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FOREWORD

The information contained herein was developed on Résearch Project
2-5-69-140 entitled "Evaluation of the Roadside Environment by Dynamic
Analysis of the Iﬁteraction Between the Vehicle, Passenger, and Roadway"
which is a cooperative research study spénsored jointly by The Texas
Highway Department and the U. S. Department of Transpdrtation, Federal
Highway Administration.

Basically, the objectives of the study are tétépply mathematical
simulation techniques in determining the dynémic response of vehicles»
and their passengers whén in collision with various rbadside objects or
when traversing curves in the road, sﬂoulders, or other situations. It
is a three-year study with a proposed completion date of August 1971.
The first year's work was presented in Research Rgﬁort 140~1 entitled
"Documentation of Input for Single Vehicle Accident Computér Program,"
July 1969.. |

As pért of the second year's task an analyticalimodél was developed
which preaicfé tpe dynamic response of an automobile's océupant in
three—diméﬁsional space. This report presents thevderivation of the
passenger model, a validation study, and a descriﬁtion of input data to
the computéf program used in determining the passénger's response.

The opinions, findings, and conclusions expfessed in this publica—
tion are those of the author and not necessarilyvthose of the Federal

Highway Administration.
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ABSTRACT

Engiﬁeers are currently attempting to reduce the severity of vehicle
accidents by designing and building a safef roadway'eﬁvironment. To
accomplish this, consideration must be given to the.éxpected dynamic
response of the vehicle and occupant during a coilision with roadside
obstacles. |

The reported research presents the development of an analytical
model that predictsAthe response of an automobile ﬁassenger during
vehicle mdtion of a general nature, i.e., a threéraimensional path
including simﬁltaneous rotations abouf the three directions. This model
reduces the problem of predicting the acceleratioﬁs and forces acting on
a passengeridqring a collision of violent maneuver‘to that of'specifying
the path of the vehicle as a function §f time plus'fhe deformation
properties of the vehicle interior.

The vehicle occupant is defined mathematically in three—dimensions
as an independent system which is then placed inside the vehicle but not
connectéd,to.it. The thicle interior contains'thé_passenger within its
boundaries by applying contact forces while the vehicle moves through
space. Thé vehicle interior is idealized with 25}piénar surfaces and
includes 1ap-and torso restraint belts.

The geémetry of the vehicle occupant is idealized by 12 rigid mass
segments interconnected in a pattern which reflects the articulated
nature of the human body. This system has 31 degfees of freedom which

correspond to the set of generalized coordinates used in Lagrange's
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equatiohs to derive equations of motion. These equations:are solved
numerically with the aid of the IBM 360/65 computer.

"Spinal elasticity" is simulated with rotational springs in the
back joints of the articulated body, and "muscle tone" is simulated
with rbtational viscous dampers in every body joint.

Vaiidation of the model has been achieved for fréntal collisions.
The modei's’prédicted'response of a dummy on a test caft compared well
with actual test data. Both restrained and unresfrained conditions
were analyzed. There were two restrained conditiéns} (1) lap belt
only and (2) lap and torso belt.

The'modél provides the highway eﬁéineer with a tool which will
enable him.toAépply'biomechanics data on human tolerance limits to
the problem of modifying roadside structures such that ocpupant injﬁries

during vehicle accidents can be reduced.



SUMMARY

During the second year's effort of this three-year study, a mathe-
matical model was developed which describes the motién, accelerations,
and forces eipgrienced by an automobile's passengér during a collision
or any’vidlént maneuver of a vehicle in three dimensions. A computer
program was then written to solve the governing equations of the model.

Features of this program include: automatic seéting of the pas-
senger inside the vehicle; seating the passenger at either the left
front, right front, left rear, or right rear posiﬁions; a lap restraint
belt at -any of these four positions; and/or a torso- restraint belt at
any of theée’four positions. |

The pasSénger program requires input of the position of the vehicle
in space as a function of time plus'the force-deforﬁatiop relations of
the various surfaces of the vehicle interior. The path of the vehicle
is obtainablé from the CAL Single Veﬁicle Accident computer program or
by full—scéle ﬁesting. |

Outpuf from the program is presented in three:forms: (1) digital
printout;i(Z) X~Y plots of selected paréméters, and (3) orthographic'
views bf the passenger with respect to the vehicle interior for any
given time dﬁring an event.

It hasﬁbéen concluded that this passenger modei provides the engi-
neer with a valuable tool with which to study véhicle and roadway
problemsAéﬁlminating in the saving of lives and_thé'reduction of occu-

pant injuries.
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IMPLEMENTATION STATEMENT

The repértéd reseafch.describes a tool which'supplements existing
technology as're1ated to the prediction of occupant'iﬁjury during ab
given vehicle maneuver and therefore exhibits favérable implementation
potential. The passenger model, described herein, can be used in con-
junction with Fhe CAL Single Vehicle Accident compufér program or full-
scale test results and with biomechenics data on human tolerance iimits
to provide.é systemétiq approach to the evaiuatioﬁ;of roadways and
vehicle interidrs for safety. Some of its suggested applications
include:

1. the'évaluation of roadway geometry, i.e., sideslopes, ditches,
nterrain involving a variétioﬁ of vertical aﬁd horizontal align-
meﬁt; etc.; roadside safