and it results from the greater depth of the intervertebral discs
anteriorly rather than posteriorly. Greater articulation in the plane
of symmetry can occur at the occipital condyles than at any interspace
‘below the atlas in the cervical spine. Values of from 20 to 35 dearees
of total motion are reported by various investigators. Below the
atlas, there is considerable variation in the average ranges of motion
at the different vertebral levels.

SLIDE 4

The range of motion values given in this slide are averages for
twenty normal adults and are typical of values reported in the litera-
ture. C7 is adjacent to the first thoracic vertebra, conventionally
designated T1. The thoracic part of the spinal column itself is
'relative]y immobile, and the transition interspace C7-T1 has a
smaller range of motion than the cervical interspaces above it.

After the atlanto-occipital joint at the condyles, most motion occurs
at the mid-levels of the cervical spine.

SLIDE 5

Except between the occipital bone of the skull and the atlas,
and between the atlas and axis, the vertebrae are separated by
elastic discs of cartilage called intervertebral discs. These are
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firmly joinéd to the vertebral bodies, anterior to the spinal canal,

and allow 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 moyement in any direction. The annulus fibrosus en-
closes a semigelatinous substance and a kerﬁe] of elastic, compressed
tissue called the nucleus pulposus. The semifluid character of the
interior of the disc serves to distribute compression forces equally over
the surfaces of opposing vertebrae. The intervertebral discs in

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

In addition to vertebrae and discs, ligaments are an important
structural component 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 skull and intervertebral discs to one another.
The most important function of the cervical ligaments is in maintaining
stability. They serve to maintain the apposition of component parts of
joints and allow and limit the appropriate range of motion for each
joint.

SLIDE 6

Muscles are not components of the cervical spine, but they do sig-
nificantly affect head and neck dynamics. They assist the vertebrae,
discs, and ligaments in resisting tension énd torsional loads.

Six major muscles control movements of the head and

seven control neck movement. The approximate origin and insertion
points and the line of action of the most important of these muscles
are indicated in this figure.

SLIDE 7

It is clear that the cervical spine has many degrees of freedom,
even in motion confined to the plane of symmetry, the midsagittal
plane. Even if 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
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vertebrae and the skull in the midsagittal plane. In the MVMA-2D
simulation, angular motions of the head and neck are lumped at two
articulations. In this figure these joints are illustrated at the
positions of the occipital condyles and the C7-T1 intervertebral

disc. The user is 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 but rather by deformabie
viscoelastic elements, so a third degree of freedom is a mode for
compression and elongation of the neck. Motion in this mode tends to
be small even in high-G environments since the intervertebral discs are
stiff.

SLIDE 8

This figure illustrates various geometrical quantities for which
the user must assign values. The position of the upper neck articula-
tion is specified with respect to the head center of mass in the head
coordinate system. The quantity C is the rearward offset of the joint
from the superior-inferior head axis. The quantity ¢, positions
the joint downward from the head center of mass. The lower neck articu-
lation is constrained to lie on the longitudinal principal axis of the
upper torso link, so a single length, 2,, is required to define its
location. This is the distance of the C7-T1 joint from the center
of mass of the upper torso. Additionally, the initial length of the
extensible neck 1link, that is, the straight-line distance between
the neck articulations, must be specified by the user.

The mass of the extensible neck is Tumped at the extremities
of the element, at the head~neck and neck-torso joints. The total
neck mass and the decimal fraction which is to be placed at the upper
joint are user-prescribed quantities.

SLIDE 9

In the MYMA-2D model, the complex of motion-restricting elements
in the cervical spine previously described is Tumped by defining
composite torsional viscoelastic elements at the two joints
and Tinear viscoelastic elements between the joints. While
‘this limits the degree to which model predictions can agree with
reality, performance of the lumped-parameter, three-degree-of-freedom,
head-neck system has been shown to be good. And from a practical
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point of view, this simplification of the real biomechanical system
makes the model usable because empirical values for composite neck
characteristics are much easier to determine than values required to
describe an anatomically detailed analytical model.

Viscoelastic joint parameters are fully discussed in Module 2.
Several types of elements are defined for each joint in the occupant
linkage, including the neck joints. These include a Tinear 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 muscle activation. Hysteretic energy loss for
deformation of a joint stop can be simulated by specification of

a restitution coefficient. For the neck joints, these viscoelastic
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 parallel which resist neck compression and elongation. These
elements represent resistance of discs and ligaments to lineal
deformation. The spring 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
first, second, and third powers of neck deformation and values for
the linear viscous-friction coefficients.

SLIDE 10

The preceding slides have illustrated characteristics of the
human cervical spine and of the neck model of the MVMA 2-D simulator.
The data requirements for the neck model include geometry and mass
properties, the relative angulations at the neck joints for which
elastic torques are zero, joint stop locations, passive viscoelastic
properties for both angular and linear deformations of the neck,
and muscle characteristics.
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SLIDE 11

The shoulder is a composite system that consists of four skeletal
elements and three joints. In order of their positions in the linkage,
the skeletal elements are: 1) the sternum, or breastbone; 2) the
clavicle, or collar bone; 3) the scapula, or shoulder blade; and
4) the humerus, or upper arm bone. The three joints are the articula-
tions between these four skeletal parts, and their names are derived
from the skeletal parts that they join. Thus, the first two joints
are the sternoclavicular joint and the claviscapular joint. The
third is called the glenohumeral joint. Its name is derived from the
glenoid fossa, the depressed surface on the scapula in which the
head of the humeral bone rotates.

Twelve separate ligaments affix to the four skeletal elements.
They transmit torques from one element to another as muscles are
contracted, and they limit the motions that the shoulder complex can
undergo freely. The continuous boundary of the range of relatively free
motion that can occur at a single joint or a composite of several
joints is called a "joint sinus." It is sometimes called an "excursion
cone" since in three-dimensional space the extreme range of the motion
pattern is typically a conical surface swept out by a skeletal link.

SLIDE 12

The clavicle, when moved to its extreme positions in all direc-
tions permitted by the sternoclavicular joint, describes a conical
Joint sinus with an elliptical opening. The elliptical base of the
cone is shown in the lower figure. Motion of the clavicle tending to
enlarge the sinus is resisted by the binding of ligaments and by the
pressing together of articular surfaces.

SLIDE 13

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." is the rest position of the mean center of the
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glenoid fossa on the scapula, the socket in which the humeral head
articulates. The dashed ellipse is the maximum range of motion of
this point when the arm is hanging straight down.

More or less independently from these claviscapular motions,
_articulations of the humerus occur at the glenohumeral joint. The
joint sinus is large since ligaments between the scapula and the
humerus allow the arm considerable freedom of movement. As long

as the humerus is not rotated axially, the glenohumeral sinus from
anterior to posterior is about 160 degrees. With axial rotation

of the humerus, the range of motion of the upper arm can exceed 180
degrees, being limited to an approximately overhead position in the
one extreme and to a position somewhat back of vertical when downward.

The shoulder model used in the MVMA 2-D Simulator has three
degrees of freedom which represent the motions illustrated in the
figure. The model is simplified by the assumption that the joint
sinus for clavicle and scapula translatory movements is circular in
cross section rather than elliptical as shown. Further, the rest
point of the glenoid fossa is assumed to be at the center of the circle
rather than below it.

SLIDE 14

The geometry of the planar shoulder model is illustrated in this
figure. Joint 9 is the rest position of the glenoid fossa. Its
fixed location on the upper torso link is defined by the constants
ec and L27, both determined from user-specified input data. This
point is at the center of a circle with radius specified by the user
which represents the translatory range of motion of the glenoid
fossa. Joint 7 is the time-varying position of the glenoid fossa,
together with the humeral head. Excursion of this point away from
point 9 is resisted by linear spring and damping elements until
the joint sinus circle is reached. Excursions exceeding the radius
of this circle are 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 is most accurately pictured as the projection onto the X-Z plane
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of the straight line joining the sternoclavicular joint (9) with
the glenohumeral joint (7). The angle between this dashed 1ine and
the upper arm has no physical significance. Thus, sagittal-plane
articulation of the upper arm at the shoulder socket; i.e., 97 -
motion about point 7, is restricted by viscoelastic elements fixed
to the upper torso. Joint stop positions of the upper arm with
respect to the upper torso as well as all viscoelastic elements

are user-prescribed input data.

These data include a restitution coefficient for hysteretic un-
unloading from excursions beyond the joint sinus circle. As it may
not be true that resistance to motion of point 7 away from point 9
is the same in all directions, the linear, quadratic, and cubic spring
coefficients are allowed to be specified as functions of the angle
o having periods of 360°.

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

SLIDE 15

The last four slides have illustrated characteristics of the
sagittal-plane kinematics of the shoulder complex and also characteristics
of the shoulder model used in the MVMA 2-D simulator. The data that
must be specified by the user include shoulder geometry, the
positions of motion-limiting stops, passive viscoelastic properties,
and muscle characteristics.
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FIGURE 3-1 The cervical vertebrae

SLIDE 3-2
83



&

Neck Flexion

Neck in Neutral Position

Neck Extension

FIGURE 3-2 X-rays of a normal human neck in the neutral position
and in full voluntary flexion and extension

SLIDE 3-3
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FIGURE 3-3 Average range of flexion and extension (in degrees)
at each vertebral level in 20 normal adults

SLIDE 3-4
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FIGURE 3-1 The cervical vertebrae

SLIDE 3-5
86



splenius
capitis.

7 longus capitis + rectus capitis
spinalis.
cervicis.

/

‘sternomastoid

T At AR
e i

RS

capitis

\/’ \ semispinalis

cervicis

FIGURE 3-4 The major muscle groups controlling head and neck movements

SLIDE 3-6
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Occipital condyles

FIGURE 3-5 The MVMA-2D two-joint, extensible neck

SLIDE 3-7
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FIGURE 3-6 MVMA-2D extensible neck geometry

SLIDE 3-8

89

- >



. Head

Upper neck joint |

Neck length

L

n

K, K,

1/

S 1, £

c(m)

’ Lower neck joint

2

Upper torso
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" SUMMARY OF REQUIRED NECK MODEL DATA

©/ Neck length
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FIGURE 3-12 The shoulder complex and its skeletal parts

SLIDE 3-11

92



FIGURE 3-13 Joint sinus of sternoclavicular joint

'SLIDE 3-12
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FIGURE 3-14 Maximum range of motion of the glenoid fossa
(shoulder socket) in shrugging movements

SLIDE 3-13

94



, Lower neck joint
H . i

2 (Xs,Zs)

relative

S e
> - (X,,Z,) 4
9 ,\;’, 7 7upper arm, inertial
n
$
)
k ) X Z)
2 upper torso,
. inertial

‘Upper spine joint

?9_,7=x§i2+zsk2

0 = constant

L,,= constant

FIGURE 3-16 Shoulder Joint
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'SUMMARY OF REQUIRED SHOULDER MODEL DATA

® Location of fhe sternoclavuculcr joint relative to the upper
]torso CG' '

®  Radius of the sinus for daviscapular motions
® | Joint stop angles
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MODULE -4 - CONTACT SURFACES ATTACHED TO THE OCCUPANT

SLIDE 1

Modules 2 and 3 describe the occupant linkage adequately only

for the simulation of free motion problems. In those modules, link
4 lengths, joint characteristics, and mass and moment of inertia proper-
ties are defined. No part of the occupant description in those modules
is directly relevant to the application of external forces to 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 in crash simulations. Means must be provided for
generating forces for occupant interactions with restraint systems
and surfaces of the vehicle interior. In general, this necessitates
description of the geometry of the interacting systems.

SLIDE 2

This module deals with the description of occupant geometry, that is,
with the definition of the planar occupant profile. The MVMA 2-D
model provides for generation of forces from belts, airbag, occupant
contact with vehicle surfaces, and interaction between body parts.
The MVMA 2-D belt models, discussed in Module 9, do not require the
~ definition of an occupant profile. The other force producers mentioned
do depend on an occupant profile, and their descriptions are discussed
in this module. Since it was convenient to use different analytical
techniques for each of the force producers, the occupant contact-
sensing profile is defined for each, independently, by a different
set of input parameters.

SLIDE 3

The most important of the three occupant profiles to be discussed
in this module is for sensing occupant interaction with vehicle-
interior surfaces. It is’'the most important in that it will be de-
fined for virtually all crash simulations while the occupant profiles
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discussed 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 is a set of ellipses of
arbitrary number and dimensions, fixed to body links at arbitrary posi-
tions. The only restriction is that either the major or minor axis
of each ellipse must be parallel to the body link to which it is
 attached. Material properties may be assigned for each ellipse, or
an ellipse can be specified as rigid.

SLIDE 4

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
it will be only summarized here. This profile is a set of connected
or disconnected straight-line segments. An example profile of five
segments is illustrated in this figure, but 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 is
presented here of several considerations that are normally made. Several
points can be made by examining the figure. The following discussion
pertains to these points.

The first point deals with specification of unnecessary ellipses.
For the vehicle-interior profile shown, the head ellipse is probably
unnecessary for simulation of a front-end collision, even for a re-
strained occupant. It seems unlikely that any head contacts could
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 its
presence is to sense possible contacts; hence, its presence may repre-
sent a modeling inefficiency since wasted computations and storage
result. Similarly, the knee and hand ellipses are probably unnecessary
for a frontal impact. The careful user will seldom go wrong in
trying to model a crash event as efficiently as possible.
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The second point deals with incomplete specification of ellipses.
The figure illustrates such a modeling deficiency for the case of a
rear impact simulation. The addition of an elbow ellipse might be appropriate
as the elbow joint might otherwise pass unimpeded through the seatback
line. However, the effect of arm contacts on overall body dynamics
. is often considered not to be of importance, so this may not be necessary:

Third, so-called "inhibition switches" for contact interactions
should be used for most simulations. Contact inhibition switches can
be used to specify either allowed interactions or interactions that
are not to be considered by the model, that is, "inhibited" interac-
tions. The purpose of specifying allowed or disallowed interactions
is usually to make it unnecessary for the computer model to check all
combinations of occupant 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, it would be reason-
able to specify the following allowed interactions: THORAX against
SEATBACK, HIP against SEATBACK, HIP against SEATCUSHION, THIGH against
SEATCUSHION, KNEE against SEATCUSHION, FOOT against FLOORPAN, and FOOT
against TOEBOARD. These are seven interactions for which forces could
result. Since there are potentially seven ellipses 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.

Fourth, "holes" in the occupant profile are sometimes of consequence
and sometimes not. For example, the figure shows several spaces be-
tween ellipses along the occupant linkage, but the ellipses present
are adequate for reasonable interaction with the defined vehicle-
interior profile. No ellipse should be required at a mid-torso loca-
tion because the hip and thorax ellipses at either end of the torso
adequately account for interaction against the single line of the
seat back. Holes in the occupant profile at the neck, arms, and lower
legs are of no consequence for this case because there are no vehicle
surfaces which are likely to pass through the interspaces. If, on
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the otherhand, the vehicle-interior profile included a panel region
in front of the occupant, it would probably be important to 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 at a mid-torso location for
- a rear collision.

Fifth, a contact-sensing circle is often just as suitable as an
ellipse. The thorax ellipse in the figure is a true ellipse, not a
circle. But there is clearly no advantage in using an ellipse here.
The only possible interaction of the thorax is with the seat back, and
a circle could be attached to the upper torso link which would produce
virtually identical deflections of the seat back for all 1likely posi-
tions and orientations of the body linkage. Use of a circle instead
will result in a negligible reduction in computation expense, but the
circle may be somewhat easier to position properly on the upper torso
Tink.

SLIDE 5

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 illustrates such a case. The point on
each ellipse and circle perimeter of maximum distance into the material
side of the line segment is called a "contact point," and, for each,
the maximum penetration distance defines the deflection. For the line
segment and ellipse illustrated, the deflection is SE'

The algorithm for determining contact forces, discussed in Module
6, will normally find a non-zero force for a deflection ¢ greater than
zero whenever the contact point is between the endpoints of the line
segment. The force is normally zero whenever the contact point is out-
side the line segment. The ellipse shown clearly should have an inter-
. action force with the line segment AB. But it will not, even though
the "deflection" GE is greater than zero, since the contact point
lies outside the line segment. Use of the three circles in place of
the narrow ellipse is superior since, while the contact point of one
circle is outside the segment AB, two circles lie within the segment.
The deflection 6c will produce a reasonable force. A general rule
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to follow is that a contact-sensing ellipse should not be longer than
any line segment that it must contact for there to be proper resistance
to occupant motion.

SLIDE 6

Seventh, it is important when assigning material properties to keep
in mind that forces for contacts of the occupant with 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-
lation models concern themselves only with the force-deflection charac-
teristics 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 toc large.
Consequently, resulting model predictions of peak forces and G-levels
are generally too high. The MVMA 2-D model allows separate definition
of material properties for contact ellipses and vehicle-interior
surfaces. The user should define a material for both elements of an
interaction whenever data is available unless one element is considerably
softer than the other. In this case, the stiffer element may reason-
ably be specified as rigid.

The figure illustrates an interaction between a non-rigid body
ellipse and a non-rigid vehicle-interior surface. Both interacting
elements deform. The total relative displacement, &, is the sum
of the separate deflections, ¢, and §,.

SLIDE 7

Specification of material properties for ellipses of the body
contact-sensing profile,and also for elements of the vehicle interior,
is discussed in detail in Module 6, which deals specifically with the
generation of forces between interacting occupant and vehicle systems.
However, a general description of specifiable material properties will
now be given.

For each material, values must be prescribed for deflections at
the yield point and at the beginning and end of material breakdown.
A force saturation level can be defined if desired. Provision is
made for tabular or polynomial representation of: 1) the static force-
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deflection loading curve; 2) the ratio of permanent deformation to
maximum deformation upon complete unloading, as a function of maximum
deflection; 3) the fraction of total loading energy not lost to 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 to represent the effects on impact forces of mass and
loading rate. Friction characteristics are also prescribed, but fric-
tion coefficients are defined not for materials but rather for pairings
of “classes" of potentially interacting ellipses and vehicle-interior
regions. For example, knee and chest ellipses might be of the same
ellipse friction class if both are covered with cloth. The head would
probably be of a different friction class. Similarly, a seat back and
a padded panel would likely belong to different region friction classes
because of different surface roughnesses.

SLIDE 8

A second type cf 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
striking 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 not required, however. Separate ellipses
can be defined for this purpose only, if desired. Any ellipse can
be made invisible to any other ellipse and to any region of the vehicle
interior by inhibition specifications previously described.

The deflection for an interaction between two ellipses is determined
by a computer program algorithm that models the interaction as one
circle against another. This algorithm replaces a user-supplied ellipse
by a circle which is positioned along the major axis of the ellipse
so that its distance from a similar circle on another body element is
minimum. The figure shows two ellipses at an instant of time when
there is no deflection between the ellipses because the centers of
the ellipse-replacement circles are further apart than the sum of
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their radii.. Approximating an ellipse by a circle positioned along
the major axis essentially reduces the ellipse to parallel lines with
a semicircular cap at each end.

SLIDE 9

The third type of occupant profile senses contact with the airbag.
The figure illustrates the profile, which consists of the line segments
from b-c at the head to 9-10 at the lower legs. Airbag forces and mo-
ments are applied to the occupant only at segments C-1, 1-2, 3-4, 5-6,
and 7-8, but the airbag submodel makes use of the entire profile. The
user is required to define the locations of eight points on the occupant
frontal profile, each fixed with respect to some body link as indicated
in the next slide. ‘

SLIDE 10

The coordinates & and Tss with "i" equal to 1, 2, 4, 6, 7, 9, and
10, define these points. It is clear that as articulation occurs at
body joints, any successive points of this group that are not defined
with respect to 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 both
length and orientation with respect to all body 1inks; these are de-
termined by the computer model from the input data so as to make the
contact profile continuous. Contact lines at the head are established
)by the computer model from a user-prescribed head radius.

SLIDE T

The preceding slides have illustrated the three occupant profiles
that sense contact with surfaces within the occupant compartment. The
first of these is a set of ellipses that are fixed to body links and
which sense interaction with vehicle-interior surfaces. This profile
must be defined for virtually all crash simulations. The second
‘profile consists of similarly prescribed ellipses and is needed only
if significant forces are expected from interactions between body parts.
The third profile is a set of straight-line segments attached to body

e e

segments. These are needed only if the airbag submodel is used. Ex-
cept for this third profile, all contact-sensing lines on the occupant
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may be assigned a set of material properties for determination of

interaction forces. For all occupant profiles, the user must specify

the dimensions of the set of contact-sénsing elements and the positions
of attachments to the body links.
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FIGURE 4-1 Example Occupant Profile of Contact Sensing Ei]ibsés for
Interaction with Vehicle Interior Surfaces

SLIDE 422
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_ OCCUPANT PROFILE FOR INTERACTION
WITH VEHICLE INTERIOR SURFACES

® Ellipses

@  Arbitrary number

@ | Arbitrary dimensions

® ' Fixed to body links at any position

® Major or minor axes parallel to body fink line
® Load-deflection properties

@ General material properties for each ellipse

® iAny ellipse can be rigid

|SLIDE 4-3
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FIGURE 4-1 Example Occupant Profile of Contact Sensing E]]ibsés for
Interaction with Vehicle Interior Surfaces

-

SLIDE 4-4
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\Elltpse *contact point”
lis outside line segment
‘therefore, F= =0.

JThese c|rc|e contact'
/ points™are between
: 'the endpoints of
- (the line segment
therefore F>0.

Body segment

:elhpse,

Clrcles which together

approxnmate the elhpse

Lme segment of
| vehtcle lnterlor

f FIGURE 4-2 A Contact Sensing Ellipse and a Better Representatmn of
] the Body Segment Profile With C1rcles

[SUIDE 4-5
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_MATERIAL PROPERTIES

@ Static force-deflection loading curve

e g e e

@ Hysteretic unloading

®  Permanent deformations: G = G [3max)
© Absorbed energy: R= R (max)

© Inertial spike loading curve

® Friction class

/SLIDE 4.7
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FIGURE 4-7 Ellipse Replacement Circles at Positions of Nearest Approach
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FIGURE 4-11 MVMA 2-D Airbag Model

SUIDE 4-9
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7 FIGURE 4-12 Airbag Contact Lines on Occupant
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. SUMMARY OF OCCUPANT CONTACT.
| SURFACE SPECIFICATIONS

@ _ Ellipse and line segment dimensions

®  Positions of attachments to body links

® ' Loading and unloading properties of body parts

| ,‘Vs;_uos'“4".n‘f.

115




MODULE 5 - CONTACT SURFACES ATTACHED TO THE VEHICLE
SLIDE 1

The MVMA 2-D model is a predictive tool for estimating the dynamic
response of a human or an anthropomorphic dummy in a crash environment.
The mathematical simulation of a specific event requires the definition
of: 1) an occupant model; and 2) a crash environment. The occupant
model is 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 is comprised of all elements of
the total system which cause external forces to be developed on the oc-
cupant. These include: 1) surfaces of the vehicle-interior profile;

2) restraint systems; and 3) vehicle motion. This module deals with
the first of these, occupant-compartment surfaces.

SLIDE 2

Forces between the occupant and the vehicle interior are generated
by the model as a result of interaction of a profile of occupant el-
1ipses with the user-defined vehicle-interior profile. This profile
is a set of connected or disconnected straight-line segments. An
example profile of eleven segments is illustrated in the figure, but
any number may be 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-prescribed occupant-compartment motion. This is ap-
propriate for simulation of any crash with a human or human analog
inside an occupant compartment that does not 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 displacements resulting from gross defor-
mation of the engine compartment. For the occupant compartment illustrated,
this would most 1ikely involve the elements PANEL, LOWER PANEL, DASH,
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and TOEBOARD. Second, the time-dependent position of any line segment
can be defined with respect to the inertial frame, if desired, instead
of with respect to a vehicle-fixed coordinate frame. This option is

only a convenience for users with occasional diverse applications for

the model. With vehicle motion taken into account, it is always possible
to make any such simulation without the use of this option.

SLIDE 3

The user defines a contact-sensing vehiclefinterior profile as a
set of "regions." A region is a set of straight-line segments charac-
terized by the following features.

1) The line 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) A1l line segments in a region are considered to have the same
load-deflection characteristics since materials are prescribed for
regions, not for segments.

SLIDE 4

Several points pertinent to specification of regions are illustrated
by this slide. a) First, the roof and windshield lines, although
connected, would surely be separate regions in any reasonable simulation.
The reason is that these surfaces should have different load-deflection
properties. b) Second, the two panel segments, the seat back plus seat
cushion, and the floorpan plus toeboard might reasonably be made two-
segment regions since the line segments are connected and may very well
have the same load-deflection properties. c¢) Third, regions in the
profile may be disconnected even though segments within a region can-
not be.

SLIDE 5

A number of specifications must be made for each region. These
include, first, identification of the line segments which comprise
the region and the frame of reference in which they are prescribed.
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Second, as mentioned previously, material properties are prescribed
for each region. This is discussed in detail in Module 6. The speci-
fiable properties include a static loading curve, parameters which
characterize hysteretic unloading, and an "inertial spike" loading
curve for representing the effects on impact forces of mass and loading
rate.

Third, friction characteristics are prescribed. However, friction
coefficients are defined not for surfaces but rather for pairings of
"classes" of potentially interacting body ellipses and regions. Each
region of the vehicle interior must be assigned to a region friction
class. Vehicle-interior regions with similar surface roughnesses
are normally assigned to the same friction class. Finally, "inhibition
switch" settings are usually prescribed. This option makes it pos-
sible to limit the body ellipses that must be considered by the model
for potential interaction with the region to a subset of the total
number of ellipses. Either allowed or disallowed interactions may be
specified. In many simulations, the user can be sure that certain
interactions will nct occur. In such cases, use of this option will
reduce computation expense.

.

SLIDE 6

Various specifications are required for each line segment in a
region. First, the line segment endpoint positions must be prescribed.
If the segment is stationary with respect to 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. If the segment is moving perhaps for the representa-
tion of intrusion as discussed earlier, then a tabular, time-dependent,
motion history is prescribed for each endpoint. The figure illustrates
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.

SLIDE 7

In addition to endpoint coordinates, two other quantities must be
specified for each 1ine segment. These are the so-called "direction
factor," which indicates the side of the line segment that is capable
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of producing contact forces, and the "penetration limit," which is
used by the computer model to identify cases where a deflection is
only apparent and should produce no force.

SLIDE 8

The first quantity, the "direction factor," is explained by
this slide. It is necessary for the user to specify the "material
side" of each line segment so that the computer model can properly
determine an interaction force between an ellipse and the line
segment. This is done by indicating whether the inertial origin
lies behind or in front of the contact surface at time zero. If
the inertial origin is on the side of the surface which should be
contacted, that is, away from the "material side," then the direction
factor is D. F. = +1. The figure illustrates three different cases
for a two-segment panel region. In the upper figure, the direction
factor for both segments is +1. In the middle figure the inertial
origin is behind both contact surfaces, so for this case both direc-
tion factors would t2 assigned values of -1. The line segments in the
lower figure have direction factors of different sign.

SLIDE 9

This slide illustrates one case in which a contact force would
not be properly determined by the computer model unless an appropriate
value were specified for the line-segment parameter called the "pene-
tration 1imit." 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 2, into the UPPER PANEL in the position shown,
but a legitimate non-zero force should be predicted only if 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 1imit has pertinence to the
specification of conditions at time zero. In particular, the penetra-
tion limit must have a value less than the initial distance, %,.

Extreme attention need not be given to the selection of a value
for this quantity. The computer logic only requires a value which
satisfies the following inequality shown with the figure.
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There, P.L. is the penetration limit. 4t is the integration time
step, 24 is the maximum initial apparent deflection of all ellipses
against the line segment, and &, is the maximum real initial deflec-
tion of all ellipses against the line segment. Végi]') At is the

maximum change of deflection which is expected in one time integration

C (rel.
~ step, which is to say that Vmax

) is the maximum speed at which an
(rel.)
max

is limited roughly to the crash impact velocity, a reasonable lower

ellipse is expected to approach the contact surface. Since V

bound for P.L. is easily established for a surface that has no real
initial deflections, that is, for the case that §; equals 0. If,
for example, the impact velocity is 30 mph, or 528 in/sec, and the inte-

gration time step is 1. msec, then P.L. > .528 inches. In practice,

(rel.) at)
max )
The small value will eliminate the possibility of a sudden, large,

P.L. is best set equal to its lower bound: P.L. = max (GO,V

anomolous force when an ellipse is near the edge of a contact surface.
This is explained in Module 6, which deals with the generation of
contact forces.

SLIDE 10

In summary, the user of the MVMA 2-D 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 line segments, connected end to
end, which have the same material properties. The line segments
may be fixed or moving with respect to either an inertial or a
vehicle frame of reference. Material loading and unloading charac-
teristics must be prescribed for each region, and it is normal, al-
though optional, to specify either allowed or disallowed interactions
with ellipses for each region in order to eliminate unnecessary compu-
tational expense. In addition to endpoint coordinates, quantities
which must be prescribed for each line segment are its "direction
factor" and "penetration limit," both of which are used by the com-
puter model to help determine whether a force-producing interaction
exists between the line segment and a body ellipse.
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FIGURE 5-1 Example Profile of Vehicle-Interior Surfaces

SLIDE 5-2

122



~ VEHICLE INTERIOR REGIONS

@ A set of straight-line segments

® Arbitrary number of segments

(] - Segments connect:ed_’ end toerTJ

@® All segments have same material properties

SLIDE 573
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FIGURE 5-1 Example Profile of Vehicle-Interior Surfaces

SLIDE 5-4



@ Identification of line segments comprising region plus frame
~of reference

® Material loading and unloading characteristics

® Friction class
@ Specification of ellipses with which interactions are allowed

‘or disallowed

SLIDE 5-5
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e

| Position
lat t=30 msec

| + FIGURE 5-3 Padded Panel Region Displacement for Example Data

SLIDE 5-6°
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REQUIRED_SPECIFICATIONS FOR

'LINE SEGMENTS OF A REGION

® Segment end point coordinates as tabular functions of fime

@ ‘Direction factor’ to mdlcute mctencl S|de of Ime segment

-q.ﬁ-....--,———-——_ e e o e =

Q. "Penetrahon‘ llmlﬁ” to help |denhfy cases where cm cpparent_
de__ﬂ_echon should produce no force

‘SLIDE 5-7
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FIGURE 5-5 Line-Segment Direction Factors, Defined at t = 0

'SLIDE 5-8
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| UPPER PANEL

FIGURE 5-6 Selection of Value for Line-Segment Penetration Limit

| SLIDE 5-9
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| SUMMARY OF CONTACT SURFACE
[DATA REQUIREMENTS

. Specification of vehicle-interior regions

“Material properties

. Specification|of allowed or disallowed interactions

Endpoint coordinates for moving or fixed line segments

Tire weamart disdion faciors

line segment penafration fimits

[SLIDE 5-10.




MODULE 6 -- GENERATION OF CONTACT FORCES ON THE OCCUPANT: Part 1

SLIDE 1

Module 6 is in two parts. Part 1, which follows,deals primarily
with two subjects: first, the determination of deformations of the
occupant and elements of the vehicle interior that occur in an inter-
action between them; and second, the general force-deflection charac-
teristics that may be prescribed for the interacting elements.

SLIDE 2

Occupant motion within the vehicle both determines and is deter-
mined by forces acting on the occupant linkage. This slide illus-
trates the relationship between the motion and the forces. At some
instant of time, usually called t = 0, the position and velocity
conditions of the occupant relative to a vehicle-fixed reference frame
must be known. From these, the instantaneous state of displacements
between body and vehicle elements, and hence the interaction forces,
may be determined. Further, the instantaneous interaction forces
thus found, together with the motion equations of classical mechanics,
namely Newton's Laws, determine the instantaneous accelerations es-
sentially as force divided by mass. Integration of the accelerations
then yields the occupant velocities and positions at a new time, dif-
ferent from the time at which forces were determined by an arbitrarily
small amount, dt or At. 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 {F} in block 4 of the figure is a function of position
and velocity coordinates and the interaction forces from block 3.
The interaction forces include restraint system loads, which are
discussed in Modules 9 and 10, and "contact forces," with which this
module deals. Contact fofces 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
positions 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
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described in Modules 5 and 8. The subject of this module is determina-
tion of contact-interaction deflections and resulting forces in blocks
2 and 3.

SLIDE 3

A contact force vector is generated whenever a body ellipse inter-
sects a vehicle-interior line segment. The figure illustrates such
a case. The deflection § is defined as the distance of maximum pene-
tration of the ellipse beyond the 1ine. Note from the lower figure
that this definition still applies if the body ellipse has passed
completely beyond the resisting surface.

Whether the deforming element in a contact interaction is the el-
lipse or the line segment is not implicit in the definition of deflec-
tion. This is dependent upon material specifications. The figure
illustrates a rigid ellipse against a deforming line segment, but
with different material specifications the deflection could be shared
or could be solely in the ellipse.

SLIDE 4

Module 4 explains how ellipses attached to different body segments
are approximated, for the purpose of considering potential interactions
between ellipses, by circles of varying position. An ellipse-ellipse
contact force will be produced if the ellipse replacement circles
overlap.

This figure illustrates contact interactions between replacement
circles for progressively greater deflections. In each instance,
R and r are the radii of the circles, and D is the distance between
their centers. A resulting force is applied to the body link of
each ellipse as a vector along the line between the centers of the
circles.

SLIDE 5

Contact forces in the MVMA 2-D model are directly dependent
on deformations of the interacting elements but not on deformation
rates. The user prescribes for each body-segment ellipse and each
vehicle-interior region a material with resistive properties that
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depend only on deflection. This is not to say that the loading history
of a material is 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 state is complex.

The various material properties that can be specified by the user
will be explained in the remainder of this module. A1l material
characteristics described here pertain equally to vehicle-interior
region materials, body ellipse materials, and belt webbing materials.
It might be noted at this point, however, that belt material specifi-
cations can be made optionally in terms of strain, instead of deflec-
tion.

An element is undergoing "loading" whenever its material deforma-
tion is increasing with time. Note that this does not mean that the
load, or force, is necessarily increasing with time or with deflec-
tion. The user is required to prescribe a static loading curve for
each material defined for a simulation.

Suppose that an element is tested in quasi-static loading by
pressing against it a rigid form, either flat, elliptical, or cir-
cular in shape in accordance with the definitions of deflections
previously illustrated. A load-deflection curve such as illustrated
in this figure could be established. It can be represented as ac-
curately as necessary by a piecewise-linear approximation. For
example, the curve shown is adequately defined for simulation pur-
poses in tabular form by coordinate pairs of force and deflection
values of the points marked with an "X." The user may prescribe a
tabular static loading curve, or optionally, a polynomial curve of
order six. The tabular form of the curve is generally used, but
sometimes it is convenient to fit a polynomial to the load-deflection
data. The most common use of the polynomial is for specifying a
constant load-deflection slope.

Three points pertinent to continued static loading are shown
on the figure as deflections GC’ 60, and GF’ all user-defined
input parameters. GC is the deflection at the material yield
point, or "elastic limit." Note that it is not identified with the
limit of material linearity. Its proper definition relates to
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characteristics of the material in unloading. Unloading from

peak deflections less than GC are backward along the loading curve,
that is, they occur without permanent deformation of the material

and without energy loss. There are no restrictions on GC except
that it be greater than or equal to zero. The deflections GD and

GF relate to material, or structural, breakdown. A1l points on the

‘ user-defined static loading curve beyond GD are ignored by the com-
puter model. This value is the deflection at which the material be-
gins to fail. Continued loading to GF or beyond will complete break-
down of the material, as illustrated in the figure.

SLIDE 6

The so-called "inertial spike curve" is a model feature which
can be used to account for dynamic effects on the force-producing
capability of a material. This is the only model feature through which
mass- and rate-dependence of material properties can be represented,
even indirectly. It is observed that initial impact against a deforming
surface is sometimes accompanied by a high force spike which diminishes
rapidly with increasing deflection and which doces not reappear with
repeated loadings. Such an inertial spike force can be specified
by the user as a tabular or polynomial function of deflection. This
curve is added to the static Toad-deflection curve previously discussed.

The figure illustrates an inertial spike curve and the combined
loading curve. Values for GA and 68 in the figure are supplied by
the user. GA is the deflection at which inertial effects of the
surface break down irreparably. This means that once deflection ex-
ceeds GA’ subsequent re-loadings from deflections less than GA will
be along the static curve, not the combined curve. 3§, is the deflec-

B
tion at which all inertial effects cease.

SLIDE 7

This slide illustrates a loading curve for an element which de-
forms plasticly once the load has reached a specific value. The force
saturation level is at load Fmax’ an input parameter. Whenever the sat-
uration force limit is exceeded by the static curve, the regular

loading sequence is superceded. Force saturation affects only static
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loading. The inertial spike curve is unaffected. If loading is on
the combined static and inertial spike curve when Fmax is reached,

only the static component will be limited to Fmax'

SLIDE 8

An element is undergoing "unloading" whenever its material defor-
mation is decreasing with time. While it is not necessarily true that
force increases with deflection in a loading material, the decreasing
deflection for unloading of a reasonably specified material. will be
accompanied by decreasing force. The figure illustrates the loading
curve for a material which surely requires hysteretic unloading
specifications because unloading back along the loading curve from
any deformation which exceeds sp would involve force increase for
decreasing deflection. Unloading curves are calculated by the compu-
ter model from user-prescribed specifications. These will be explained

after one additional point is made from this figure.

GC’ the deflection at the material "elastic limit," was discussed
earlier in this moduie. If material deflection once exceeds 8¢c» then
any subsequent unloading will not be back along the loading curve but
instead will be along a curve which lies below the loading curve.

It is noted in connection with the figure that, while there are no
restrictions on the user-supplied value for SC’ it cannot reasonably
be greater than 8p for a material with a loading peak as illustrated.

SLIDE 9

This figure illustrates unloading from a turnaround deflection
5max greater than 8¢- On complete unloading from beyond the elastic
1imit, the force usually returns to zero before the deflection. In
other words, there is usually a permenent deformation of the surface,
represented in the figure by the deflection w. In general, the

permanent deformation increases with increasing turnaround deflections.

SLIDE 10

The upper portion of the next figure illustrates the typical
dependence of permanent deformation on deflection. For deflections
up to the elastic limit, the permanent deformation is zero.
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As deflection increases without bound, the permanent deformation
approaches the value of the turnaround deflection. This characteristic
of the material is illustrated in a completely equivalent way in the
lower figure. The lower curve is simply the upper curve divided by
deflection, point for point. That is, the lower curve defines,

as a function of Smax’ a non-dimensional ratio of the permanent deflec-
tion to the turnaround deflection. This function is zero for deflections
up to the elastic 1imit and approaches 1. as Gmax increases without
bound. The function has been called the "G-ratio," and in the MVMA 2-D
model it is a user-supplied input for each material. It may be entered
in tabular form or it may be assigned a constant value. It should be
noted, however, that a constant can be used with safety only if there
are a priori reasons to expect a particular approximate maximum deflec-
tion of the material for the specific crash simulation. The reason for
this is that for most materials the G-ratio changes rapidly with
increasing deflection past the yield point.

SLIDE 11

This slide again illustrates an example loading-unloading cycle.
Since the integral to Gmax of the force times an incremental deflection,
namely, the area under the static loading curve, is the work done in
reaching the turnaround deflection, Gmax’ unloading along a curve
which lies under the loading curve means that there is a hysteretic
energy loss. “Energy is absorbed by heating or by mechanical breakdown
of the material. In the figure, area B equals the absorbed energy.
Area A is the restored, or conserved, energy. Just as permanent defor-
mation is in general a function of turnaround deflection, so is the
amount of energy restored upon complete unloading. For each material,
a nondimensional ratio of festored energy to total loading energy
can be defined in parallel to the G-ratio for permanent deformation.
This quantity is called the "R-ratio" and it is clearly a function of
turnaround def]ection,‘name1y the ratio of area A to 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
) or as a constant. Th2 next slide illustrates the typical

max

dependence of the R-ratio on amax'
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SLIDE 12

The R-ratio is used together with the G-ratio by the computer model
for calculating an unloading curve whenever gn]oading from a deflection

greater than §. begins. The unloading curve is normally quadratic

in form, and i%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.
SLIDE 13

Either of two types of unloading from a force-saturation level
can be specified by the model user. Both are illustrated in this figure.
The standard method is to unload with a specified slope, 8, an input
parameter. Alternatively, the G-ratio is used to determine a permanent
deformation, to which unloading occurs along a straight-line segment.

SLIDE 14

The subject of this module has been the loading and unloading
characteristics of elements of the occupant profile, the vehicle-interior
profile, and the belt restraint systems. While any such element may
be specified as rigid if desired, material specifications should always
‘be made for deformable elements if data are available. Static and
inertial-spike loading curves are prescribed, together with associated
parameters such as the yield-point deflection and deflections at the
beginning and end of material breakdown. An optional force saturation
level may be specified independently. Hysteretic unloading charac-
teristics are specified by the user by G- and R-ratios, from which
permanent deformation and conserved energy can be calculated as func-
tions of maximum deflection.
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Static Loading Curve

Deflection, s

sc = yield point (elastic limit)

5p = breaking point

5 ='end of breakdown curve

~ iSLIDE 6-1-5
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Combined Loading Curve

//Static Loading Curve

~x— Inertial Spike Curve

Deflaction, s

5,= deflection at peak of inertial spike curve

Sp= deflection at cutoff of inertial spike’curve

\ . FIGURE 6-9 Inertial Spike Curve

|SLIDE 6-1-6_
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Static Loading Curve

Foree Unloading
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| FIGURE 6-11 Unloading From Deflections Greater Than 6p
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' SUMMARY OF DATA REQUIREMENTS

'FOR MATERIAL SPECIFICATIONS

0‘ Tcnbulor or polynomrul stohc Ioadmg curve

® Tabular or polynomial inertial-spike loading curve

o Deflections at the material yreld poml’ and begmnlng and end
ofAmcterlal breakdown

@ Force saturation level and unloading slope

® G ratio for permanent deformuhon~ ds a funchon of turnaround
deflechon'

@ R-ratio for restored energy upon unloadmg, as u funchon of
turnoround deflechon

[SUIDE 61514~
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MODULE 6 -- GENERATION OF CONTACT FORCES ON THE OCCUPANT: Part 2

SLIDE 1

Part 1 of Module 6 deals primarily with the definitions of deflec-
tions and material properties of elements of the occupant profile and
. the vehicle-interior profile. Part 2, which follows, deals with various '
features of the algorithms in the MVMA 2-D model which generate occu-
pant contact forces. .

SLIDE 2

Whenever two deformable elements contact each other, both will
deform. In the MVMA 2-D model, this is called "shared deflection”
or "mutual deformation." The figure illustrates such an interaction for
an ellipse and a Tine 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 § is determined. The component
deflections &, and 6§,, however, depend on the material properties of the
interacting elements. The compressive forces in the elements will be
equal. In order to determine the interaction force, the computer model
solves the equations shown with the figure for &; and 3,.
The total deflection § is a known value at each instant of time.
f, and f, 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 it
requires five control values specified by the user. Two are conver-
gence epsilons, €; and e,, one for each material. The force balance
is considered to be good enough when f,(§,) is within e of f,(3,),
where e= min{e;, e;}. Other values required are for the maximum and
minimum allowed trial adjustments of the component deflection values
at any iteration step and the maximum number of deflection adjustments
allowed for finding force balance at any time step. Guidance in
choosing values for these parameters is provided in the text for this
module.
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It is important to keep in mind that forces for contacts of the
occupant with the vehicle interior can be influenced significantly by
the force-deflection characteristics of the portion of the body
involved. Very often users of crash simulation models concern them-
selves only with the force-deflection characteristics of elements of
the vehicle interior and use rigid contact ellipses or circles on the
" occupant. This invariably results in effective stiffnesses for occu-
pant-interior interactions that are too large. Consequently, resulting
model predictions of peak forces and G-levels are generally too high.
Both materials for an interaction should be defined whenever data are
available unless one is considerably softer than the other. In this
case, the stiffer element, whether ellipse or line, may reasonably
be specified as rigid.

The definition of deflection for a contact interaction has been
given in Module 6, Part 1. An explanation was also given of material
specifications from which a contact force can be determined when
deflections and deflection historiés are known. This slide illustrates
a contact interaction between two deformable bodies, and the means by
which the contact force is determined in such a case has been outlined.

Nothing has yet been said about the precise circumstances under

which a force will be calculated. That is, when is a contact interaction
considered to have taken place?

Only the interaction between an ellipse and a line needs to be
discussed. One obviocus requirement for production of a contact force
by the simulation model is that there be a positive relative displace-
ment between the ellipse and the line. A non-zero force should clearly
be determined for the deflection & shown in the figure.

SLIDE 3

This slide illustrates a case where the deflection §, as previously
defined, is positive yet there should be no interaction force because
the ellipse passes to one side of the line segment. It is obviously
necessary to consider not only deflection against the extended line
defined by the segment endpoints A and B but also the position of the
ellipse relative to the endpoints themselves.

153



SLIDE 4

An intermediate condition is shown here. While the so-called
"contact point" is beyond the endpoint A, still there is an apparent
interaction between the ellipse and the segment and a means should
be provided for estimating an appropriate force. If the ellipse in
the figure were moved upward so that the contact point lay far beyond
the edge of the line segment, a zero interaction force should
clearly be predicted. Such a condition has already been illustrated
in the previous slide. If, on the other hand, the ellipse were moved
downward so that the contact point lay halfway between the line-seg-
ment endpoints, then an interaction force appropriate for firm
contact should be predicted. The model provides a means by which
diminishing normal forces can be calculated as an ellipse moves from
firm contact through intermediate positions such as illustrated in this
figure to positions off the edge of the segment where forces become
zero.

SLIDE 5

The user supplics for each Tine segment a value for a parameter
called an "edge constant." Whenever there is a positive relative
displacement between an ellipse and the Tine, a so-called "effective-
ness factor" is calculated for the interaction as a function of the
edge constant and of the position of the contact point relative to
the extent of the segment. The effective force is found by multiplying
the deflection-dependent normal force determined from material proper-
ties by the effectiveness factor, E.

The definition of the effectiveness factor is illustrated by this
slide. The figure shows E as a function of a non-dimensional coordinate
called "s," which ranges from 0 to 1 as the position of the contact
point varies from endpoint A of the line segment to endpoint B.

The quantity s takes on negative values for contact point positions
beyond endpoint B. The effectiveness factor is symmetric about the
midpoint of the line segment, and it has the value 1 for contact point
positions near the middle of the segment, that is, where ellipse con-
tact with the segment is firm. Unit value for the effectiveness fac-
tor results in undiminished forces for contacts near. the middle. The
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extent of the firm area of the segment is defined by the user-prescribed
edge constént, A, which is a parameter of the graph for E. The
effectiveness factor increases .linearly from 0 to 1 from a contact

point position of non-dimensional distance X beyond an endpoint to a
position of distance X within the endpoint. Thus, the effectiveness
factor is always .5 for contact precisely at an endpoint, and the ef-
fective force is zero for any contact beyond an endpoint by a non-
dimensional distance greater than A.

SLIDE 6

The two extreme forms of the effectiveness factor are illustrated
here. In the upper figure, for an edge constant of 0, an undiminished
force results for all contacts within the segment endpoints, but 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. to .5.

SLIDE 7

In addition to a force component normal to the contact surface,
the interaction force vector includes a friction component parallel
to the surface for interactions between an ellipse and a line. This
component is determined as the product of a user-defined coefficient
of friction and the effective normal force resulting from edge-factor
adjustment. The figure illustrates the friction force as the hori-
zontal component of the resultant force vector.

Modeling of friction should not be neglected by the user since
it can sometimes significantly affect results. Friction coefficients
for interactions within the occupant compartment are typically in
the range .25 to .75. The figure is proportioned for a coefficient
value of .4 and shows that while the magnitude of the resultant force
vector may be very little 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
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for materials but rather for pairings of "classes" of potentially
interacting ellipses and regions. For example, a seat back and a

seat cushion might be of the same region friction class if they are
covered with the same fabric. On the otherhand, the head and foot
ellipses would 1ikely belong to different ellipse friction classes
because of different surface characteristics. Each region of the
vehicle interior is assigned to one of ten friction classes. Ellipses
are similarly assigned to one of five ellipse friction classes. Thus,
up to 50 combinations of ellipse 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
to represent “plowing" at the ellipse-region interface.

SLIDE 8

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-D Tutorial System. The
remaining slides and discussion of this module address modeling
considerations that relate to contact forces and are largely mis-
cellaneous.

The first point deals with assigning‘values for R-ratios, or
energy restitution coefficients, for body ellipse materials. The
energy restitution coefficient for soft biological tissues in general
decreases rapidly as a function of deflection. While the appropriate
value for zero deflection is 1., values of .1 or less are appropriate
for peak deflections which might occur in a crash. This can be under-
stood intuitively by considering a fall victim who lands on a concrete
surface in a prone, face-down orientation from a fall height of ten
feet. His bounce height divided by ten feet provides a rough estimate
for an average overall R-ratio.

SLIDE 9

Second, while the user of the MVMA 2-D model is required to provide
R-ratios and G-ratios separately for the calculation of unloading
curves, they cannot in reality be independent. For example, a G-
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ratio near 1. can be consistent only with R-ratios near zero. This
follows from the following argument and is illustrated by the figure.

Although an unloading curve for any combination of G and R
values 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-1ine unloading to w shown in the figure is thus the limit of
reasonable curves. Since the area under the curve is maximized by
straight-line unloading, the R-ratio for any value of maximum deflec-
tion should always be less than or equal to the energy ratio C/(C+D).
Since the area C approaches zero as w approaches amax’ that is, as
the G-ratio approaches 1., the R-ratio must approach O.

The user may occasionally specify incompatible G- and R-ratios
- for unloading from a particular loading curve. Should G and R be in-

compatible for some ¢ then the computer model will by default

accept the G-ratio andmzﬁload to w on a straight-Tine curve, ignoring
the R value. A warning is printed, and results will normally be
reasonable, but the condition can be corrected if desired by reducing
either G or R. Experience has shown that reducing G is generally

better.
SLIDE 10

If the user wants to be entirely certain that G and R functions
are compatible, it is necessary to verify that condition (8) on
this slide is satisfied for all values of amax'
SLIDE 11

A commonly used loading curve is one of constant slope, or stiff-
ness. The curve for a stiffness K is illustrated here. It is easily
demonstrated, for such a loading curve, that the inequality relating
G and R which should be satisfied for all turnaround deflections

Gmax ist R<1 - G.

Various other modeling considerations pertinent to generation
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of contact forces are discussed in the text for this module; and one
final point will be discussed here in some detail, but first an ad-
ditional note might be made relative to G- and R-ratios.

It 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 statically determined values are used, an implicit assump-
tion is that the material is capable of responding instantaneously
to changes in deflection, that is, that there is no dependénce on rate
of unloading. The degree to which static and dynamic values differ
depends, of course, on the material, but in general, the G-ratio will
be larger and R smaller for fast unloading, such as would occur in a
crash.

SLIDE 12

The final modeling consideration that will be discussed relates
to a particular use of the so-called "penetration limit." One use
of this line-segment input parameter has already been discussed in
Module 5.

The figure illustrates 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 line
segments which meet at an acute angle. Use of acute angles may result
in sudden, unreasonably large forces on the occupant after an ellipse
passes near the vertex. Such forces can result if the ellipse passes
around the corner, as illustrated, so that the first effective deflection
between the line segment and the ellipse contact point is 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 is to set the "penetration limits" for the line
segments to properly small values. One way of recognizing as "false"

a sudden, 1argé deflection such as shown in the figure for line segment
BC is to compare it with the maximum change of deflection which is pos-
sible in one time integration step. If the first effective deflection
is larger than the maximum possible change in one time step, then the
deflection is false and no forces should be calculated while the
211ipse remains behind the line segment. Clearly, the smallest false
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deflections which can be recognized in this manner are just larger

than the product of the time step At and the speed at which an ellipse

(re]}

approaches the contact surface, say V Therefore, the computer

model will recognize most false deflections by comparing the deflec-
(re) At, where V(FE]), the maxi-

max max
mum speed at which an ellipse is ever expected to approach the surface,

tion with a penetration limit set to V

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 to .528
inches and no false deflections greater than .528 inches will be accepted
as real by the computer model. Penetration 1imit values should not

be taken as significantly less than Végi])

between ellipses and line segments might then be identified as false.

At since real interactions

SLIDE 13

In summary, the user must supply a variety of data relating directly
to the determination of contact forces. Module 6, Part 1, dealt pri-
marily with loading and unloading properties of elements of the occu-
pant profile and the vehicle-interior profile. Special parameters
that have been discussed here in Module 6, Part 2, include five
quantities that are used by the model in determining the component
deflections in interacting, mutually deforming elements. The most
important of these are force-convergence "epsilons" for the interation
procedure which finds the force balance and a limit to the number of
allowed iterations. Each body ellipse and each vehicle-interior region
is assigned to a friction class. For each pairing of friction classes,
a friction coefficient is specified as a polynomial function of deflec-
tion so that plowing can be represented. Finally, for each line seg-
ment, an edge constant and a penetration limit must be prescribed.

The first of these may be used to soften a line segment near its

edges, and a primary use of the second is to prevent the calculation

of large, anomalous contact forces near corners or edges in the vehicle-
interior profile. )
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_MVMA 2-D.
CRASH VICTIM SIMULATION.
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FIGURE 6-18 Mutual Deformation of an Ellipse on a Line



' “contact point”

 FIGURE 6-19 An Ellipse Which Misses a Line Segment to the Side
'SLIDE 6-2-3
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'contact point”

-

- FIGURE 6-20 An Ellipse Contacting a Line Segment Near Its Edge

SUDE 6-2-4
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~ FIGURE 6-21 Effectiveness Factor E as a Function of s the Position of
: Contact Point with Respect to Line Segment, With Edge
Constant X as a Parameter
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@ Small values, O or less, are:appropriate
“}foy the energy restitution coefficient ( R-ratio)
ifor most biological tissues.

ELT2R)
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w= G(smax) dmax
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FIGURE 6-27 Maximum-Energy Unloading for a G-Ratio Near to 1.
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(1) Spax = Mmaximum deflection
(2) G = g(dmax) [G-ratio; input]
(3) R = r(smax) [R-ratio; input]
(4) Fmax = f(dmax) [Toading curve; input]
(5) w = G§max [permanent deformation]
(6) C=1(s __ -w) F__/2 [area under straight line
max max unioading]
= = = 6
(7) AL =C+D=af max) df maX £y} d

[area under loading curve]

(8) R < C/AL for all ﬁnax

e = e e em e e e e e - — —

!

max

FIGURE 6-28 Determination of Compatibility of R-Ratio with a
Specified G-Ratio

'SLIDE 6-2-10
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| contact point at

'sudden, large
' deflection

- FIGURE 6-30 A Sudden, Large Deflection Near an Acute Angle
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. SUMMARY OF DATA REQUIREMENTS
'OF CONTACT FORCE ALGORITHMS

-] Specnflcqhon of loading’ properhes of mcterlals wnth compahble
G- ‘and R-ratios for unloading

o :-Shored deflechon (mutua.l deformcmon) |tercmon controls

® fFriction dlass spacification for each llipse and region

o ;‘_Deﬂectlon dependent f_r_lgt_lop coefflclent for each palrmg of
friction classes

®  Aﬁ;}:c{:gfé:_co‘nstan_t:_éﬁ:@ a penetranon ||mct for each lmeAség;r—n“e‘r_\‘t“

/SLIDE 6-2-13
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MODULE 7 - OCCUPANT POSITIONING WITH RESPECT TO THE VEHICLE

SLIDE 1

This module deals with the description of occupant position and
orientation.

SLIDE 2

The problem of determining occupant dynamics in a crash environ-
ment can be simply stated. A description of a mechanical or biomechanical
system, the occupant, is given. A description of potentially interacting
mechanical system, the occupant compartment, is given. The motion
in space of the occupant compartment as a function of time is specified.

" And finally, the occupant's position and orientation and their rates

of change are specified for some single instant of time. It is required
to 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 to specify
occupant position and orientation and their rates of change for some
instant of time, arbitrarily assigned the value t = 0, this module
is pertinent to preparation of input data sets. It is also pertinent
to interpretation of model output since "occupant motion" is nothing
more than time-histories of occupant position and orientation. Rates
of change with respect to time of these histories, namely, velocities
and accelerations, are equivalent descriptions of the motion and are
normally printed together with the position history.

SLIDE 3

Consider a system of "n" particles confined to a plane, and let
the positions of all points in the plane be defined in an arbitrarily
positioned, non-accelerating orthogonal axis system with coordinates
X and Z. This is a so-called "inertial coordinate frame." In general,
"2n" coordinate values must be specified to completely define the state
of the system at any instant of time, that is, there are "2n" degrees
of freedom. However, if constraints exist on the positions of particles
relative to each other, then fewer than "2n" coordinate values are
sufficient.
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SLIDE 4

If there exist "2n - 3" independent positional constraints, then
the system of particles is called a "rigid body." There remain three
independent modes of motion of this system, and as "n" approaches
infinity there are infinitely many equivalent ways that three indepen-
~dent degrees of freedom may be defined. It is most convenient and
conventional to locate an arbitrary point in a rigid body, normally
the center-of-mass point, by the two cartesian coordinates x and z.
The third coordinate is the angle of intercept between the x- or z-
axis of the inertial frame and an extended line drawn between two
specified but arbitrary points in the rigid body. In the figure,
the three quantities XA’ ZA’ and eBC are so-called "generalized coor-
dinates" for the rigid body.

SLIDE 5

If a system of particles is 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 linkage
consists of eight rigid-body elements. If this were not a kinematically
constrained linkage, twenty-four generalized coordinates would be re-
quired to 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, at 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 linkage shown
has only fourteen degrees of freedom, and fourteen suitable generalized
coordinates are indicated. Eleven have been chosen to be relative
to the axis system (Xv’zv)‘ They are nine link angles, 8; to 6g plus
en’ and two cartesian coordinates of the upper torso element center of
mass, X2 and ZZ’ Three coordinates were more conveniently defined
as relative to points in the linkage. They are Ln‘ the length of
the extensible neck link, and (XS,ZS), the coordinates in a coordinate
frame fixed to the upper torso element of the end of the upper arm element.
Initial values for all fourteen of these occupant coordinates must be
specified by the user, together with fourteen initial velocities.
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SLIDE 6

The coordinates XS and ZS represent shoulder flexibility in the
linkage and they are more clearly illustrated here. These coordinates
are normally initialized to zero because zeroes define a rest position
_for the shoulder linkage -- that is, point 7 then coincides with point
9. Joint properties and dimensional parameters of the shoulder linkage
as well as the rest of the body linkage are discussed fully in Modules
2 and 3.

SLIDE 7

The differential equations of motion for the occupant which are
numerically integrated by the computer model are derived in terms of
generalized coordinates defined relative to an inertial frame.

This definition of coordinates is pertinent to the analytical equations
of motion in Volume 1 of the MVMA 2-D manuals and to the computer

model code. The average user of the MVMA 2-D simulation, however,

will be concerned only with model input and output, and for both,
coordinate values are relative to an arbitrarily positioned coordinate
frame in the vehicle.

A vehicle-relative coordinate frame is shown in this slide, and
the illustrated occupant orientation is for all link angles equal to
zero. The body linkage of a person touching his toes while doing
sit-ups approximates this orientation. The legs are straight out to
the right, parallel to the vehicle x-axis, and the torso is completely
forward and down, with articulation at the hip only. The arms are
extended straight ahead toward the feet. Unfolding the occupant
illustrated into an approximation of a seated position would clearly
require specification of head, neck, and torso link angles of about
+90° and a lower leg angle of about -90°. As explained and illustrated
earlier, the cartesian coordinates (XZ’ZZ) of the upper torso
element are also specified with respect to the axis system (XV,ZV)
in the vehicle.
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SLIDE 8

The MVMA Two-Dimensional Crash Victim Simulator has been applied
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 to the side by a falling weight. Use of the MVMA 2-D
model need not be restricted to simulating human or human-analog systems.
While it could be used to simulate a hanging to help determine force
levels for vertebral fracture, it could also be used to model a particle
subject to a two-dimensional force field or a three-ball billiards
shot on a four-cushioned table. Diverse applications are
possible if the user is clever in utilizing themany features of the
model.

It is unfortuncte 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 initial position and orientation of the mechanical
linkage. The special model applications, while often requiring a
certain amount of ingenuity and imagination in the construction of
input data sets, normally involve simpler mechanical systems than
the occupant/vehicle-interior system; and in particular there is normally
no special difficulty in initializing the simpler systems for the
desired state of force balance or imbalance. On the other hand,
initial positioning of the occupant within the occupant compartment
requires special care by the user because several variously-directed
force vectors are required on the seated-occupant linkage to balance
gravity. In practice it is not possible to specify the initial po-
sition so that the sums.of all moments and all forces on all body parts
are equal to zero. The user should attempt to approximate this con-
dition of equilibrium, however, if it is intended that the occupant
be seated at rest at crash onset. The best measure of his success
is probably the nearness to zero of the values calculated by the model
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at time zero for body link angular accelerations and upper-torso and
hip resultant linear accelerations. If these values are small in
comparison with the maximum values attained in the simulation, then
the initial imbalance is probably not significant.

SLIDE 9

In lieu of a pre-processor computer model or special Subroutines,
the user himself must establish an initial positioning for approximate
equilibrium. It should be made clear that various approaches are
equally good. 0One reasonable way to proceed is as follows. 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
of all segments of the vehicle-interior profile. Next, determine what
material stiffnesses will be assigned for all ellipses and vehicle-
interior Tine segments.

SLIDE 10

Next, on the basis of the material stiffnesses of the hip el-
lipse and the seat cushion line, determine the total hip plus seat
cushion deformation required to produce a vertical component of seat
force which will balance the weight of the torso segments plus one half
of the upper legs segment. Similarly determine the total deformation
required for the materials of the floorpan and of a contact ellipse
at the foot in order to produce a force which will balance the weight
of the lower legs plus half the upper-leg weight. It is reasonable
to position the hip ellipse so that it is tangent to the seat back,
producing no normal force. Thus, it is now possible, using scale
drawings or analytic geometry, to establish the coordinates of the hip
joint and upper and lower leg angles which will result in the desired
initial deformations at the seat cushion and floorpan.

With the hip-joint position already established, values for the
torso link angles can next be determined which will make the torso con-
tact ellipses tangent to the seat back. If desired, they can instead
be determined so that torso-ellipse deformations of the seat back
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produce forces with moments about the hip which balance torso gravita-
tional moments about the hip. However, the force and moment imbalances
that result from assuming a zero initial deflection, or simply from
making a reasonable estimate of the non-zero initial deflection, will
not be significant to the crash dynamics. '

Finally, the coordinates of the hip joint position together with
the established torso link angles and dimensions completely determine
the coordinates X2 and 22 of the upper torso center of gravity. It
is necessary in assigning initial head, neck and arm angles to be
certain that contact ellipses attached to the head and arm segments
are not in position to interact with a head rest, the seat back, the
seat cushion, or any other vehicle-interior segment. The procedure
described here can be modified if thigh or knee ellipses are present
and in potential contact with the seat.

Details for an example initial-positioning problem are included
with the text of this module. Only one further point will be dis-
cussed here.

SLIDE 1

One step in the foregoing procedure is to determine the combined
deformation of the hip ellipse and the seat cushion line required
to balance the torso weight plus a portion, say half, of the
upper leg weight. If both the hip circle and the seat cushion are
modeled as deformable, then two static force-deflection curves must
be considered. Example curves are illustrated.

If the torso weight is 77 1b and the upper legs weight is 37 1b,
the force to be balanced in the z-direction is 95.5 1b. The force
normal to a seat cushion line at an angle of 16° from the horizontal
should be 95.5 times the cosine of 16°, or 91.8 1b. From the force-
deflection equation for the seat cushion, shown with the figure, the
seat cushion deflection which will produce this force is found as
the solution of the first equation on the next slide.
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SLIDE 12

Its solution may be found iteratively, graphically, or by other
means to be GSC = 1.533" The hip-circle deflection necessary for
91.8 1b is found similarly as the solution of the third equation as
§, = .541". The total deflection, that is, the sum of the component

H
deflections, has thus been determined as 2.074".

SLIDE 13

This module has described the position coordinates for which
initial values must be specified for the 14-degree-of-freedom
occupant model. These include nine body link angles and the two
cartesian coordinates of the upper torso center of gravity. Those
eleven are prescribed with respect to a coordinate frame fixed to the
occupant compartment. The three other position values required are
for the cartesian shoulder-joint coordinates, specified in a frame
fixed to the upper torso element, and the initial neck length.

In addition, initial velocities must be specified for each of these
coordinates. The uc2r must position the occupant carefully within
the occupant compartment so that the occupant will be seated at
rest in a condition approximating force and moment equilibrium at
crash onset.
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| MVMA 2-D
"CRASH VICTIM SIMULATION

MODULE7

'OCCUPANT POSITIONING

'WITH RESPECT TO THE VEHICLE

[SLDE7-1
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| COMPUTER SIMULATION
| OF OCCUPANT DYNAMICS

‘IN A C_RASH ENVIRONMENT

[ GIVEN (Input)

'l) Descrlphon of a blomechqmccl system representmg

Tthe occupant

12) Description of a | mechamcql system representmg
| the occupant compartment :

i3) Time- hlstory of occupcnt compcl_'tment mohgn

14) Occupbnt posmon at onset of crash

DETERMINED (Output):

1) _Occupant motion

“2) Forces on Occupant

| 3) Derived descrlphons and measures of the crash
“Tdynamics

1 FIGURE 7-1 Computer Simulation of Occupant Dynamics

SLDE 72
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(o;o)

N —=E

= X

"n"” particles with
“2n” degrees of

freedom

' FIGURE 7-2 "n" Free Particles in an Inertial Coordinate Frame.

"SLIDE 7-3
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Kv;f

"n” particles with
"2n-3" positional
constraints —

(Xe a rigid body

3 degrees of freedom
XAIZAlasc

FIGURE 7-3 A Rigid Body in 2-Space, with Three Degrees of Freedom

'SUDE 7-4
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ZINIR

five points shared by rigid
bodies in the linkage

14 generalized coordinates: X,.Z,.0,.&,,0,,0..¢9,,0..
07|0 .0", L",Xs'zs

"FIGURE 7-4~ ‘OEEIIb"SFi t Model Genera lized Coordinates for Input : and Output (absolute ™
. (;gc_n:giinate;f definggjith respect to vehiclq. axes)

SLIDE 7-5

184



Lower neck joint

2 (Xs,Zs)
- relative
~ -~
\ -~ (X5,Z,) _
9 /\}/’ 7 7" 7' ypper arm, inertial
-~
— ’ P
$
i2
K ) (X,,Z,) o
2 upper torso,
. inertial

Upper spine joint

2‘9_,7=x§|2+ z.k,

0 = constant

L,,= constant

FIGURE 7-5 Shoulder Joint
SLIDE 7-6
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61,09.05,04.05.05.07.95.0, =0 (input or output)

Upper
Torso (2) .
Shoulder Elbow
Upper Arm (7) ~ +4
% Head (1) lower N
Lower Middle A (8
Torso (4) Torse (3) m‘, rms
Hip g s  — )
Upper Legs (5) \"\r/ Lower Legs (6)
Neck

~ FIGURE 7-6_ Occupant Model Configuration w1th aH Body Link Angles Equal to
Zero for INPUT or OUTPUT o
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FIGURE 7-9 Seated Occupant in Position of Approximate”eqjﬂllh'bm;rum
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_INITIAL POSITIONING ‘OF OCCUPANT

'FOR APPROXIMATE EQUILIBRIUM: FIXED DATA

@ Estobhsh body Imk Iengths and_ m_qéges

@ | Establish occupant contcd sensmg profuIeI mcIudmg eIIIpse
Isuzes and attachment posmons

® Establish vehicle-interior profile

@ Establish static load- deflechon reIahon»s» Ior all ellipses ‘and.
veIucIe interior regions

[SLIDE 7-9
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INITIAL POSITIONING OF OCCUPANT
FOR APPROXIMATE EQUILIBRIUM
!

@ Determine total deformation of hip ellipse and seat cushmp
lme required to balance the torso wengﬁt plus halﬂtbg
.upper leg weight

o Defermme ‘total deformation of fooflandfloorpan for
bolcncmg Iowrer leg weight plus half the upper |eg‘we|ght

@ Use scale dr&w]ngs or equahons to defermme the h:p |o}nt

coordlnotes and I upper and lower Ieg c:ngles whlch give the
| requxred mnhal | deformations

@ Use scale drawmg-;swor equahons to find torso Imk cngles whlch
make torso elhpses tangent to the seat bcck or produce

desned deﬂechons

9 3 Determme required input coordinates for the upper torso
center[of gravity fro_m__ﬂ)g established hip joint position and
torso link angles’

Q‘ Assign head, neck, and arm angles ;

189




SEAT
CUSHION
FORCE

HIP
CIRCLE
FORCE

400~
. T g
 F=88.455—33% +9.36%"
300- '
Flib.)
200-
100
T T i [ ] 1 i 1 1 mJ
5 10 15 20 25 30 35 40
& (in)
DEFLECTION
1000
Flib)
10-
— . , '
.5 1.0
8 (in.)
DEFLECTION

FIGURE 7-10 Force-Deflection Curves for Seat Cushion and Hip Circle

SLIDE 7-11.
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‘Waight to be balanced: 95.5 Ib

‘Component normal to 16’ seat cushion: 91.8 b

1) 91.8 = 88.455- 3357+ 9.365

2) 8, =1533
'3) 918 =10+ (5- .5) 990/.5_
4) 5y= 54

o

5) 8= b +8y= 2074

(SLIDE 7-12
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 SUMMARY OF DATA REQUIREMENTS
~_FOR INITIAL POSITIONING OF OCCUPANT

® :Nine body link angles

@ ' x and z coordinates of upper torso center of gravity

® Two shoulder-joint coordinates

® Neck length

SUDE7-13
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MODULE 8 -- CRASH DECELERATION PROFILES AND HEAD APPLIED FORCES

SLIDE 1

The crash victim's environment is made fo be dynamic by specifying
a vehicular motion. If the crash victim is a pedestrian, the vehicle
might be moving with constant speed or it might be accelerating or
decelerating. If the crash victim is an occupant of either a struck
vehicle or a striking vehicle, he is normally initially at rest with
respect to the vehicle. He interacts dynamically with the vehicle
interior and restraint systems only as a result of occupant compartment
acceleration or deceleration. Therefore, unless the model is being
used to solve a free motion problem, it is always necessary to pre-
scribe a vehicular motion.

SLIDE 2

The figures shows a schematic of the planar vehicle. Point "Q"
is the origin of a coordinate system fixed to the occupant compartment.
Its Tocation in the vehicle is arbitrary; it might, for example, be a
point on the toeboard. In the illustration, the vehicle-fixed coordinate
frame is just behind the front seat and at knee level. While occupant
position and the Tocation of points defining the vehicle interior are
prescribed with respect to this point, vehicle motion is prescribed by
specifying the position of point "0" within an inertial reference
frame. In addition to horizontal and vertical motions, an angular
pitching motion must also be defined. In the MVMA 2-D simulator,
the pitch angle is positive when measured counterclockwise from the
inertial x-axis, as illustrated. '

In order to define these three motions, the user first specifies
for each an initial position:and an initial velocity. It is often
convenient to define the inertial frame reference point as coincident
with the vehicle origin at time zero. The initial vehicle x- and z-
coordinate values will obviously both be 0. in this case. If
velocities of the vehicle degrees of freedom are to vary with time,
then acceleration histories must also be prescribed. Only for a
simulated pedestrian impact would it be reasonable to hold vehicle
velocities constant. In order that vehicle accelerations can be
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specified with greatest possible ease, it is not required that the linear
accelerations be defined at the point "0," but rather at an arbitrary
point in the occupant compartment, where, for example, a biaxial ac-
celerometer might be mounted. The location of that point in vehicle
coordinates, that is, relative to point "0," must be specified. Its

- coordinates are (a,c) in the figure.

SLIDE 3

Acceleration histories are entered in tabular form as functions
of time. For user convenience several options are available with
regard to their specification. Linear accelerations, that is, x and
z, may be defined if desired as the responses of a biaxial accelero-
meter mounted on a part of the frame that is fixed with respect to the
occupant compartment. Alternatively, the accelerations may be pre-
scribed as motion components within an inertial frame of reference.
The x- and z-accelerations may be entered in g's or, depending on
whether the simulation is being made with English or metric system
units, in/sec2 or m/secz. Pitching accelerations may be in rad/sec2
or deg/secz. It might be noted here that definition of the beginning
of the crash, that is, t = 0, is arbitrary, but is reasonably taken
as the time at which accelerations begin to deviate from zero.

SLIDE 4

The user can approximate a continuous accelerometer trace to
any desired degree of accuracy by connected straight-line segments.
Piecewise-linear 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 first six are at times of 0 msec,
25, 65, 75, 85, and 120 msec. Since the acceleration profile
is identically zero after 120 msec, the seventh point should be for
an acceleration of zero at some time exceeding the end of the crash.
This coordinate might be 1000 msec, arbitrarily, since simulations are
normally terminated at 200 to 250 msec. There is seldom any
occupant dynamics of interest after 250 msec.
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The pitching acceleration trace illustrated might have been ob-
tained from an angular accelerometer, from analysis of non-coincident
Tinear accelerometer data, or from film analysis. Like the x- and
z-accelerations in the figure, this trace is a piecewise-linear approxi-
mation of a more complex profile. ’

Whether the model user inputs vehicle acceleration components
relative to the inertial frame or in the vehicle frame of reference
generally depends on the source of his data. The linear acceleration
profiles may be entered in whichever form is more convenient. It is
unnecessary for the purpose of defininag input data for the user to
understand the analytical relationship between acce]eration compo-
nents in these two reference frames. It is not a consideration in the
specification of data. But an analytical relationship between them
does exist.

SLIDE 5

The simple transformation shown here fe]ates the inertial compo-
nents to components measured in the rotating vehicle coordinate system.
These relations are pertinent to understanding the printed output of
vehicle motion. Although the user is allowed to prescribe acceleration
components in the vehicle-fixed frame, inertial components are cal-
culated by the computer model for output and for use in the equations
of motion. The inertial components are, of course, identical to the
vehicle-relative components whenever the vehicle is not pitched.

SLIDE 6

Crash deceleration profiles provide an indirect forcing excita-
tion to the occupant linkage. It is indirect in that crash forces on
the occupant result only when prescribed vehicle motion causes inter-
action with occupant-compartment surfaces and restraint systems. The
MVMA Two-Dimensional Crash Victim Simulator provides as well for a special,
direct forcing excitation that has found occasional use. This is the
direct application of a time-dependent force vector to any desired point
on the head. Both the magnitude and direction of the vector can be
time dependent since the X- and Z-components are separately specified.

These components are prescribed as tabular functions of time and
they may be defined with respect to either the inertial axes or the
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rotating head system. The point of application of the force vector
cannot change with time since its coordinates in the head system,
"a" and "¢" in the figure, are user-defined constants.

SLIDE 7

This figure illustrates a 500 1b., 10 msec half-sine force
applied at the base of the skull in a superior and anterior direction,

30° above the inertial horizontal axis. The force is appTied at a
point 4 inches posterior and 1.2 inches inferior of the head center of
gravity. The sinusoidal force pulses are approximated by piecewise-
linear forms.

SLIDE 8

Diverse applications might be made of this model feature. One use
to which it has been put was to aid in the empirical determination
of a composite lateral bending stiffness of the neck for small defor-
mations. An experiment was devised in which a short-duration, low-
level force could be applied laterally to a subject's head. The
subject was seated, and a sideboard prevented any torso motion. The
force pulse was recorded as a function of time, and angular head
acceleration was determined from accelerometers mounted on a bite-bar
structure. The experiment was then simulated with the MVMA 2-D
model. Primary inputs to the model were head mass and moment of inertia
and neck mass, all estimated from cadaver data, and neck length, de-
termined from x-rays of the subjects. The elastic torsional stiffness
coefficients at the upper and lower neck joints were considered to be
adjustable parameters for a series of computer simulations which
used measured head force as a driving excitation. Neck stiffnesses
appropriate for small lateral bending deflections of the head and
neck were thus determined as the coefficients which gave the best
fit of simulated angular acceleration response to experimentally measured
response. '
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SLIDE 9

This module has explained the specification of motion for the
occupant compartment and also a special feature that allows a time-
dependent force vector to be applied to any point of the occupant
head. The vehicle has three degrees of freedom, horizontal and
vertical linear coordinates plus a pitching coordinate. The motion
for each of these is specified as a tabular acceleration history
together with initial position and velocity values. The linear
acceleration components may be defined either as relative to an iner-
tial frame of reference or as relative to a rotating coordinate frame
fixed to the vehicle. If the latter option is selected, then the
acceleration histories represent the motion that would be
sensed by a biaxial accelerometer fixed within the rotating frame.
In-either case, the user must also locate a simulated accelerometer
within the vehicle-fixed coordinate system. Direct application of
a time-dependent force vector to the head of the occupant requires
specification of time histories of the two force components and the
location on the head of the point of application.
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Inertial reference frame

- | X

K,Z

‘Accelerometer
Location

v

FIGURE 8-1 Vehicle Coordinates

SLIDE 8-2
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“OCCUPANT COMPARTMENT ACCELERATIONS

© | Accelerations for three vehicle degrees of freedom as tabular
functions of time:

® Linear accelerations defined with res;;ectto enthert_he vej‘t_lcle
frame of reference (biaxial accelerometer) or the inertial frﬁg'fne

® Linear accelerations in g's, in/sec?, or m/sec?

@  Pitching acceleration in rad/sec? or deg/sec?

| SLIDE 8-3
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VEHICLE ACCELERATION TRANSFORMATIONS

o, © vehicle pitch angle
. . = +7 . i
Xv,mert1a] Xacce]erometer cos 8, zacce]erometer sin ev
‘ | . , ‘ i
Zv,merhal Xaccelerometer s1n 6)v Zacce]erometer cos ev’
SLIDE 8-5
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FIGURE 8-5 Schematic of Force Applied to Head

/SLIDE 8-6
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F,=500 c6530° sin (37 r)

F --500 sin 30 5|n(02t

' FIGURE 8-6 Example of Data for Force Apphed to Head

SLIDE 8-7
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_SUMMARY OF DATA REQUIREMENTS FOR
'VEHICLE MOTION AND HEAD APPLIED FORCES

Horizontal acceleration history plus inifial position and velocity

Vertical acceleration history plus initial position and velocity

‘Pitching acceleration history plus initial position and velocity

“Linear accelerations in inertial frame or in rotatingivehicle frame
~ Accelerometer location in vehicle

Time-dependent components of head applied force

Location on head of point at which force is applied

[SLIDE 8-9'
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MODULE 9 -- BELT RESTRAINT SYSTEMS

SLIDE 1

The MYMA Two-Dimensional Crash Victim Simulator includes two
independent belt system models for optional usage. The first is illus-
trated by the next slide. The second, a more complex system, will be

discussed later.
SLIDE 2

This belt system consists of: a) a one-piece lap belt attached
to the lower torso element and anchored at each end to the vehicle;
b) an upper torso harness strap attached to the upper torso element
and anchored to the vehicle; c¢) a lower torso harness strap attached
arbitrarily to any torso element and anchored to the vehicle. The
simpler of the two belt-restraint submodels is effectively a three-
belt system. The two-segment lap belt shown in the figure is treated
by the computer model as a single piece of webbing that slides freely
over the pelvis through a user-specified point, called an "attachment
point," on the lower-torso element. Thus, a lap-belt tension is de-
termined from the elongation or strain of the total belt length, with
no adjustment for possible friction effects, and the established ten-
sion is applied at 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-torsc 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 lTower-torso segment. Unlike for the Tap belt, the two segments of
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 is as-
sumed at the torso for each belt segment, and entirely independent
belt tensions are calculated for the two segments. There is no
necessity to define equivalent webbing properties for the two segments.
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Indeed, specification of different foree-producing characteristics

for these two segments is a means sometimes used for simulating slip-
ping and friction for the torso restraint of the three-belt submodel.
It is also possible to simulate belt slipping by allowing the body
segment to deform together with the belt at the attachment point.
Thus, the attachment point is made to relax, in a sense, in the direc-
‘tion of the applied belt tension.

SLIDE 3

Loading curves for the three pieces of webbing may be prescribed
either as force-deflection relations or force-strain relations. The
type of specification must be the same for all belts in the system.
Whether force-deflection or force-strain relations are used generally
depends on the form of available data.

For determination of belt forces, belt deflection is defined as
the difference between stretched belt length and the length of the
taut, but unstretched, webbing. For each belt in the three-belt
system, the input parameters pertinent to determination of belt de-
flection are the unstretched webbing length %4, the initial 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 belt geometry, as might be thought,
because the defined belt length 2, should not in general be a projec-
tion onto the x-z plane but rather is the total belt length in three
dimensions. The specification of both unstretched belt length and
initial slack along with initial endpoint coordinates allows calcula-
tion by the computer model of the proper initial "out-of-plane"
component of webbing length, 0.P.C. in the figure. The stretched
belt length 2(t) is calculated as the straight-line distance in the
Xx-z plane between the instantaneous positions of the belt anchor and
attachment point plus the constant value determined for the initial
out-of-plane length.

Since the input constant %y, the unstretched belt length, includes
the out-of-plane component by definition, the belt deflection at time
t is 2 - 2g. The strain is defined as the ratio of belt elongation

208



to total initial belt length, as shown by the equation with the figure.

For the second optional belt restraint-system submodel, which
will be discussed later, required inputs relating to belt lengths are
the same except that out-of-plane length is épecified instead of the
total, unstretched belt length.

SLIDE 4

This figure illustrates belt geometry for the three-belt submodel.

A11 belt anchor points, shown as A], A A3, and A4, are prescribed

by the user in the vehicle coordinate ?rame. Anchors 1 and 2 are
interchangeable; either may be considered the inboard or outboard

lap belt anchor. The three belt attachment points are defined rela-
tive to body joints by g£-z coordinates. The upper torso-harness strap
must be attached to the uppef torso element and the lap belt attach-
ment must be on the lower torso element. The Tower torso-harness
strap, however, may be attached to any desired torso element. The
point (£3,z3) is illustrated in the figure for attachment to the mid-
dle torso element. For the belt-restraint submodel which will be
discussed later, belt attachment points on the occupant are specified
in the same manner except that the coordinate perpendicular to the link

line is positive toward the front of the body.
SLIDE 5

Loading curves for belts, whether in terms of deflections or
strains, may be defined either in polynomial or tabular form. Speci-
fication of loading curves is described in detail in Module 6, Part
1, and will not be discussed here. Both static and "inertial spike"
loading curves may be assigned for belt materials, and unloading
characteristics may be prescribed in terms of deflection-dependent
"G- and R-ratios," which determine permanent deformation and restored
energy upon complete unloading.

Three input parameters unrelated to the specified loading curves
pertain to belt failure of the three-belt system. Two are the lap-
belt and torso-belt breaking forces. The third is the time duration
for belt failure, which ensures that after a belt force exceeds its
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breaking level the force will be reduced gradually to zero. A

value of 1. ms is often used. The belt-failure mechanism can be defined
alternatively by specifying the webbing loading curves so that loads
reduce to zero after breaking deflections, or strains, are reached.

Only this latter method can be used for the second optional belt

system.

SLIDE 6

Whether or not belt restraint-system data are present in a data
set for an MVMA 2-D simulation, a belt-system control switch must be
properly set. If the switch value is 0., then no belt forces will
be determined even though the data set may include cards with belt-
system specifications. A value of 1. or 2. indicates that the three-
belt submodel is to be used. If a 1. is entered, then only lap-
belt forces will be determined. Lap-belt and shoulder-harness forces
will all be determined if a 2. is entered. This switch should be set
to 3. whenever belt forces are to be determined for the so-called
"advanced belt-system submodel."

A schematic of this second optional belt-restraint system is shown.
It includes the following features: a) seven belt segments which may
be independent or, at option, may be paired in certain combinations
to act as a lesser number of separate lengths of webbing by use
of various free slipping and friction elections at the torso and lap
and at slip points; b) a slip point in the three-belt upper harness
system; ¢) a slip point between the lower torso and lap sections;
d) optionally, inertia reels, either vehicle-sensitive or webbing-
sensitive, at three of the four anchor locations.

The anchor A4 cannot have an inertia reel; the outboard lap
belt segment, if present, fastens securely to this anchor. Here, and
on slides to follow, a solid semi-circle at an anchor position indi-
cates an optional inertia reel.

The system includes two slip points where three belt segments
come together. One is in the upper harness system and one is between
the lower-torso and lap sections. The slip points are shown as open
circles, rings R] and R2. The rings may be fastened to ring straps,
which Tead to anchors A] and AZ’ or they may be fixed to the vehicle
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frame at anchor locations A] and AZ’ in which case the corresponding
ring straps, 86 and 85, are absent. Belt segments 85 and 86 are
always "independent" of other belt segments since they fasten to the
s1ip rings. Through each ring, however, passés a strap of webbing
shown in the figure as a pair of belt segments, either B] and B7

or 82 and B3. At option, the members of these pairs can be made
independent by prohibiting slipping of the combined strap through

the ring. In this case the ring location is a juncture of three
independent straps of webbing. The pairs B]-B7 and 82-83, however,
may be considered common straps that may slip freely through their
respective rings or with an amount of frictional resistance

which depends on the resultant normal force at the ring. The tension
in any one-piece segment pair is determined from the total deflection,

or total strain, of the combined Tengths of webbing.

Various possibilities for combinations of anchor type and type
of belt-segment interaction at a ring are illustrated in the next two
slides.

SLIDE 7

For each anchor, an anchor type designation must be made, and for
each ring,a ring type designation is made.

SLIDE 8

(pause)

SLIDE 9

The upper and lower torso belts, B] and BZ’ may be made independent.
Or, optionally, free slipping can be modeled through use of a force-
equalization option for torso-belt or lap-belt pairs. This option for
the advanced belt system is identical to the standard treatment of the
combined two-segment lap belt discussed earlier for the three-belt
submodel.

In general, however, friction and belt-system geometry factors lead
to unequal belt tensions. Three optional methods are available to
allow the tension in one torso belt to influence the tension in the
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other. These are called "interbelt influence options," and they will
now be described.

The first interbelt influence option is intended to simulate the
effect of static and sliding friction between belts and the occupant.

This is done by allowing the torso-belt pair to "relax," in effect,
toward the belt segment of greater tension. Normal-force friction
effects are approximated from an estimate of the normal force where

the webbing is in contact with the occupant. Two system parameters
prescribed by the user for this option are static and sliding coef-
ficients of friction for the belt-occupant interface. The static
friction coefficient is in general at least as large as the sliding
friction coefficient although this is not a requirement. Free slipping
results if both coefficients are specified as zero. A non-slip condition

is quaranteed by specifying a very large value for the static coefficient.

An interbelt influence option can be selected which will simulate
the effect of belt friction in an entirely different manner. Here,
a "saturation force difference" is prescribed by the user for the torso
belt pair. Whenever the difference in tension between the two
belts exceeds this force saturation value, the greater of the forces
is reduced by an amount such that the difference in tensions is
equal to the saturation value. The tension in the other belt is un-
changed. This adjustment of the force difference is intended to
represent partial slipping against static friction. The only
quantity that the user must define if this option is used is the value
for the saturation force difference.

The third interbelt influence option allows the user to specify
a positive or negative fraction of the tension of one torso belt
which will be applied as an additive adjustment to the tension of the
other. Thus, one belt is designated by the user as an "influencing
belt." Its tension is not adjusted, but it determines the adjustment
to the other belt of the pair. In conjunction with this option, the
user supplies a "maximum influence-force bound." If the force adjust-
ment, in absolute value, is greater than this bound, then the bound
itself is applied as the adjustment. The "percentage influence"
option is more artificial than the other torso interbelt influence
options, but it has nevertheless found useful application.
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SLIDE 10

This slide summarizes the input data requirements of a model
feature which has been mentioned briefly -- inertia reels.

Any anchor except for the outboard lap-belt anchor may have an
-inertia reel of either the vehicle-sensitive or webbing-sensitive type.
A vehicle-sensitive reel can be made to lock at some specified time,
or alternatively, when either of two conditions occurs: a) the resul-
tant inertial acceleration at the anchor location exceeds, in absolute
value, a specified limit; or b) vehicle pitch exceeds, in absolute
value, a specified limit. A webbing-sensitive reel will lock either
when the rate of belt feed-out or the acceleration of belt feed-out
exceeds a specified limit. Once a reel of either type locks it will
remain locked for the duration of the crash history.

SLIDE 1N

Finally, a few additional points are made here relative to the
upper and lower slip points, rings R] and R2 in foregoing slides.
The rings, if present, are fixed to the vehicle frame or fastened to the
end of ring straps, 85 and BG' If a ring is not anchored to the vehicle,
then its location at any value of time is determined by the condition
that x- and z-forces at the ring location sum to zero. This involves
solving simultaneous nonlinear equations for the ring coordinates,
and some of the required input data are specifications for the numerical
solution algorithm. Guidance in selecting values for the less obvious
of these parameters,isuch as controls for an iteration process by
‘which a force balance is determined, is provided with the text for
Module 9.

A primary characteristic of the rings is that the webbing straps
passing through them can be allowed to slip either freely, or with a
desired amount of frictional resistance, or not at all. In addition
to 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.
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SLIDE 12

In summary, the MVMA 2-D Crash Victim Simulator includes two
independent belt system models for optional usage. These are a three-
belt system and a more complex system that may have up to seven belt
segments. Many of the data requirements for these two submodels are

basically similar. These include anchor locations in vehicle coordinates,

belt segment attachment points on torso elements, initial belt slacks,
unstrained belt lengths or out-of-plane components, and either force-
strain or force-deflection webbing properties. Data requirements
specific to the advanced belt-system submodel include a description
of overall system design by designation of:1) belt segments present

in the system; 2) anchor "types"; and 3) upper and lower slip ring
"types." For any inertia reel present in the system, various specifi-
cations must be made. Three optional methods are available for simu-
lating slipping and friction effects for the torso-belt pair. These
are the so-called "interbelt influence options." Each requires
different input data. Finally, coefficients of friction are needed
for belts slipping through the slip rings and, ir the case that a ring
is present but not fixed to the vehicle frame, force-balance iteration
controls are required.
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'SLIDE 9-2
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FIGURE 9-4 Three-Belt System Geometry
SLIDE 9-4.
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" BELT MATERIAL PROPE

RTIES

@ Lloading curves as functions of deflection or strain

® Unloading characteristics

@ Permanent deformation as function of maximum
| deformation

@ Hysteretic energy absorption

® Belt-failurelcharacteristics

SLIDE 9-5
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SLIDE 9-6
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ANCHOR TYPE

ALLOWED INDEX

SCHEMATIC DESTGNATION VALUES
AW (CHOR, = i -
N7 mcHOR, = 0 | 11,2, 3, 4
no belt
2;;?'51?@;9/ i=1,j=6
i meHoR, =1 |4 L, S le
i=3,5=7
i=4,3=4 (no
ring)
mcHoR, =2 |1 ° 1,J=6
i=2,3=05
i=3,3=17
=lor3,j=1,
ANCHOR, = 3 RING, = 1
=2, j =2 and/or
3, RING, = |
matvy
=1, 5=1,k=17,
ANCHOR, = 3 RING, = 2 or 3
=2,5=2, k=3,
RING, = 2 or 3

FIGURE 9-7 Belt Anchor Type Designation for Anchor "i"

SLIDE 9-7
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RING TYPE ALLOWED INDEX VALUES

SCHEMATIC DESIGNATION
i=1,3=1,ANCHOR, = 3

Y o/ V7 1
%¢/ 457/ 52222%2&4/ RING. =1 Ji=2,3=2o0r3,
! ANCHOR,, =

or of 2

i=2,3=2and3,

ANCHOR,, =3

i=1,j=1,12=06,

ANCHOR] =1or?2
RING; = 1 i=1,3=1,2=17,
ANCHOR =1 or 2

i=1,3=1,2=6 and 7,
ANCHOR and ANCHOR, = 1

1 or 2 3
i=2,j=21=5,
ANCHOR, = 1 or 2
i=2,5=2,0=3ands5,
ANCHOR, = 1 or 2
_ i=1,3=1,k=7,
RING; § or ANCHOR, = 3 (or 0)
i=2,5=2, k=3,
ANCHOR, = 3
i=1,5=1,k=7,2=6,
RINGi =2 or ANCHOR] =1 or 2
3

i=2,=2,k=3,2=05,

ANCHOR2 =1 or 2

nin

FIGURE 9-8 Designation of Ring-Belt Relationship for Slip Point "i
_ SLIDE 9-8
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INTERBELT INFLUENCE OPTIONS

® Normal Force Fnchon

@fStatlc coefhcuent of frlcnon

@ Sliding coefficient of friction

(] Force anference Scturotlon

@ Maximum allowed difference between belt seg'mer{t
'tensmns (satﬂurﬁotlon force difference)

Q| Percenfcge lnﬂuence

@ Designation of “influencing belt”

e Posmve"or negaﬁve fractlonal force adwstment
| coefhcnenf

(- % Maxnmum force od;ushpe_nt bound

| SLIDE 9-9
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INERTIA REELS.

@ At any anchor except outboard lap

® Vehicle-sensitive reel
@ Locks af spacified rime, 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 [imir

| SLIDE 9-10
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SLIP POINT PARAMETERS

@ Controls for force-balance iteration

© Ring type designation

® Anchor ype desgnation

@ Coefficients of friction for belts slipping through rings

sUpE oo
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' SUMMARY OF DATA REQUIREMENTS
'FOR BELT-SYSTEM SUBMODELS

\ THREE BELT SYSTEM and ADVANCED BELT- SYSTEM SUBMODEL

. @ Anchor locations

e Body attachment locatlons

® lmttal belt slacks

01Unstrct_lned belt lengths or out-of- plcne components

© Webbing properties for either strain or deflection deformation

o ADVANCED BELT SYSTEM SUBMODEL onlyt_‘

- ¥ Se\_/_e’n_u:::;t—lgnal belt ségme—nts

(Y A'nchor. "type”desagnahon

- ] ng type desngn“c;tl;n‘
@ Inertia reel characteristics

© interbelt influence options’

-2 Normal force frlétlon

Qo Forge_ dltferencg s__uturatlon-

[ !Percentqge influence

(] Slip ring friction

@ Force-balance iteration controls

‘SLIDE 9 12
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MODULE 10 -- AIRBAG RESTRAINT SYSTEM

SLIDE 1

An airbag submodel may be used optionally with the MVMA 2-D Crash
Victim Simulator. The estimation of bag forces is based on solution
. of the differential equations of gas thermodynamics. The airbag can-
contact both the occupant and vehicle interior. Restraining forces
due to the internal pressure and skin tension are generatéd when the
bag is fully inflated. The shape of the bag is allowed to conform to
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 is allowed to flow out of the bag
through defined orifices.

SLIDE 2

The approach chosen for developing an analytical submodel for
inflatable occupant restraints was to produce the simplest model that
would provide acceptable agreement with experimental data. Assumptions
made in the formulation of the analytical model were based upon both
analysis of the physical processes involved and observation of high-
speed movies of tests of prototype inflatable safety restraints. User
experience with the model may suggest alteration of some of the assump-
tions or generalization of some of the algorithms used to cover a
wider variety of physical situations. Observation of high-speed movies
of tests led to four assumptions.

First, no restraint force is exerted upon the occupant until the
occurrence of full bag inflation, which is defined as the condition in
which the calculated perimeter of the deformed or undeformed bag equals
the specified filled-bag perimeter. This is equivalent to stating that
the mass of the bag and its contents can be neglected.

Second, the skin of the bag does not stretch.

Third, the perimeter of the bag cross section in the plane of mo-
tion conforms to the shape of the automobile interior or to the occupant
wherever they touch. Elsewhere the perimeter is described by circular
arcs.,
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Fourth, once the occupant and the bag have contacted, the bag skin
adheres to the occupant without slippage.

Four other assumptions were made to simplify the model.

First, thermodynamic properties of the gas in the bag are calculated
using adiabatic expansion 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.

Second, bag pressure does not affect the rate of inflation by the
gas generator, which delivers gas at a predetermined rate. This im-
plies that the area of the cross section of the bag increases at a
predetermined rate until the bag is filled.

Third, the point at which the bag attaches to the automobile
interior is fixed with respect to the interior. This means that the
bag may not be attached to a collapsible steering column.

Fourth, restraint force due to tension in the skin of the bag,
caused primarily by the bag wrapping around the sides of the occupant,
is approximated by a simple algorithm which takes into account the most
important variables: pressure in the bag, width of the occupant and
depth of penetration into the bag.

SLIDE 3

The airbag expands within a closed area illustrated in the figure.
The area is defined by: a) five user-prescribed straight-line 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) cal-
culated straight-line segments joining the endpoints of the five pri-
mary line segments; c) two calculated straight-line segments approxi-
mating the front of the head; d) from one to five user-prescribed
frontal-interior line segments; 3) a roof line extending to above
and behind the head; and f) two calculated line segments, a-b and
10-A, which close the area. The dimension labeled "RHEAD" is a
user-prescribed value for average head radius. It is used for deter-
mining the line segments bc and c1 which approximate the front of the
head.
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The bag source may be arbitrarily positioned within the passenger
compartment; for example, on the instrument panel. This point is
shown as (XA’ZA) in the figure, and it is fixed in the vehicle. It
cannot move either with the steering assembly system or with any part
of the vehicle interior. The airbag will, however, react against line
segments which define a frontal interior profile. This profile is com-
prised of from one to five connected line segments generated from two
to six points specified by the user. The profile for airbag contact
is normally identical to the profile of instrument panel lines de-
fined for interaction with the vehicle occupant. The figure, however,
illustrates a bag-sensing profile which.is less detailed than the oc-
cupant-sensing profile. Entries on data cards for the occupant-sensing
profile define points A, B, C, D, E, F and thus the line segments
AB, BC, CD, DE, and EF. These five segments, the maximum number allowed,
can only approximate the occupant-sensing profile, shown by solid
lines. Since this profile is a reaction surface for the airbag,
the user should make the approximation to the true interior line most
accurate near the bag source. All vehicle-interior line-segment end-
points can be prescribed as functions of time, and the airbag will
sense any collapse of the lines AB, BC, CD, DE, and EF about it.
These lines are sensitive only to airbag contact while the example
vehicle-interior configuration defined by FGEDCBHAI is sensitive
only to interaction with contact ellipses.

Airbag forces and moments are applied to the occupant at seg-
ments C-1, 1-2, 3-4, 5-6, 7-8. These forces are the sum of elemental
forces from elemental areas of contact between the bag and the occu-
pant. Each elemental force is made up of two parts: one caused by
pressure inside the bag and the other by tension in the bag skin.

The first of these is calculated from the elemental length of bag
contact, the width of the occupant at that point, and the pressure
in the bag. The skin tension force results from the tendency of the
bag to wrap around the sides of the occupant.

A vector heading must be specified to define an axis along which
the bag center progresses as the bag becomes an ever-expanding circle.
This axis is illustrated in the figure as the dotted line extending
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inward from line segment DC. The heading angle remains constant until
contact occurs with bounding segments of the closed area in which the
airbag expands. After such contact, the heading of the bag center

motion is adjusted in order to balance z-direction forces on the bag.

SLIDE 4

The airbag is inflated at a time-dependent rate specified by the
user; inlet mass flow rate is a tabular input to the simulation. Sup-
ply gas temperature is similarly specified in tabular form as a function
of time. Energy absorption by the bag results by either or both of two
means, controllable by the user. First, exhaust gas may be vented
through user-defined orifices, as illustrated 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 first of these deflation
mechanisms, the user specifies area of a deflation membrane and
the pressure differential necessary to rupture it. Explicit assump-
tions made in the calculation of the exhaust mass flow rate are:

1) that unchoked flow through an orifice occurs with no losses,

that is, 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 is directly proportional to the discharge coefficient

and to 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 is required to specify bag porosity as a tabular func-
tion of pressure differential. The two deflation mechanisms may be
combined in any crash simulation. But if it is desired to use only
bag-porosity deflation, it is necessary to 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 to burst a deflation
membrane or by setting the deflation membrane area equal to zero.
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SLIDE 5

Values for various quantities not mentioned so far, or mentioned
only in passing, must be prescribed by the user. These include
the bag fire time. Also, the perimeter of the bag when fully inflated
and the bag width, that is, the out-of-plane dimension, must be
specified. Other out-of-plane widths required are for the head,
shoulders, torso, hip, and thighs. Quantities for which standard
handbook values are normally specified are the gas constant for the
source gas, and also the specific heat at constant pressure
and the ratio of this value to the specific heat at constant volume.
For real gases, the specific heats and also their ratio are depen-
dent on temperature, but for the temperature range likely for airbag
simulations, a mean ratio of 1.4 is accurate for either nitrogen or
air. Finally, the exhaust pressure is specified. This is normally
one atmosphere. |

SLIDE 6

Bag forces on the occupant result from interaction of the airbag
with the occupant profile, mentioned previously as a section of the
boundary of the closed area in which the airbag expands. This occu-
pant profile is a series of straight-line segments. The user speci-
fies the locations of eight points on the occupant frontal profile,
each fixed with respect to some body link as illustrated. The coor-
dinates £ and ¥ with "i" equal to 1, 2, 4, 6, 7, 8, 9, and 10, de-
fine these points. It is clear that as articulation occurs at body
Jjoints, any successive points of this group that are not defined with
respect to 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 both length

~ and orientation with respect to all body links; these are determined

by the computer model from the input data so as to make the contact
profile continuous.
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SLIDE 7

Many quantities must be prescribed for simulations which use the
airbag submodel. Most are included in this summary of data requirements.
The bag fire time is specified by the user and the circular airbag issues
from a source point, fixed in the vehicle,in a specified initial 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 to
establishing airbag contacts and resulting forces include an occupant
profile, a frontal-interior profile 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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“SUMMARY OF ASSUMPTlONS IN AIRBAG SUBMODE‘L ANALYSIS_‘

(1. The occupant feels constraint forces only after bag s fully
(expanded

2 The skin of the bag does not stretch

'3. The bag cross-section perimeter is circular except
‘where it conforms to the shape of the vehucle mtenor

lor to the occupanf

4. The bag skin adheres to the occupant without sllp-;_:cge

5. Adiabatic e)gpgnsuon of |dea| nltrogen is at assumed

6 "Bag pressure does not affect the rate»_gf_l_[\_f_lchon,
“which is specificed by ‘the user.

i 7. The attachment point is fixed in the occupant comparfment

- 8. The effect of skin tension can be approximated from bag
pressure(,ﬂgccupunt width, and depth of penetration into

SOUUIEU . S,

| FIGURE 10-2 Summary of Assumptions in Airbag Submodel Amalysis

s e e e e

'SLIDE 10-2
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FIGURE 10-1 MVMA 2-D Airbag Model

SLIDE 10-3
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FIGURE 10-4 Supply Cylinder and Bag
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_OTHER USER-PRESCRIBED PARAMETERS

® | Airbag "fire” fime

® Bag perimeter when fully inflated

® . Out-of-plane bag width

®  Out-of-plane widths for occupant

@ Gas constant, specific heat at constant pressure,
and ratiofof specific heats for source gas

® Exhaust pressure (one atmosphere)

s e s -

[SLIDE 10:5
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FIGURE 10-7 Airbag Contact Lines on Occupant

SLIDE 10-6
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“SUMMARY OF DATA REQUIREMENTS
(FOR AIRBAG SUBMODEL |

e |Bagﬂ"hr.é "hme

- ] qu source flxed m_ vehrde

® Vector heading for initial expansion of bag.

o Inlet mass _flow rate, functuon of hme

——— [ - PR .

o Sd'ﬁﬁly ‘gas tempe__l'_qtu_reﬂ,u_furv\gffipn of rirn_e

-] Thermodyncmrc constants for source gqs

-] _Penmerer for | fully\-rnﬂcted bag

® 'Occupant profile for airbag conta_cr

® Frontcl mtenor hne segmenrs for mterachon wrth clrbag

@ Out of-plcme bag cnd occupcnt WIdﬂ_’lS

® Deflohon membrcne parameters

@ | Bag fabric porosrty, funchon of pressure dlfferentral

|SLIDE 10-7
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MODULE 12 -- MODEL OPERATION

SLIDE 1

- The MVMA Two-Dimensional Crash Victim Simulator is a large and
complex computer program. Some of the input quantities to the MVMA
2-D Model deal with the alternatives in operation of the computer pro-
gram as opposed to the description of the event being simulated.
Understanding some of the program controls entails some knowledge of
the architecture of the model program.

SLIDE 2

The MVMA 2-D Model is organized as a multiprocessor in that the
model has been divided into three parts which operate in turn. The
first processor is called the Input Processor, or IN. It reads data
cards, packs the values into binary tables,and records those tables
for use by subsequent processors. The second processor, called the
Dynamics Solution Processor, or GO, reads the binary tables, solves
the equations of motion, and incorporates the computed results into
the binary tables. 30 is commonly referred to as the "execution
processor.” The third processor is cailed the Output Processor, or
OUT. It reads the binary tables produced by the other processors
and prints a comprehensive summary of all recorded information as
the user specifies.

SLIDE 3

The flow diagram summarizes the communication between the three
processors by means of four external files which store the binary
tables. A1l data generated by a computer run are contained in these
files, and they may be used for input into post-processors such as
the Validation Command Language or a graphics package.

SLIDE 4

The four files are called NU, MU, MV, and NP, respectively for
the four variables used to reference the logical device numbers to
which they are attached. NU is a direct access data set which con-
tains all input quantities and all -fixed-length computed results.
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MU is a sequential data set which contains head, chest, and hip ac-
celeration information for every integration time step. MV is a
direct access data set which contains the variable-length computed re-
sults, which include contact interactions, region movement, and re-
gion summary quantities. NP is a sequential data set which con-

tains the special information needed for production of stick-figure

' printer-plot output.

SLIDE 5

The computed results are broken into subjects, or categories, which
correspond to output pages for the fixed-length output and to “typical
output pages" for the variable-length output. There are forty such
categories and these are numbered 1 through 40. In addition to the
forty, there are six special types of output for which it was con-
venient to use the same numbering scheme even though they are not
recorded in the same manner. These categories are numbered 0 and 41
through 45. This slide and the following one list all forty-six
categories. Categories 1 through 40 may be optionally recorded on
binary files under control of the recording switches. These switches
may be set by the user to inhibit the recording of the information
for the respective categories.

The input to the output processor allows a specification of which
categories are to be printed during the execution of OUT and the order
in which the categories are to appear. The ordering of the categories
is entirely general except that category number zero, for output of
the input values, must occur first if it occurs at all.

SLIDE 6

The OUT processor may be rerun with specification of different
categories for printout as many times as desired as long as the binary
tables remain undisturbed. A particular category will be printed if
the category was recorded by GO and was specified as desired for
printout in the input to OUT.
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SLIDE 7

General model controls will be discussed next.

The MVMA 2-D Man Model is capable of accepting input and produ-
cing output in either metric units or in American standard units.
Interpretation of input data with respect to system of units is
controlled by a user-set switch.

The acceleration due to gravity is specifiable by the user.
The values shown on the slide are used within the program for deter-
mining accelerations that are to be printed out in G-units.

It is sometimes useful to edit acceleration values. Accelerations
smaller in magnitude than a user-specified value will be set to zero.
The editing facility can improve the appearance of the tabulated re-
sults and rarely will affect the accuracy of a computation.

A parameter which must be specified for each simulation is a rela-
tive error bound used for identifying the occurrence of a singular
matrix for the equations of motion. 0.000001 is the recommended value.

Four optional subsystems are available within the MVMA 2-D Man
Model for two belt models, an airbag model and an energy-absorbing
steering column model. These four options are controlled by three
switches. The first switch is used to indicate the general belt
system to be used or to indicate that no belt system is to be con=
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 belt-system submodel. The other two switches deal
with airbag and steering column respectively and are set non-zero
to indicate use of the respective subsystem.

Finally, values are required for the simulation beginning time,
ending time, integration time step, tabular output time step, time
step for plot recording, and an execution time limit.

SLIDE 8

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 to a

particular section of the program. The level for a particular switch
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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 print-
out will automatically produce secondary and primary level printout.
Similarly, a setting for secondary printout will produce primary print-
.out 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 output is for debugging abnormal
runs. For particularly elusive "bugs" it can be useful to examine the
contents of the computer core at 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.

SLIDE 9

Input data described in preceding modules and to this point in
Module 12 have been for the input processor, IN. These data are
sufficient for IN to produce a data set which can be read by the GO
processor. Additional data are needed, however, by the output pro-
cessor. These are discussed in the remainder of this module. Cards
read by IN have identification numbers 100 through 1000. Cards read
by OUT are numbered 1001 and greater.

Much of the data read by the output processor relate to calculation
and monitoring of response parameters that are potential injury indi-
cators. For example, femur and tibia loads will be printed if the
user requests Category Number 40 both for the recording and printing
of results, as previously explained. Input data required by OUT
are the position of a simulated femur load sensor and the upper leg
mass between the sensor and the knee.

SLIDE 10

Other potential injury indicators are accelerations and accelera-
tion-functionals such as the Head Injury Criterion, or HIC, and the
Severity Index. By requesting appropriate category numbers, the user
can obtain printout of values determined from filtered or unfiltered
accelerations, or both. A Martin-Graham low-pass digital filter is
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used in the MVMA 2-D model. This figure illustrates the attenuation
ratio, or gain, for this filter. Filter controls required from the
user include cut-off frequency, termination frequency, and the number
of filter weights. Also, the user can specify that either a polar
image or a mirror image be used for analytical extensions of the un-
filtered signal.

SLIDE 11

Eighteen potential injury indicators are listed here. The user may
optionally monitor any of these by specifying that the magnitudes of
the quantities be checked to see if they exceed prescribed test values.
For each time range during which a test value is exceeded, output is
produced. The output includes the quantity name, the peak value, the
time at which the peak occurs, and the time duration during which the
quantity exceeds the specified test value together with the points in
time at which the quantity exceeds and then returns below the test
value.

SLIDE 12

In addition, relative angles at ail 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
will 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 of response variables.
The class of variables that can be examined by these tests consists of
all quantities that are recorded for printing. The first test is called
a Type A comparison. It involves the comparison in time of any re-
sponse variable against high and low test values. The printout is
similar to that produced for ‘the joint relative angle test. The
second test is called a Type B Comparison. It allows comparison of
any recorded response variable against any other. The produced output
lists each of the variables, their difference, and an indication of
which is larger.
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SLIDE 13

The MVMA Two-Dimensionai Man Model optionally produces a printer-
plot stick-figure representation of the occupant, the vehicle interior,
and the restraint configuration. The model can produce a stick-figure
- plot based on input data alone or a time sequence of plots based on
computed results from the Dynamic Solution Processor, or both. The
plot based on input data can be obtained even if the Output Processor
is run after the Input Processor without the intermediate execution
of the Dynamics Solution Processor.

The slide shows an example of a stick-figure plot. The location
of each of the body joints is represented by an integer. The link
lines between joints are represented with 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 letters. The positions of the vehicle coordinate axes
are shown with 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 is allowed.

SLIDE 14

Many options for operation of the computer program have been dis-
cussed. The controls required for model operation include values
for the simulation beginning time, ending time, integration time step,
and tabular output time step. Physical parameters in the input data
set may be in either metric or English system units, and the user
denotes which by setting a switch appropriately. Digital filter speci-
fications are entered whenever it is desired to filter occupant accelera-
tion responses. Printout of up to forty-six categories of quantities
can be produced. The user may specify any of forty standard output
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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, auxiliary "debugging" printout can be obtained
from the Dynamics Solution Processor by specification of various con-
- trols.
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___THE MULTIPROCESSOR MVMA 2-D MODEL

. @® IN = Input Processor

© GO = Dynamics Solution Processor, or Execution Processor
@ OUT = Output Processor
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Input |
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l and Results 1
Packed Reads Input D
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FIGURE 12-1 Overall Model Information Flow

SLIDE 12-3
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_ . EXTERNAL COMMUNICATION FILES

“FILE TYPE | §9N.T~"ENT_

'NU -  Direct access . All input and all fixed-
" T length computed results .

ER

MU ‘Sequenfial | Head, chest, and hip
lacceleration results
v " Direct Access Variable-length computed
results
‘NP - Sequential Information for printer-plot

output

|SLIDE 12-4
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Category

Number Description
0 Formatted Printout of Input Quantities
1 Vehicle Response
2 Real Line Region Parameters
3 Real Line Region Individual Line Segment Movement
4 Contact.Forces Including Occupant-Vehicle, Occupant-Belt,

. Occupant-0ccupant

o

Belt Angles

6 Unfiltered Body Accelerations (Head, Chest, PeTvis)
7 Filtered Body Accelerations (Head, Chest, Pelvis)
8 Unfiltered Severity Indices
9 Filtered Severity Indices

10 Body Link Angles

11 -Body Link Angular Velocities

12 Body Link Angular Accelerations

13 Body Joint Coordinates

14 Body Joint Velocities

15 Body Joint Torques ’

16 Body Joint Absorbed Energies

17 Body Kinetic Energies

18 Airbag Variables

19 Airbag Contaét Forces

20 ' Airbag Center of Mass Forces and Moments

21 - HNeck Joint Coordinates

22 | Shoulder Joint Coordinates

FIGURE 12-2a List of Qutput Categories

~ SUDE12S
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Category

Number . Description
23 - Joint Torque Linear Cohponents
24 Joint Torque Nonlinear Components
25 Joint Torque Friction Components
26 Joint Torque Viscosity Components
27 Joint Absorbed Energy Joint Stop Components
28 Joint Absorbed Energy Friction Components
29 Joint Absorbed Energy Viscosity Components
30 Center of Mass X-Component Forces
31 Center of Mass Z-Component Forces
32 Center of Mass Resultant Moments
23 Steering Colum Coordinates
34 Steering Column Generalized Coordinates
35 Steering Colum Forces and Moments
36 Forces and Moments on Body Due to Steering Colum
37 Neck and Shoulder Forces
38 Muscle Tension Forces
39 Muscle Tension Energy Absorption
40 Femur and Tibia Accelerations and Loads
41 Joint Relative Angle Comparisons Against Upper and Lower

Test Values

42 Standard List of Quantities to be Compared Against Test
Values

43 Individual Type A Comparisons

44 Individual Type B Comparisons

45 Printer-Plots of Stick Figures

FIGURE 12-2b List of OQutput Categories

SLIDE 12-6
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_GENERAL MODEL CONTROLS

o _Mbdel ‘operatio _n’ i"r'i__ mefng orEnglEh units

® Acceleration dus 1o gravity, g (standard values are
132174 ft/sec? and 9.80665 m/sec’ ) |

@ Editing of accelerations for minimum non-zero magnitude

® ' Relative error bound for matrix inversion

@  Switches for use of optional submodels

@ Integration controls

SUDE 127
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'DEBUGGING PRINTOUT

® Sixteen debug switches

@ Switches are four-level

10 = off

1 = primary debugging printout
|3 cecondary debugging printout

/3 = tertiary debugging printout

@ [ Swikch levels are functions of simulated fime

| SUDE 12-8




 DATA DECKS

- Card Number
100! (Cards read by IN.
5’10‘1\ 100, 200,.., 900 content used for
1102: automatic titling of pages

1000 1000 (blank] marks end of data deck

1002 Cards read by OUT.

0 11600 (blank) marks end of data deck:

'SLIDE 12-9




| Characteristics of a Martin-Graham Digital Filter

FC'= cuteoft fraguency

—
.

joutput cosine curve

Jinput,

FT = termination fr’e‘é&;j_e_nc;‘]”p”

B W

[FI-C = roll-off raquence bond

FIGURE 12-6 Characteristics of a Martin-Graham Digital Filter

SLIDE 12-10
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imber

0o 9~ o

10
1

12
13
14
15
16
17
18

Quantity Description

Head frontal acceleration at the center of gravity (Anterior-

posterior, A-P)

Head vertical acceleration at the center of gravity (Superior-
inferior, S-I) '

Head resultant acceleration at the center of gravity

Head angular acceleration

Head injury criterion (HIC)

Face loads as measured on a deformable head contact ellipse

Chest def1gction as measured on a deforming chest contact ellipse
Chest load as measured on a deforming chest contact ellipse

Chest frontal acceleration at the center of gravityA(A-P)

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

Chest resultant acceleration at the center of gravity (3 msec
average)

Chest frontal severity i&dex'(A4P)

Chest vertical severity index (S-I)

Chest resultant severity index

Pelvic horizontal acceleration at the hip joint
Pelvic vertical acceleration at the hip joint
Pelvic resultant acceleration at the hip joint

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

- FIGURE 12-9 List of Injury Related Test Quantities

SLIDE 12-11
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 COMPARISON TESTS FOR
POTENTIAL INJURY INDICATORS

 INDICATORS 'COMPARED AGAINST
@ Eighteen in standard list ‘Magnitude limits
@ 'Joint relative angles _High and low test values

@ Any variable recorded High and low test values
for printing Type A Comparison)

@ Any variable recorded Any other variable recorded
for printing Hor printing (Type B Comparison)

SLIDE 12-12
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FIGURE 12-12 Example of Printer Plot Output

SLIDE 12-13
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' SUMMARY OF MODEL OPERATION
OPTIONS AND DATA REQUIREMENTS

@ Simulation time parameters

® Metric or English system units

© Digial fier specifications
@ 40 optional standard output categories

® 6 optional special output categories

® Printout of'input data

@ Tests on potential injury indicators

® Optional "debugging” output

SLIDE 1214
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MODULE 13 -- EXAMPLE CRASH SIMULATIONS
SLIDE 1

The purpose of this module is to give the user of the Tutorial System
a "hands-on" feeling for input data sets required for exercising the MVMA
2-D Crash Victim Simulator and for the output which is generated. Data
decks are described and assembled in this module for the following
two simulations:

1. a 30-mph frontal barrier crash with vehicle interior deformation
and a dummy passenger restrained only by a knee bar; and,

2. a crash with similar occupant and vehicle configurations except
that the occupant is restrained additionally by a torso harness.

SLIDE 2

It is normally convenient to construct a data set card by card,
beginning with 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 with individually. In this module, discussion of the con-
struction of data sets is in 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
various types of printout, including those produced by post-processor
functions of the model.

If various dependencies between some subsets are taken into account,
subsets developed for different simulations can be assembled to yield
complete data decks for new simulations. This approach often considerably
simplifies the task of constructing a data deck. It also allows users to
collect a library of possible data arrangements.

SLIDE 3
Construction of the data set for the first 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
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the event, simulating intrusion. The occupant and vehicle interior con-
figuration at crash onset are shown in the schematic.

SLIDE 4

Title cards for this simulation are shown in the upper portion
of this slide. Each page of output for a simulation is headed by
such titles, supplied on Cards 100, 200, etc. - through 900. The
100-Card is for a "run title," which should be centered in the first
72 columns and which will appear on the first line of each page of print-
out. The second line of page heading consists of the concatenated
content of Cards 200 through 900. Each of these cards is normally used
for description of a specific simulation characteristic. For example,
the 700-Card normally describes the type of belt restraint system used.
However, there are no restrictions on the content of these cards.
The 19-column sub-title fields of Cards 200 through 700 plus the 17-column
field of either Card 800 or Card 900 can be used together for any
131-character description of the simulation.

The title cards for Example 1 have been grouped together at the
beginning of the data set except for the 200- and 300-cards, which
have both been used for occupant description and are placed in the
occupant data subset to be discussed later. Cards in data subsets which
follow the title card subset in this example will, of course, have
card identification numbers both higher and Tower than those cards in
the title card subset. Data cards can be positioned within the data
deck in any order, without attention to card identification number.
Exceptions to this are the 1000- and 1600-cards, which serve as "end-of-
data-deck" markers and must be the last cards of the data decks for the
Input and Output processors, respectively.

A number of general controls are required for the operation of the
Input and Execution Processors. These are on Cards 101, 102, and
103 and are illustrated in the lower portion of the slide. Some of
the most important of these controls specify: 1) the system of units,
either metric or English, for the simulation; 2) crash duration,
integration time step, and time increment for printing of output; 3)
use or non-use of the various restraint system options; 4) interpretation
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of "inhibition cards" for allowed or disallowed contact interactions;
and 5) limits for the algorithm which determines shared-deflection
force balance. The two examples used with this module are
for 200 msec duration, one msec integration time step, and five msec
printout interval. The simulations are made with English system data.
The cards shown here illustrate clearly the standard format of
input cards for the MVMA 2-D Crash Victim Simulator -- nine fields of
eight columns each and a card identification number in columns 78
through 80.

SLIDE 5

The vehicle motion, or more precisely, occupant compartment motion,
is described with Cards 601 through 604. Cards for the 30-mph frontal
barrier crash of Example 1 are shown. Initial position and velocity
values for vehicle horizontal, vertical and pitch coordinates are cn
Card 601, together with two coordinates for an accelerometer location.
The remaining cards specify acceleration histories for the three vehicle
degrees of freedom.

SLIDE 6

Change in the horizontal component of vehicle velocity for this
example results from the acceleration profile shown, which is defined
by twenty-three time-acceleration points on cards following the 602-
card. The crash simulated is for an impact velocity of 30 mph, a AV
of 32.8 mph, 33.9 g's peak acceleration, and a stopping distance {or
"crush") of 21.8 inches.

SLIDE 7

The occupant description subset is shown in this slide. The data
are preliminary data compiled by HSRI from several sources for a GM
Hybrid II dummy. Cards 201 through 216 plus 227 through 242 describe
mass and moment of inertia properties for the body links, link lengths,
and joint properties. The contents of these cards are discussed in de-
tail in Module 2. Cards 219 and 220 define ellipses which serve as
the contact-sensing profile of the body. We see a total of 10 body ellipses




representing head, thorax, hip, thigh, knee, shank, heel, toe, elbow, and
hand. Next to two of these identifiers on the 219-Cards are CHESTMATL
and HIPMATL. These indicate that material properties are to be specified
for THORAX and HIP ellipses -- they are not rigid. Next to the identi-
fiers on the 220-Cards are two columns defining ellipse location on

the crash victim and two more columns defining semi-major axes.

Loading 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-
teristics of the force-deformation profiles while CSTAT, on Cards 225,
defines the force-deflection relation itself.

SLIDE 8

The seated occupant at "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 initial position values for the fourteen occu-
pant degrees of freedom, which include the initial link angles, neck
length, shoulder coordinates, and horizontal and vertical locations
within the occupant compartment of the upper torso center of gravity.
For the two example simulations, initial link angles and upper torso
CG Tocation were estimated from scale drawings of the "time zero"
occupant and vehicle-interior configurations, so the values here
produce only approximate initial occupant equilibrium. The resulting
total initial upward force on the occupant, for example, is 207.1 1b,
which does not equal the occupant weight, 163.7 1b. The initial

imbalance is not great enough to significantly affect the simulation
results.

Values on Card 217 are for the so-called "joint equilibrium angles,"
and other data are the initial velocities for the fourteen occupant
degrees of freedom. These velocities, on Cards 302 through 304, are 0.
for the example simulations of this module since the occupant is to be
initially at rest within the occupant compartment.

SLIDE 9

A vehicle interior with which the occupant is to interact must be
prescribed by the user. Two types of data are required. The first of
these describes the geometrical profile of the interior in the plane of
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occupant motion. The primary elements of this description are the
endpoint coordinates of line segments which comprise so-called vehicle-
interior "regions," a "region" being a set of connected straight-Tine
segments having the same material properties. The slide shows the
vehicle interior profile defined for Example 1. Region and segment
names are indicated, segment names in parentheses. Solid lines indicate
positions of line segments before frontal interior penetration into the
occupant compartment, which begins at 40 ms. Al1 penetration occurs
between 40 and 80 ms, and the dashed lines represent the deformed
vehicle interior. Note that the toeboard segment decreases considerably
in length. There is no restriction that segment lengths be held con-
stant while undergoing motion.

SLIDE 10

Data for one of the penetrating regions of the vehicle interior,
the INSTRUMENT PANEL region, are illustrated here. The INSTRUMENT
PANEL profile is defined entirely by Cards 401, 402, 409, 410, and
411.

The second type of data required for the vehicle interior describes
material characteristics, that is, 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 to a "friction class." A "friction class" is similarly speci-
fied for each body ellipse on its 219-Card. The similarity between
the data format for body ellipses and vehicle contact surfaces should be
noted both with respect to geometric quantities and material properties.

SLIDE 11

Coefficients of friction are then specified, as the next data sub-
set, on 412-Cards for combinations of ellipse and region classes. This
slide 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
pairing not represented by a 412-Card. Frictional forces between the
occupant and elements of the vehicle interior can be large enough to
have a considerable effect on the magnitude and direction of the resultant
force vector at the interaction interface. It is therefore important
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in simulations to account for frictional forces accurately.
SLIDE 12

Modules 4 and 5 discuss the use of 106-Cards for specification
of allowed or disallowed combinations of potentially-interacting body
ellipses and vehicle interior regions. "Allowed" combinations are nor-
mally specified when the number of probable interactions is less than
the number of improbable interactions. This is judged to be the case
for the first simulation example, so twenty-one allowed interactions
have been specified between the ten body ellipses and nine vehicle-
interior regions. One card, the last one on the slide, has been in-
cluded for an allowed interaction between body ellipses THIGH and
THORAX.

SLIDE 13

The last card in the data deck for the Input Processor must be
the 1000-Card. It is blank except for the card identification number
in columns 77 through 80. Cards 1001 through 1600 constitute a
separate data deck from Cards 100 through 1000,which have been illustrated
in the preceding slides and which are read separately by the Output
Processor. These cards control post-processing and printout of data
calculated and stored by the Execution Processor. These data and
data generated by the Input Processor are stored in four external
files; as long as the files are maintained intact, they can be processed
by the Qutput Processor any number of times, using different control
Cards 1001 through 1600.

The entire Qutput Processor data deck for Example 1 consists of
seven cards. The first 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 forty-five cate-
gories of results which may be printed are identified by Category
Number in Modules 1 and 12. The ordering for printout shown in the
slide is identical to the default ordering which would result if the
1001- and 1002-Cards were omitted from the data deck.
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Various data are required on Cards 1003 and 1004 for the post-
processor functions of filtering of occupant accelerations and determina-
tion of HIC and femur loads. In addition to HIC and femur Toads, other
potential injury indicators can be determined and printed by the Qutput
Processor. They are requested by using Cards 1100 through 1401, none
of which are included in the data deck for Example 1.

A time sequence of printer-plot pages can be produced which depict
the occupant and all Tines of the vehicle interior. Controls for pro-
ducing the printout are read from Cards 1500 through 1502. The most
important data on these cards are margin coordinates which frame the
printer-plot image within the vehicle coordinate system and the simulation
times to be included in the time sequence of printouts.

As for the Input Processor data deck, a single card is required to
mark the end of the Output Processor data deck. It is Card 1600, which
is blank except for the card identification number.

This slide and the preceding slides have illustrated the data
subsets which together constitute the complete data deck for Example 1.
They are shown assembled together in Module 13 of the Self-Study
Guide. The following eight slides show selected pages of MVMA 2-D
printout for simulation Example 1.

SLIDE 14

Both the Input and Output Processors always produce "echces" of their
data decks. An example page from the Input Processor "echo" for
Exampie 1 is shown here. The eight-column data fields are separated by
asterisks. You will recognize some of the items which have already been
discussed such as vehicle deceleration, body 1inkage data and ellipses.
(pause).

SLIDE 15

This slide shows an example page of printout from the summary of the
input data. The entire input data summary for Example 1 is 63 pages.
This printout is produced whenever category 0 is requested on the 1001-
Card. The fact that this summary is 63 pages in length reflects the awe-
some amount of information required to define the crash victim and

267



his environment. But, it should be remembered that each of the parameters
may be changed by entering a new number in a line file, an activity
requiring only a few moments of time. This task is considerably gasier
than building a new experiment to reflect the change in the parameter.

SLIDE 16

The data decks for Example 1 cause printer-plot stick figure out-
put to be generated for each 10 ms of simulation time. Selected "frames”
of the time sequence are shown for the knee-bar restrained passenger,

here for time "zero" and on the next three slides without comment.

SLIDE 17
(pause) (10 sec)

SLIDE 18
(pause) (10 sec)

SLIDE 19
(pause) (10 sec)

SLIDE 20

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 illustrating output format for response
variables. This slide shows displacements, velocities, and accelerations
for the horizontal, vertical, and pitching components of occupant
compartment motion. Time in milliseconds is in the first column. Units
are indicated for each variable. The first two lines of printout re-
sult from the title cards 100, 200, etc. - through 900, and are used
for describing the simulation.

SLIDE 21

This slide illustrates 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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SLIDE 22

The second example data set discussed in this module includes the
same 30-mph frontal barrier crash acceleration profile as used for Example
1. Simulation Example 2 is similar to Example 1 in other ways also.

It uses the same occupant description data subset and the occupant is
positioned within the vehicle in an identical manner. The vehicle in-
terior used is basically the same. The primary difference between Exam-
ples 1 and 2 is that while 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 to illustrate
various program options.

This slide shows the seated occupant at time zero, restrained by
upper and lower segments of a torso harness. The three-belt submodel
described in Module 9 is used for this simulation.

SLIDE 23

Since it is desired for this simulation to have only the torso har-
ness and the knee bar as restraints, and not a lap belt, the belt system
data subset shown here includes some specifications worthy of note.

While any of the seven belt segments of the Advanced Belt-Restraint
Submodel may be included or omitted from a belt system design, the
Three-Belt Submodel is not as flexible. It must include either both lap
belt and torso harness or the lap belt alone. Therefore, in the data
subset shown, in order to effectively eliminate the lap belt, a belt
material named NO STRENGTH is defined by 704- and 705-Cards and is
prescribed a zero stiffness with a 708-Card. This belt material is as-
signed to the lap belt on Card 702. Again, similarity of material property
cards with ellipse and contact surface specifications should be noted.

The torso belts are each pre-tensioned to 5 1b. This is done by
assigning negative values for initial slack on Cards 701 and 702. Belt
anchor locations and attachment points on the occupant are prescribed
on Cards 501 and 218.
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SLIDE 24

Module 12 explains the use of 104- and 105-Cards for obtaining
"debugging" printout of intermediate results from the Execution Processor.
Time-dependent, multi-level switches may be set for sixteen divisions
of program variables. The upper portion of the slide illustrates speci-
fications for debugging printout for Example 2 from 0 to 3 ms and from
198 ms to the end of the simulation.

Field 9 of Card 104 is set to 1. in order to limit debugging
printout to each final evaluation for the four-step Runge-Kutta inte-
gration. A "packing dictionary," which is often useful in interpreting
debugging printout, is requested by defaulting the ninth field of Card
105 to 0. by omission of the card from the data deck.

There has been earlier mention of the use of Cards 1001 and 1002
for specifying categories of calculated data for which printout is
desired. It should be kept in mind that in order for the Qutput Processor
to print out variables in response to specifications on Cards 1001 and
1002, those variables must first be stored in an external file. Speci-
fication of categories which are to be stored during execution of the
Execution Processor for possible later printout is made separately through
use of Cards 107 through 111. For Example 1, these cards were omitted
from the data deck and thus, by default, all 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 to the external file for
possible printout. Use of Cards 107 through 111 is explained in Module
12.

Additional differences between simulation Examples 1 and 2
are discussed in Module 13 of the Self Study Guide, which includes com-
plete data sets for both.

SLIDE 25

Several example pages of output from simulation Example 2 are
shown in the Self-Study Guide. One is 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

270




required, is useful to look inside the computational loops of the program

to locate possible programming errors and to study anomalous behavior.
SLIDE 26

The printout on this slide is for response of the upper torso
belt for Example No. 2. Included are belt elongation, rate of elongation,

belt angle, and belt load.

SLIDE 27

In this module, data decks have been described for two example
simulations and selected pages of printout have been illustrated.
The simulations were for: first, a 30 mph frontal barrier crash with
vehicle interior deformation and a dummy passenger restrained only by
a knee bar; and second, a crash with similar occupant and vehicle con-
figurations except that the occupant is restrained additionally by a tor-
so harness. Discussion of the construction of data sets for the Input
and Output 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
printout.
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MVMA 2-D
CRASH VICTIM SIMULATION

ok ok

MODULE 13

EXAMPLE CRASH SIMULATIONS

SLIDE 13-1
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Arbitrary Decomposition
of MVMA 2-D Data Set Into Subsets

DATA SUBSET

Title Cards
General Controls for IN and GO
Debugging Printout Controls

Categories of QOutput Variables
to be Stored

Vehicle Motion
Occupant Description
Occupant Position
Vehicle Interior

Friction Characteristics

Allowed or Disallowed Contact
Interactions

Belt Restraint System

Airbag Restraint System
End of Data Deck for IN

Categories of Output Variables
to be Printed

HIC, Femur Loads, and Filtering

Potential Injury Indicators

Printer-Plot Stick Figure Time
Sequence

End of Data Deck for OUT

CARD NUMBERS

100, 200, .., 900

101, 102, 103
104, 105

107 - M

601 - 604

201 - 242

217, 301-304
401 - 411

412

106

218, 501, 701-723
901 - 909

1000

1001, 1002

1003, 1004

1100 - 1401

1500 - 1502
1600

FIGURE 13-1 Arbitrary Decomposition of MVMA 2-D Data Set Into Subsets

SLIDE 13-2

273




FIGURE 13-2 Qccupant and Vehicle Interior Configuration for txample 1

SLIDE 13-3
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KNFE RAR

MyMA 2-D TUTORIAL EXAMPLE #]

Jcc, £Nvo, NISPL,
30MPH FRONT RARRIER

NO A8FLTS
1. l‘
0. 0.
o2 .05

FIGURE 13-3 Title Cards for Example 1

32.176 0. 0. 200. l. Se 1.
0. 0. 0. 0. 10. .000001 5.
100000. 15000. Q. .05 10. l. t.

FIGURE 13-4 General Controls for IN and GO for Example 1
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100
400
500
500
700

101
102
103



00
23.

13.5
32.
62.
5P,
100.
2.

0.

o.

44, 0. Q. 0.
1. 1.

"1-7 1. -l.4 7.
3.9 19, -2‘.'2 21-5
-264.0 33. -24.0 36.
=259 47, -31.8 50.
-32-2 61. -29.0 76.
").." 120. 00 300.
l. 1.

Ne 300. 0.

1.

0. 300. 0.

0'

-33.9
-12.4
-9.9
-25.9
-5.9

o.

12.
28,
37.
54,
90.

Z'ﬂ
-9.2
-9.9
=-27.2
‘lo“

FIGURE 13-5 Vehicle Motion Cards for Example 1
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501
602

603

504



_40_
-35 A
-30 - ”
Horizontal
Occupant  -925 -
Compartment H
Acceleration
(g's)
-15 A
10 4 J
- 5 -
O 1 I i 1 T ) 1 0 1 T T
0 U2o 40 60 80 100 120 140 160 180 200 220
5..
Time (ms)

FIGURE 13-6 Horizontal Component of Vehicle Acceleration for Example 1

SLIDE 13-6
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GY HYRA TN TT NUMMY
(PREL TMINARY DATA)
1.1 12,44 3.4
2.75 T. 1.7
.0759 .0951 0052
.108 1.97 .06

Se 15.8
4,2 2,2
.0032 .0932
1.53 1.38

12.8 58 0. 52 17.4
12,2 58 0. «52 17.4
2. 15. 0. hb 1000.
102.5 =7.624 L1944 66 1000.
R4, 64 -4,210 .1053 0. R50.
0. 29.8 0. 0. 204.
0. 19. 0. 0. 222.
0. 10. 0. 0. 64,
751, 0. 757. 1.98

20. 230. 0. 0.

38, .58 0. 52 0.
38. .59 0. 52 0.
751, 0. 757. 1.98

HEAD 1.
THNRAX CHESTMATL 2.
HI® HIPMATL 4,
THIGH Se
KNEES Se
SHANK 5.
HEEL be
TIF 6.
ELROW 7.
HAND .
HEAD 0. 5 4.
TH“QAX -QS *063 §.52
HIP -.12 0. 4.5
TH‘GH -o= -.l 7.
NEE T - 2.25
SHANK -7.564 0. 3.
HEEL B.57 0. 1.2
e S.61 -5.16 1.2
eLany 5.3 0. 1.5
HAND Se6 —eb 2.72
CHESTMATL 0. 0. 0.
CHAFSTMATL Se

CGD ‘1. ul

cne 0. 1.

cGe .01 N1

CGR .3 o5

cse 1.35 .45

CSTAT 0. 0.

CSTAT .01 1125.

CSTAT .05 1460,

CSTAT .3 1350.

rsSTAT Wb 1260.

CSTaATY 1.1 1260.

CSTAT 4,25 126400,

Izeey -1, 0.

HIPMATL 0. 0. 0.
HIPMATL <.

10.3
9.3 5.
0518 .022
2.82 .18
1.
L.
1: -8,
1. -33,999
1. -49.999
1. 135,
l. 28.
1. 0.
2.
1. -1.
l. 2.
3.
I.
i.
L.
l.
l.
2.
2.
1.
3.
4.
44,46
4.5
3.
2,25
2.4
1.2
1.2
105
1.52
100. 101.
CSTAY
100. 101.
CSTaT

3.25 -.88
5‘8 .S
0256 .007
62

-25. 035
-22. 035
-25.5 <35
-34.001 .35
-50.001 .5
0. .5
-197. .5
-165. o5
5
.16
.16
0. 0.
IZSRD CGR
0. 0.
1ZERD CGR

FIGURE 13-7 Occupant Parameter Cards for Exampie 1
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200
300
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
242
219
219
219
219
219
219
219
219
219
219
220
220
220
220
220
220
220
220
2?20
220
221
222
223
224
224
224
224
225
225
225
225
225
225
225
226
221
222




-8. -18.
97.% 115.5
0. 0.

00 -2101‘
0. 0.
FIGURE 13-8

-3Lo
1649,5
0.

Q.

Occupant Position Cards for Example 1

‘50. O«
lq .5 _45'
0. 0.
3.283 Oe

SLIDE 13-8
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ol
3.

0.

89.5
Q.

217
301
302
303
304



ROOFHEADER (LR)

SEAT BACK
(BACK LINE)

SEAT CUSHION

(CUSHION
LINE 2)

(CUSHION LINE 1)

FLOOR

WINDSHIELD (LW)

INSTRUMENT /

/
PANEL 7 [ o P)  pasH
/ (DASHLINE)
/ ?
/ i
< ! (LowEr

IP)

KNEE BAR

(KNEEBAR
LINE)

(SEAT BOTTOM)

TOEPAN
(TOEBOARD)

»
e
=
Ve
7
[ 4

(FLOORBOARD)

FIGURE 13-9 Vehicle Interior Profile for Example !}
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INSTRUMENT PANELTIPMAT
INSTRIIMENT PANFL 2, 4o
INSTRUMENT PANELS.

MIn 1P
vy 1P
MIn 1P
urn o
MIn 1P
N 1o
LOWER
LIWER
LNWER
LOWER
LOWER
LOWFER

1PMAT
1PMAT
106G
1PAR
PG
I1PGR
1PGR
1P6GR
1PGR
IPGR
T0STAT
IPSTAT
IPSTAT
IPSTAT
1PSTAT
IPSTAT
IPSTAT
IPSTAT
IDSTAT
IDSTAT
IDSTAT
IDSTAT
IPSTAT
I0STAT

FIGURE 13-10 Data Cards for Definition of Geometrical Profile

1P
1P
10
1P
10
1P

40.

k.

0. 44 .9
40. 44.9
0, 45 .6

300. 45 .5

0.
1.

-27.3
_2703
-2903
"2903

TMSTRUMENT PANELS.

ba

0. 43,7
40. 43,7
R0. 40 .6
300. 40.6

0. 0.
Se 0.

-15.9
~-15.9
~-18.9
-18.9

l.
0.
0.

63,7
43,7
40.6
40.6
.5

L6.9
46.19
42,6
42.6

100.

-1208
-12.8
"1‘..9
-14.9

101. 0. 0.
IPSTAT 1ZERC IPGR

and Material Properties for a Typical Region

SLIDE 13-10
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401
602
409
410
411
411
611
411
409
410
411
411
411
411

403
404
405
405
405
406
406
405
406
4056
407

07
407
407
607
407
407
407
407
407
407
407
407
407




o o @
3 * o o
Db ANPDHRANAN

P AP NN SN -
s ¢ o @

FIGURE 13-11 Data Cards for Coefficients of Friction for Example 1

SLIDE 13-1
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HEAN PONFHF AD ER 106

HFAD WINNSHIELD 106
HEAD INSTRUMENT PANEL 106
THNRAX SEAT BACK 106
THI2AX SEAT CUSHION 106
THAR AX INSTRIMENT DANEL 106
1o SEAT BACK 106
HTo SEAT CUSHION 106
H{? FLNANR 105
THIAH SEAT CUSHION 106
KNEE INSTRUMENT DANEL 106
KNEE KNEE RAR 106
SHANK INSTRIUMENT PANEL 106
SHANKX KNFE BAR 106
HEEL FLNMR 106
HEFL NASH ' 105
TOF DASH 106
HEEL TAEoAN ‘ 106
Tne TOEPAN 106
HAND SEAT FUSHION 106
HAND INSTRUMENT PANFL 106
THISH THNRAX 106

FIGURE 13-12 Interaction "Inhibition" Cards for Example 1
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Ny1410-16421422,37438y15,23-25,42-5,18-20,33-36,30-32,16,27-29,39,17,40, 1001

6-9,45 1002
0. 0. 0. 11.55 .025 1003
40. 500. S60. 0. «R5 201. Se Se 1004
a. 0. -3. 62. Se =44, 10. 0. 1500
21. 0. 0. . 1. 0. l. 0. 10. 1501

1600

FIGURE 13-13 OQutput Processor Data Deck for Example 1
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QL OV E WD) —

100
400
500
600
700
101
1v2
103
601

6U2

603
604

200
300
201
202
203
204
205
206
207

239
210
211
212
213
218
215
216
242
219
219
219
219
219
219
219
219
219
219

220
229
220

FIGURE 13-15

UVM*A 2-D TU*TORIAL E*XANPLE ##1

] = * ® L

] XNEE =BAR * ® * * ® *® E
*QCC. COM*P, DISPL*. * * * * * *
*30MPH PR*ONT BARR*IER » * * . * *

* NO B*ELTS * * * * * * *
x1, *1, *32.174 %0, *0. *200. *1, *5, *10.
*0. *), *0. *0. *0. 0. *10. *,.000001 *5.
*.2 *.05 %x100000. *15000. *10. *.05 *10. *1, *1.
*0. sy, *0. 0. *0, *0. *0. *0, *
%3, x1, L * * * * * %

* 0.0 * -1.70% 1.00%  =1.40%* 7.00% -33.90%  12.00% 2.80%

£ 13.50% 3.90%  18.00% =21.20*  21.50% =12.40% 28.00% =-9,20%

¥ 32,.00% =20.00%  33.00% -24.00%  36.00* ~9.90%*  37.00%* -9.90%

*  42,00% =-26.90*% 47.00% -31.80%* 50.00%* ~-25.90% Su4.00% -27.20%

*  58.00% -32.20% 61.00% =29.00% 76.00% =6.90% 90.00% =-1.40%

®  100.00% -1.40% 120.00%* 0.0 * 300.00% 0.0 * 0.0 * 0.0 *
*2, t1. *1, ® L x 3 *

* 0.0 * 0.0 *# 300.00%* 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
tz_ x1, * " ® x * E =

* 0.0 * 0.0 & 300.00¢ 0.0 * 0.0 * 0.0 * 0.0 * 0.0 *
*34 HY{DRI*D I1 DUM*MY . * * * * *

* (PRELIMI*NARY DAT*A) * * * * * *
1.1 *13.44 %30 *5, £15,8 * *10.3 *1,25 *-,98
£2.75 %], £1.7 £y, 2 £8.2 £9,3 +5, *5,8 €5
*.0259 *.0951  *,0052  *.0982  #.0932 %.0518 *.022 *, 0256 *,007
*. 193 1,37 £, 04 *1.53 *1.348 £2.82 *.18 *,62 *
£12.8 *.59 %0, *.52 £17.4 *1, * *-25, *.35
$12.8 *.53 *0. *.52 *17.4 1, * *-22. *.35
*72. x15, *). ¥ 66 £100u.  *1, *-g, *-25.5  %_.35
$102.5  *=7.624 *_1944  *_56 ¥1000.  *1, *-33.999 *-34,001 *.35
*34.44 *=4.410 *.1053  *0. *550. %1, *-49.999 *-50.001 *.5
%0, *29.38 £0. %0, *20u. *1. %135, *Q. x5
*y. *10. *Q. *0, *222. *1. %24, *- 197, %5
*0, 210, 0. *0. *64. x1. *Q, *-165. *.5
2751, *Q. *757. *1.93 * * * * *
*20. *230. *0. %0, * * %2, * $.5
«38. *.53 %), *,52 *0, *1. *-1, * * 16
*38. +.58 *0. £.52 %0, %1, x2, * %, 16
*751. *Q. x757, *1,98 & * * * *
*HEAD * * b 3 tj. 33. L 3 L3 x
*T,JORAX * *CHESTMATHL *2. *1. * * *
*HIp * *HIPMATL * *y, *1, * * *
tTHIGH b 3 » ] ‘5. #1. * 3 3
*KNEE * * * *5, t1_ ® * *
*SHANK * * * *6. *1. * x *
*HEEL ® * * tb. $2_ x * x
*10E * * * *6. *2. * x *
tELBQ] * 3 * 17_ #1_ * * *
*HANUD x ® x ‘8. t3_ * * *x
*HEAD x to. ‘.5 *4, Yy, 3 * %
*THORAY * *-_5 *- .68 *5.52 *4.44 * ¥ *
*41ID * .12 *Q, *4.5 %45 * * *
*THIGd * *~.5 *~_1 *x7, *3, * * *
*KNEE * ®7, 4 *2.25 %2.25 * * *
*SHANK * *~7.54 *0. x3, *2.4 * x *
*HCEL * *3,57 0, 1,2 *¥7.2 *® * *
*TOE * *5.61 5,16  *1.2 *1.2 * * *
*¥*ZLB0OW * *5.3 *0. *1.5 x1.5 * x *
*4AND * 5.6 - _4 2,72 *1.52 * * *
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Input Processor Data Deck Echo for Example 1 (example page)
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JUN 24, 197702:00:20 MVAA 2-D TUTORIAL EXAMPLE ¢1 : PAGE 150-45
GH HYBRID II DUNNMY (PRBLINIMNABY DATA) KHEE BAR 0CC. cunp. DISPL. 308P4 PRONT BABRIBR KO BELTS MVEA 2-D, VER. 3
STICK PIGUBE PRINTER PLOT PRAN- FOR TINE= 200.00 #uSEC.
.
. P PP PP
. . eppPPP
. Q
. Q
he QQ
. Q
e Q
i B B B B Q-
. ccC 3 8 B QQ
. [ 4 C. . - B Q
b [+ - (o B . « & B Q
- C - B 0. 79 Q
. C B e« « « B QQ
. C C cC B - - 2 AN Q
. [ SpD DD D B - B « A AQ
* D.. [ D B .. B Ad AR Q
. c « C D .B B BB A R A Q
. C D C . II1.0D A a8 A QQ
. cCc » I.D .I A 0A ] . [}
. X I 81 D B A
* K D 11 I.. DE B A R A
. K D ee EE } 4 A B A
* K 4] .E. F T E A ABA A
hd K D DOPFP 6 FP TP B
b K ¥E JEP R
* K BE FJEJ J R S
.. ¥ J rJ R S
- K 4 - J J s
- K PF . JJ J 2 S
hd K r J 0J B S
. K - a R S
hd K - ]
hd K . o S
. K 0 s
. K S
. L L S
. K LL L S
hd K LL S
. K L LL n u S
* K L L .} H H S
* K LLL Huu
. LL n G H HH S
. NG G N
. ne o G N
. 8 6 GG N
. N
* [ T T IO - T - SO A O T O 1 IO - IO . |

LA AR A A A A A A A AL R A T T Y P P PR TRy )
. N
.
.
.
.
COOBDINATE RANGES FPOR PLCT ARE X= -6.56 (AT LEFT) TO 65.56 (AT BRIGHT) AND Z= 5.00 (AT BOTTOM) TO —-44.00 (AT TOP)
SCALE PACTOR I5 (LIN) = 5.547 (IN) , X AND Z POINT RESOLUTION ERROBS EQUAL RBSPECTIVELY 0.277 AND 0.462 (IN) IN SCALX.

FIGURE 13-17h Printer-Plot Time Sequence for Example 1 (200 ms)
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2.75 7.
0. 0.
100. 0.
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4% WEARATNG
42 WFRARING
GRELTL 0.
GRFLT1 .16
GIELTL 1.3
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GNOSTR -1,
SNASTR -1,

FIGURE 13-27
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Belt Restraint System Cards for Example 2
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FIGURE 13-28 Debugging Printout Specifications for Exampie 2

0. 1. 1.
0. 0. 0.
l. l. 0.
1. l. 0.
0. 1. l'
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for Storage of Qutput Categories for Example 2
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SUMMARY

@ Example 1— a 30 mph frontal barrier crash with vehicle

interior deformation and a dummy passenger restrained
only by a knee bar

Example 2— a crash with similar occupant and vehicle
configurations except that the occupant is restrained
additionally by a torso harness

Input and Output Processor data sets constructed as
collections of subsets

Occupant data
Vehicle interior data
Restraint system data

Vehicle motion

Various computer model controls

SLIDE 13-27
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MVMA Two-Dimensional Crash Victim Simulation:
Tutorial System Update

The Tutorial System for the MVMA Two-Dimensional Crash Victim Simulation
(Version 3) was released April 27, 1977. There were twelve modules in the
original Tutorial System. On August 3, 1977, a thirteenth module was re-
leased together with several replacement pages for the original twelve modules.
The Tutorial System now consists of a 397-page Self-Study Guide and a 298-page
Audio-Visual Program with 198 35 mm slides and nearly five hours of narration
on tape cassettes.

This document is a Tutorial System Update which makes the Self-Study Guide
and Audio-Visual Program current to June 1979. HSRI has recently completed
Version 4 of the MVMA 2-D model. Versions 3 and 4 differ primarily in program
organization and many associated modifications to the Tutorial System were
required. In addition, several other modifications not related to Version 4
differences have been made. The Tutorial System Update consists of:

a) 59 replacement pages for the Self-Study Guide;

b) 5 insert pages for the Self-Study Guide;

c) 41 replacement pages for the Audio-Visual Program;

d) 17 replacement slides for the Audio-Visual Program.

The user of the Tutorial System should note that modifications have been made
to the Audio-Visual text. None of these changes are of great significance,

so re-taping of the affected Audio-Visual Program cassettes was not warranted.
Also, seven of the replacement pages for the Audio-Visual Program are for
modifications to figures that are so minor that associated replacement slides
were felt unnecessary.

Listed on the next page are the pages and slides which should be replaced
in existing copies of the Tutorial System. Each page is three-hole punched
and each has "6/28/79", the release date for this document, in the lower right-

corner.




Self-Study Guide: replacement pages
xix, 6, 23, 25-28, 30, 31, 32, 34, 54, 57-60, 62, 63, 168, 231-233, 237, 238,

240-243, 286-288, 301-307, 311, 314, 319, 326, 328, 330, 332, 334, 343,
346-348, 355, 367, 368, 370, 371, 378-380, 384

(59 pages total)

Self-Study Guide: 1insert pages
xx, 31.1, 366.1, 366.2, 366.3

(5 pages total)
Audio-Visual Program: replacement pages
3, 8-10, 33, 35, 36, 39, 47-49, 64, 66, 145, 194, 199, 202-204, 227, 228,
234, 240, 241, 243, 245, 248, 249, 251, 252, 255, 256, 260, 262, 266, 267,
271, 273, 284, 292, 295

(41 pages total)

Audio-Visual Program: replacement slides
Slides 1-4, 1-23, 1-24, 1-27, 2-12, 2-14, 8-5, 8-6, 8-7, 10-2, 12-2,
]2'33 ]2'59 ]2‘63 ]2'9, ]2‘]4, ]3'2

(17 slides total)



and analytic geometry. These are required for some aspects of the task
of input data preparation. Knowledge of calculus, differential equa-
tions, and Lagrangian mechanics is not a necessity for any user,

but it is normally the case that a user with skills in these areas

is better able to use the model effectively. But most important,

and independent from a user's mathematical background, are good
engineering judgment and an understanding of the fundamentals of New-
tonian mechanics.

SLIDE 6

The focus of the Tutorial System is preparation of input data.
It is here that design data, the mathematical model, and engineering
judgment must be brought together. The mathematical model, like all
mathematical models, will allow only imperfect representations of
reality. In order to simulate physical phenomena as accurately as pos-
sible with the model, it is necessary for the user to understand the
manner by which features of the occupant/vehicle system have been approxi-
mated analytically. Therefore, most of the material in the Tutorial
System is explanation of the features of the mathematical model and the
associated parameters for which the user must supply values. Engineering
judgment is brought to 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 critical and therefore require special
attention. For example, special attention might be given to an impor-
tant parameter by experimentally measuring its value as accurately as
possible. It has been demonstrated time and again that for satisfactory
performance of mathematical models, there is no substitute for good experi-

mental data. Reality can be simulated only if reality is represented.
SLIDE 7

This is a schematic of the occupant, vehicle interior, and restraint
systems of the MVMA 2-D model. Listed with the schematic are some of
the basic features of the model. Much of the remainder of this module
is summary of these features. Modules 2 through 12 treat these subjects
in detail.

(pause)
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As for the simpler belt system, webbing properties for this
system may be prescribed either in terms of force-deflection or
force-strain characteristics.

SLIDE 21

The crash victim's environment is made to be dynamic by specifying
vehicle motion. Three independent motions are prescribed in tabular
form as functions of time: 1) a horizontal acceleration; 2) a vertical
acceleration; and 3) an angular “pitching" acceleration. The three
degrees of freedom for vehicle motion are shown here. Example piece-
wise-linear approximations of hypothetical crash profiles are shown on
the next slide.

SLIDE 22

For user convenience several options are available with regard
to specification of vehicle accelerations. Horizontal and vertical
components may be defined as the responses of a biaxial accelerometer
mounted on a part of the frame that is fixed with respect to the
occupant compartment. Alternatively, the accelerations may be pre-
scribed as motion components within an inertial frame of reference.
The accelerations may be entered in g's or in physical units. Pitching

accelerations may be in either rad/sec2 or deg/secz.

SLIDE 23

In special applications of the MVMA 2-D model, it can be useful to
be able to specify time-dependent forces for direct application to the
occupant. Provision is made for applying such a force to any desired
point on the head, as shown.

SLIDE 24

The MVMA 2-D computer model is organized as a multiprocessor in
that it is divided into five parts which operate in turn. The first
processor is called the Inbut Pre-Processor, or INP., It reads data
cards and writes the main program for the second processor. The second
processor is called the Input Processor, or IN. It packs input data
into binary tables and records those tables for use by subsequent pro-
cessors. It also writes two programs needed by the third processor, in-
cluding the main program. The third processor is called the Dynamics

8 6/28/79



Solution Processor, or GO. It reads the binary tables, solves the equa-
tions of motion, and incorporates the computed results into the binary
tables. The fourth processor is the Output Pre-Processor, or OUTP. It
reads data cards and writes three programs needed by the fifth processor,
including the main program. The fifth processor is called the Output
Processor, or OUT. It reads the binary tables produced by the other
processors and prints a comprehensive summary of all recorded information
as the user specifies.

Discussion of the MVMA 2-D model in preceding sections of this
module is pertinent only to the functions of the first three processors,
that is: 1) reading and interpreting the input data; 2) solving the
equations of motion for the simulated crash; and 3) storing results.

The following discussion is pertinent to the output processor.

SLIDE 25

The Output Processor has two primary functions: 1) to process
and analyze computed results with various so-called "post-processor"
subroutines, and 2) to produce printed output.

Post-processor subroutines make possible digital filtering of
occupant accelerations. Either filtered 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 can be calculated. Up to eighteen standard potential
injury 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, it is possible
to compare any recorded response variable against any other or against
high and Tow test values.

In its second function, printing time histories of response variables,
the output processor deals with fifty different categories of computed
results. They include information about vehicle motion, occupant motion,
joint 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 printout. In
addition, it is possible to obtain formatted printout of input quantities.
Finally, the output processor can produce printer-plot stick-figure
representations of the occupant, the vehicle interior, and the restraint

6/28/79



configuration. One stick figure from a time sequence of plots is shown
on the next slide.

SLIDE 26
(pause)

SLIDE 27

Two data decks are required for computer simulations made with the
MVMA 2-D model. Each data deck consists of a series of eighty-character
lines which will be called "cards" in this discussion. The first data
deck is read by the Input Pre-Processor, and the cards are identified
by numbers 100 through 1000 in columns 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
is read by the Output pre-Processor. Each card is identified by a number
1001 through 1600 in columns 77-80. These cards contain data which
control printout and the use of post-processors discussed previously.
In general, data cards can be in any order within a data deck. Cards
which control model options not used for a particular simulation need
not be present. Also, various guantities can be defaulted to constants
stored within the program by omitting their cards from the data deck.

SLIDE 28

Each card consists of ten fields. The tenth field is reserved for
the previously mentioned card identification number. The first nine
fields, consisting of eight columns each, are data fields. Thus,
up to nine numbers may be required per card although most cards make use
of a smaller number of fields. Numerical data must be specified in
either F, E, or D format, examples of which are given with the figure.

SLIDE 29

The Tutorial System self-study guide and audio-visual program are
intended to facilitate learning to use the MVMA Two-Dimensional Crash
Victim Simulator. The point must be made, however, that the model user
must have the MVMA 2-D report manuals, specifically Volume 2, in order

6/28/79
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Inertial reference frame

= | X

Accelerometer
Location

FIGURE 1-16 Vehicle Ccordinates

SLIDE 1-21
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FIGURE 1-18 Schematic of Force Applied to Head

SLIDE 1-23
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THE MULTIPROCESSOR MVMA 2-D MODEL

@ INP = Input Pre-Processor

© IN = Input Processor
@® GO = Dynamics Solution Processor, or Execution Processor
@ OUTP = Output Pre-Processor

-« @ OUT = Output Processor

FIGURE 1-19 The Multiprocessor MVMA 2-D Model

SLIDE 1-24
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DATA DECKS

Card Number

100 Cards read by INP.
101 100, 200.,.., 900 content used for
102 automatic titling of pages
|
|
|
|
1000 1000 (blank) marks end of data deck
1001
1002 Cards read by OUTP.
1003
|
|
i
1600 1600 (blank) marks end of data deck

FIGURE 1-22 Data Decks

SLIDE 1-27
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range-of-motion limits are reached. A relative angle is considered
positive when the 1ink nearer the head is positioned counterclockwise
from its in-line orientation as shown in the figure.

SLIDE 10

Values for the range-of-motion limits, the so-called joint
stop angles, are normally taken as the extreme angulations voluntarily
assumed by human subjects. Two joint stop angles are defined for
each joint so that both clockwise and counterclockwise angulations
can be properly limited. For many joints, these positions are on
either side of the in-]ine'orientation, that is, one value is positive
and one is negative. For this reason they are often called "positive"
and "negative" joint stop angles. But since there is no general
restriction on the stop values and since indeed the stops are not
always on either side of the in-1ine orientation, they are best called
"upper" and "lower" stop angles, the upper joint stop being the
positive-most position as illustrated in the figure. Positions of
Lo, the upper Tlink, requiring clockwise rotation are described by
negative angles.

Another guantity illustrated by the figure is the "natural link
position." A better name for this quantity might be "link equilibrium
position." It is the value of the relative angle at which no linear, elastic
component of spring torque results. In contrast to the nonlinear joint
stop coefficients, the values normally used forelastic coefficients
produce small torques except for large relative angulations. The
natural link positions are most commonly set to coincide with the
initial occupant configuration so that no joint torques exist at time
zero. Resistance to small motion away from this configuration is
normally considered to be due to soft-tissue deformation.

6/28/79
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SLIDE N

This next figure is a stick-figure representation of s seated
occupant. As an example of joint stop locations, consider the
knee, for which a range of motion is illustrated. The lower leg is
at the positive-most stop in the bent knee position. There, the
upper-leg link, L, is Tocated +150° counterclockwise from an in-line
position with the lower leg element, LB' The straight leg position of
zero degrees angulation is the negative-most stop. The natural Tink
angles are normally chosen for the rest position of the seated occupant.
Here, the knee has a natural link position of 62° since the upper leg
is 62° counterclockwise from an in-line orientation with the lower
leg. The two stop angles and the natural link angle must be specified
for each joint.

SLIDE 12

Spring torques resisting joint angulation are illustrated in this
figure as functions of relative angle at a joint. A linear, elastic torque
component is proportional to §, the angular distance from the natural
link position. Linear, quadratic, and cubic joint-stop terms enter the
torque computation when interaction with a motion-limiting stop is encountered.

SLIDE 13

Four additional properties of the joint have yet to be described.
These deal with energy absorption. The first property is the "R-
ratio" for the joint. This is the fraction of the energy stored in
the 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 is illustrated in the
figure. During program execution, a quadratic unloading curve is
computed such that the area A is related to the total Toading
energy through the R-ratio.

SLIDE 14

This figure defines two quantities needed for computation of a
constant friction joint torque. Fg is the constant torque level for

6/28/79
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joint "i." The quantity V? is the velocity threshold for constant fric-
tion. This is the minimum relative angle velocity for which the full
friction torque results. Torques for relative angle velocities less
than the velocity threshold in absolute value are calculated with

a linear ramp,as illustrated in the figure. This quantity is

required for computational stability. Constant friction is not a com-
ponent of torque appropriately used for modeling the human being since
human joints are virtually frictionless. It is very useful, however,
in simulating anthropomorphic dummies. Another required coefficient,
not illustrated here, is the proportionality constant for a velocity-
dependent torque -- the viscous friction coefficient. This torque is
directly proportional to the magnitude of the relative angle velocity
and, of course, acts in a direction to resist motion.

SLIDE 15

Ten data quantities that must be specified for all joints have
been described with the preceding six slides. These include joint
stop locations, 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
friction torque, and a viscous torque coefficient.

The upper and lower neck joints in the MVMA 2-D model are atypical
joints in an important sense. They are allowed to have viscoelastic
properties in flexion different from those in extension. While the
"typical" joints discussed can have asymmetric joint-stop positions,
still the torque-producing elements are the same for positive and
negative relative angle motions.

SLIDE 16

The remainder of the module deals mostly with data required for
modeling human response to impact. The first item discussed is muscle
tension. None of the previously described viscoelastic 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
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Spring Torque
at Joint

|

Lower Stop

me——————

' Relative Angle
—A-—— "Natural” Upper at Joint
Link Angle Stop

TORQUE = kg asTic @ '{Kl,STOPIAI tKostopd K3,STOP‘IA [} sgna
Linear, elastic Nonlinear, joint-stop component
component

FIGURE 2-9 Linear and nonlinear joint torques

SLIDE 2-12
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Constant Friction Torque

|

-

Relative Angle Velocity

FIGURE 2-11  Joint friction at joint "i"

SLIDE 2-14
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Force

Static Loading Curve

Unloading
Curve

Bp ®max

Deflection, s

FIGURE 6-11 Unloading From Deflections Greater Than cSp

SLIDE 6-1-8
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specified with greatest possible ease, it is not required that the linear
accelerations be defined at the point "0," but rather at an arbitrary
point in the occupant compartment, where, for example, a biaxial ac-
celerometer might be mounted. The location of that point in vehicle
coordinates, that is, relative to point "0," must be specified. Its
coordinates are (a,c) in the figure.

SLIDE 3

Acceleration histories are entered in tabular form as functions
of time. For user convenience several options are available with
regard to their specification. Linear accelerations, that is, x and
z, may be defined if desired as the responses of a biaxial accelero-
meter mounted on a part of the frame that is fixed with respect to the
occupant compartment. Alternatively, the accelerations may be prescribed as mo-
tion components for 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 is being made with English or metric system
units, in/sec2 or m/secz. Pitching accelerations may be in rad/sec2
or deg/secz. It might be noted here that definition of the beginning
of the crash, that is, t = 0, is arbitrary, but is reasonably taken

as the time at which accelerations begin to deviate from zero.

SLIDE 4

The user can approximate a continuous accelerometer trace to
any desired degree of accuracy by connected straight-line segments.
Piecewise-linear 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 first six are at times of 0 msec,
25, 65, 75, 85, and 120 msec. Since the acceleration profile
is identically zero after 120 msec, the seventh point should be for
an acceleration of zero at some time exceeding the end of the crash.
This coordinate might be 1000 msec, arbitrarily, since simulations are
normally terminated at 200 to 250 msec. There is seldom any
occupant dynamics of interest after 250 msec.
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Inertial reference frame

> | X

’

K,Z

Accelerometer
Location

FIGURE 8-1 Vehicle Ccordinates

SLIDE 8-2
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VEHICLE ACCELERATION TRANSFORMATIONS

ev = vehicle pitch angle

% (inertial) _ X (vehicle frame) 5 (vehicle frame)

v."o" = v."0" Cos eV + ZV ngH sin ev

» (inertial) _ <v(vehicle frame) . > (vehicle frame)

ZV,"O" = -XV,HOH sin Sv + ZV,“O" CcosS eV
where

v (vehicle frame) _ - s 5

Xv,"O" = Xaccelerometer = € 8, T as,

> (vehicle frame) _ - -

Zv,"O" B Zacce]erometer tas, *c Sy
SLIDE 8-5
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FIGURE 8-5 Schematic of Force Applied to Head

SLIDE 8-6
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30%=7/6 F X

10

msec.

Fy=500 cos 77/6 sin (%-;L t)

F,=-500 sin”/b “sin %—gr)

FIGURE 8-6 Example of Data for Force Applied to Head

SLIDE 8-7
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MODULE 10 -- AIRBAG RESTRAINT SYSTEM

SLIDE 1

An airbag submodel may be used optionally with the MVMA 2-D Crash
Victim Simulator. The estimation of bag forces is based on solution
of the differential equations of gas thermodynamics. The airbag can
contact both the occupant and vehicle interior. Restraining forces
due to the internal pressure and skin tension are generated when the
bag is fully inflated. The shape of the bag is allowed to conform to
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 is allowed to flow out of the bag
through defined orifices.

SLIDE 2

The approach chosen for developing an analytical submodel for
inflatable occupant restraints was to produce the simplest model that
would provide acceptable agreement with experimental data. Assumptions
made in the formulation of the analytical model were based upon both
analysis of the physical processes involved and observation of high-
speed movies of tests of prototype inflatable safety restraints. User
experience with the model may suggest alteration of some of the assump-
tions or generalization of some of the algorithms used to cover a
wider variety of physical situations. Observation of high-speed movies
of tests led to three assumptions.

First, no restraint force is exerted upon the occupant until the
occurrence of full bag inflation, which is defined as the condition in
which the calculated perimeter of the deformed or undeformed bag equals
the specified filled-bag perimeter. This is equivalent to stating that
the mass of the bag and its contents can be neglected.

Second, the skin of the bag does not stretch.

Third, the perimeter of the bag cross section in the plane of mo-
tion conforms to the shape of the automobile interior or to the occupant
wherever they touch. Elsewhere the perimeter is described by circular
arcs.

6/28/79
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Five other assumptions were made to simplify the model.

First, tangential forces between the occupant and the bag are assumed
negligible in comparison with normal forces,

Second, thermodynamic properties of the gas in the bag are calculated
using adiabatic expansion 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, which delivers gas at a predetermined rate. This im-
plies that the area of the cross section of the bag increases at a
predetermined rate until the bag is filled.

Fourth, the point at which the bag attaches to the automobile
interior is fixed with respect to the interior. This means that the
bag may not be attached to a collapsible steering column.

Fifth, restraint force due to tension in the skin of the bag,
caused primarily by the bag wrapping around the sides of the occupant,
is approximated by a simple algorithm which takes into account the most
important variables: pressure in the bag, width of the occupant and
depth of penetration into the bag.

SLIDE 3

The airbag expands within a closed area illustrated in the figure.
The area is defined by: a) five user-prescribed straight-line 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) cal-
culated straight-line segments joining the endpoints of the five pri-
mary line segments; c) two calculated straight-line segments approxi-
mating the front of the head; d) from one to five user-prescribed
frontal-interior line segments; 3) a roof line extending to above
and behind the head; and f) two calculated line segments, a-b and
10-A, which close the area. The dimension labeled "RHEAD" is a
user-prescribed value for average head radius. It is used for deter-
mining the line segments bc and c1 which approximate the front of the
head.
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SUMMARY OF ASSUMPTIONS IN AIRBAG SUBMODEL ANALYSIS

@ The occupant feels constraint forces only after bag is fully
expanded.

@ The skin of the bag does not stretch.

@ The bag cross-section perimeter is circular except
where it conforms to the shape of the vehicle interior
or to the occupant.

® Tangential bag forces are negligible.

@® Adiabatic expansion of ideal nitrogen is at assumed.

@ Bag pressure does not affect the rate of inflation,
which is specificed by the user.

@ The attachment point is fixed 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 of Assumptions in Airbag Submodel Analysis

SLIDE 10-2
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MODULE 12 -- MODEL OPERATION
SLIDE 1

The MVMA Two-Dimensional Crash Victim Simulator is a large and
complex computer program. Some of the input quantities to the MVMA
2-D Model deal with the alternatives in operation of the computer pro-
gram as opposed to the description of the event being simulated.
Understanding some of the program controls entails some knowledge of
the architecture of the model program.

SLIDE 2

The MVMA 2-D computer model is organized as a multiprocessor in
that it is divided into five parts which operate in turn. The first
processor is called the Input Pre-Processor, or INP. It reads data
cards and writes the main program for the second processor. The second
processor is called the Input Processor, or IN. It packs input data
into binary tables and records those tables for use by subsequent pro-
cessors. It also writes two programs needed by the third processor, in-
cluding the main program, The third processor is called the Dynamics
Solution Processor, or GO. It reads the binary tables, solves the equa-
tions of motion, and incorporates the computed results into the binary
tables. The fourth processor is the Output Pre-Processor, or OQUTP. It
reads data cards and writes three programs needed by the fifth processor,
including the main program. The fifth processor is called the OQutput
Processor, or OUT. It reads the binary tables produced by the other
processors and prints a comprehensive summary of all recorded information
as the user specifies.

SLIDE 3

The flow diagram summarizes the communication between the five
processors by means of four external files which store the binary
tables. A1l data generated by a computer run are contained in these
files, and they may be used for input into post-processors such as
the Validation Command Language or a graphics package.
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SLIDE 4

The four files are called NU, MU, MV, and NP, respectively for
the four variables used to reference the logical device numbers to
which they are attached. NU is a direct access data set which con-
tains all input quantities and all fixed-length computed results.
MU is a sequential data set which contains head, chest, and hip ac-
celeration information for every integration time step. MV is a
direct access data set which contains the variable-length computed re-
sults, which include contact interactions, region movement, and re-
gion summary quantities. NP is a sequential data set which con-
tains the special information needed for production of stick-figure
printer-plot output.

SLIDE 5

The computed results are broken into subjects, or categories, which
correspond to output pages for the fixed-length output and to “typical
output pages" for the variable-length output. There are forty-five such
categories and these are numbered 1-40 and 46-50. In addition to
these, there are six special types of output for which it was con-
venient to use the same numbering scheme even though they are not
recorded in the same manner. These categories are numbered 0 and 41
through 45. This slide and the following one 1list all forty-six
categories. Categories 1-40 and 46-50 may be optionally recorded on
binary files under control of the recording switches. These switches
may be set by the user to 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 to appear. The ordering of the categories
is entirely general except that category number zero, for output of
the input values, must occur first if it occurs at all.

SLIDE 6

The output processors may be re-run with specification of different
categories for printout as many times as desired as long as the binary
tables remain undisturbed. A particular category will be printed if
the category was recorded by GO and was specified as desired for

printout in the input to OUTP,
6/28/79
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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 print-
out will automatically produce secondary and primary level printout.
Similarly, a setting for secondary printout will produce primary print-
out 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 output is for debugging abnormal
runs. For particularly elusive "bugs" it can be useful to examine the
contents of the computer core at 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.

SLIDE 9

Input data described in preceding modules and to this point in
Module 12 have been for the input pre-processor, INP. These data are
sufficient for IN to produce a data set which can be read by the GO
processor. Additional data are needed, however, by the output pro-
cessor. These are discussed in the remainder of this module. Cards
read by INP have identification numbers 100 through 1000. Cards read
by OUTP are numbered 1001 and greater.

Much of the data used by the output processor relate to calculation
and monitoring of response parameters that are potential injury indi-
cators. For example, femur and tibia loads will be printed if the
user requests Category Number 40 both for the recording and printing
of results, as previously explained. Associated input data read by OUTP
are the position of a simulated femur load sensor and the upper leg
mass between the sensor and the knee.

SLIDE 10

Other potential injury indicators are accelerations and accelera-
tion-functionals such as the Head Injury Criterion, or HIC, and the
Severity Index. By requesting appropriate category numbers, the user
can obtain printout of values determined from filtered or unfiltered
accelerations, or both. A Martin-Graham low-pass digital filter is
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SLIDE 13

The MVMA Two-Dimensional CVS Model optionally produces a printer-
plot stick-figure representation of the occupant, the vehicle interior,
and the restraint configuration. The model can produce a stick-figure
plot based on input data alone or a time sequence of plots based on
computed results from the Dynamic Solution Processor, or both. The
plot based on input data can be obtained even if the output 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 each of the body joints is represented by an integer. The link
1ines between joints are represented with dots or decimal points. Zeroes
represent the positions of the centers of gravity of the head, upper
torso, Tower arm, and lower leg. Ellipses and contact regions are
represented by letters. The positions of the vehicle coordinate axes
are shown with 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 is allowed.

SLIDE 14

Many options for operation of the computer program have been dis-
cussed. The controls required for model operation include values
for the simulation beginning time, ending time, integration time step,
and tabular output time step. Physical parameters in the input data
set may be in either metric or English system units, and the user
denotes which by setting a switch appropriately. Digital filter speci-
fications are entered whenever it is desired to filter occupant accelera-
tion responses. Printout of up to fifty-one categories of quantities
can be produced. The user may specify any of forty-five standard output
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THE MULTIPROCESSOR MVMA 2-D MODEL

@ INP = Input Pre-Processor
@® IN = Input Processor

@® GO = Dynamics Solution Processor, or Execution Processor
@ OUTP = Qutput Pre-Processor

@ OUT = Output Processor

‘SLIDE 12-2
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Category
Number

S o w D~ O

00 ~N o o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Description

Formatted Printout of Input Quantities

Vehicle Response

Real Line Region Parameters

Real Line Region Individual Line Segment Movement .
Contact Forces Including Occupant-Vehicle, Occupant-
Belt, Occupant-Occupant

Neck Reaction Forces

Unfiltered Body Accelerations (Head, Chest, Pelvis)
Filtered Body Accelerations (Head, Chest, Pelvis)
Unfiltered Severity Indices

Filtered Severity Indices

Body Link Angles

Body Link Angular Velocities

Body Link Angular Accelerations

Body Joint Coordinates

Body Joint Velocities

Body Joint Torgues

Body Joint Absorbed Energies

Body Kinetic Energies

Airbag Variables

Airbag Contact Forces

Airbag Center of Mass Forces and Moments

Neck Joint Coordinates

Shoulder Joint Coordinates

Joint Torque Elastic Components

Joint Torque Joint-Stop Components

Joint Torque Friction Components

Joint Torque Viscosity Components

Joint Absorbed Energy Joint Stop Components

Joint Absorbed Energy Friction Components

Joint Absorbed Energy Viscosity Components

Center of Mass X-Component Forces

Center of Mass Z-Component Forces

FIGURE 12-2a List of Output Categories

SLIDE 12-5
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Category

Number Description

32 Center of Mass Resultant Moments

33 Steering Column Coordinates

34 Steering Column Generalized Coordinates

35 Steering Column Forces and Moments

36 Forces and Moments on Body Due to Steering Column
37 Neck and Shoulder Forces

38 Muscle Tension Forces

39 Muscle Tension Energy Absorption

40 Femur and Tibia Accelerations and Loads

4 Joint Relative Angle Comparisons Against Upper and

Lower Test Values
42 Standard List of Quantities to be Compared Against
Test Values

43 Individual Type A Comparisons

44 Individual Type B Comparisons

45 Printer-Plots of Stick Figures

46 Head Center-of-Gravity Motion

47 Chest Center-of-Gravity Motion

48 Hip Motion

49 Joint Relative Angles

50 Joint Relative Angle Velocities

FIGURE 12-2b List of Output Categories
SLIDE 12-6
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DATA DECKS

Card Number

100 Cards read by INP.
101 100, 200,.., 900 content used for
102 automatic titling of pages
|
i
|
I
1000 1000 (blank) marks end of data deck
1001
1002 Cards read by OUTP.
1003
i
|
!
1600 1600 (blank) marks end of data deck
SLIDE 12-9
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Characteristics. of a Martin-Graham- Digital Filter

FC = cut-off frequency

output cosine curve

input

FT = termination frequency

T ——

FT-FC = roll-off frequency band

FIGURE 12-6 Characteristics of a Martin-Graham Digital Filter

SLIDE 12-10
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SUMMARY OF MODEL OPERATION
OPTIONS AND DATA REQUIREMENTS

Simulation time parameters

Metric or English system units

Digital filter specifications

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

6/28/79
260




the event, simulating intrusion. The occupant and vehicle interior con-
figuration at crash onset are shown in the schematic.

SLIDE 4

Title cards for this simulation are shown in the upper portion
of this slide. Each page of output for a simulation is headed by
such titles, supplied on Cards 100, 200, etc. - through 900. The
100-Card is for a "run title," which should be centered in the first
72 columns and which will appear on the first line of each page of print-
out. The second line of page heading consists of the concatenated
content of Cards 200 through 900. Each of these cards is normally used
for description of a specific simulation characteristic. For example,
the 700-Card normally describes the type of belt restraint system used.
However, there are no restrictions on the content of these cards.
The 19-column sub-title fields of Cards 200 through 700 plus the 17-column
field of either Card 800 or Card 900 can be used together for any
131-character description of the simulation.

The title cards for Example 1 have been grouped together at the
beginning of the data set except for the 200- and 300-cards, which
have both been used for occupant description and are placed in the
occupant data subset to be discussed later. Cards in data subsets which
follow the title card subset in this example will, of course, have
card identification numbers both higher and Tower than those cards in
the title card subset. Data cards can be positioned within the data
deck in any order, without attention to card identification number.
Exceptions to this are the 1000- and 1600-cards, which serve as "end-of-
data-deck" markers and must be the last cards of the data decks for the
Input and Output Pre-Processors, respectively,

A number of general controls are required for the operation of the
Input and Execution Processors. These are on Cards 101, 102, and
103 and are illustrated in the lower portion of the slide. Some of
the most important of these controls specify: 1) the system of units,
either metric or English, for the simulation; 2) crash duration,
integration time step, and time increment for printing of output; 3)
use or non-use of the various restraint system options; 4) interpretation
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in simulations to account for frictional forces accurately.
SLIDE 12

Modules 4 and 5 discuss the use of 106-Cards for specification
of allowed or disallowed combinations of potentially-interacting body
ellipses and vehicle interior regions. "Allowed" combinations are nor-
mally specified when the number of probable interactions is less than
the number of improbable interactions. This is judged to be the case
for the first simulation example, so twenty-one allowed interactions
have been specified between the ten body ellipses and nine vehicle-
interior regions. One card, the last one on the slide, has been in-
cluded for an allowed interaction between body ellipses THIGH and
THORAX.

SLIDE 13

The last card in the data deck for the Input Pre-Processor must be
the 1000-Card. It is blank except for the card identification number
in columns 77 through 80. Cards 1001 through 1600 constitute a
separate data deck from Cards 100 through 1000,which have been illustrated
in the preceding slides and which are read separately by the Qutput Pre-
Processor. These cards control post-processing and printout of data
calculated and stored by the Execution Processor. These data and
data generated by the Input Processor are stored in four external
files; as long as the files are maintained intact, they can be processed
by the Qutput Processor any number of times, using different control
Cards 1001 through 1600.

The entire Qutput Pre-Processor data deck for Example 1 consists of
seven cards. The first 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 identified by Category
Number in Modules 1 and 12. The ordering for printout shown in the
slide is identical to the default ordering which would result if the
1001- and 1002-Cards were omitted from the data deck.

6/28/79
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Various data are required on Cards 1003 and 1004 for the post-
processor functions of filtering of occupant accelerations and determina-
tion of HIC and femur loads. In addition to HIC and femur loads, other
potential injury indicators can be determined and printed by the Output
Processor. They are requested by using Cards 1100 through 1401, none
of which are included in the data deck for Example 1.

A time sequence of printer-plot pages can be produced which depict
the occupant and all lines of the vehicle interior. Controls for pro-
ducing the printout are read from Cards 1500 through 1502. The most
important data on these cards are margin coordinates which frame the
printer-plot image within the vehicle coordinate system and the simulation
times to be included in the time sequence of printouts.

As for the Input Pre-Processor data deck, a single card is required
to mark the end of the Output Pre-Processor data deck. It is Card 1600,
which is blank except for the card identification number.

This s1ide and the preceding slides have illustrated the data
subsets which together constitute the complete data deck for Example 1.
They are shown assembled together in Module 13 of the Self-Study
Guide. The following eight slides show selected pages of MVMA 2-D
printout for simulation Example 1.

SLIDE 14

Both the Input and OQutput Pre-Processors always produce "echoes" of their
data decks. An example page from the Input Pre-Processor "echo" for
Example 1 is shown here. The eight-column data fields are separated by
asterisks. You will recognize some of the items which have already been
discussed such as vehicle deceleration, body linkage data and ellipses.
(pause).

SLIDE 15

This slide shows an example page of printout from the summary of the
input data. The entire input data summary for Example 1 is 63 pages.
This printout is produced whenever category 0 is requested on the 1001-
Card. The fact that this summary is 63 pages in length reflects the awe-
some amount of information required to define the crash victim and
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required, is useful to look inside the computational loops of the program
to locate possible programming errors and to study anomalous behavior.

SLIDE 26

The printout on this slide is for response of the upper torso
belt for Example No. 2. Included are belt elongation, rate of elongation,
belt angle, and belt load.

SLIDE 27

In this module, data decks have been described for two example
simulations and selected pages of printout have been illustrated.
The simulations were for: first, a 30 mph frontal barrier crash with
vehicle interior deformation and a dummy passenger restrained only by
a knee bar; and second, a crash with similar occupant and vehicle con-
figurations except that the occupant is restrained additionally by a tor-
so harness. Discussion of the construction of data sets for the Input and
Output 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
printout.
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Arbitrary Decomposition
of MVMA 2-D Data Set Into Subsets

DATA SUBSET

Title Cards
General Controls for IN and GO
Debugging Printout Controls

Categories of Output Variables
to be Stored

Vehicle Motion
Occupant Description
Occupant Position
Vehicle Interior
Friction Characteristics

Allowed or Disallowed Contact
Interactions

Belt Restraint System

Airbag Restraint System
End of Data Deck for INP

Categories of Output Variables
to be Printed

HIC, Femur Loads, and Filtering

Potential Injury Indicators

Printer-Plot Stick Figure Time
Sequence

End of Data Deck for QUTP

CARD NUMBERS

100, 200, .., 900

101, 102, 103
104, 105

107 - N
601 - 604
201 - 242
217, 301-304
401 - 41

412

106

218, 501, 701-723
901 - 909
1000

1001, 1002
1003, 1004
1100 - 1401
1500 - 1502
1600

FIGURE 13-1 Arbitrary Decomposition of MVMA 2-D Data Set Into Subsets

SLIDE 13-2
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€60.
-3.
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11.55
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62.
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SLIDE 13-13

0,1,46-48, 10-14, 21, 22, 37,38,49,50, 15,23-26,2-5,18-20,33-36,30-32,16,
27-29,39,17,80,6-9,45

Se
o.
0.

FIGURE 13-13 Output Processor Data Deck for Example 1
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FIGURE 13-28 Debugging Printout Specifications for Example 2
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FIGURE 13-29 Specifications for Storage of OQutput Categories for Example 2
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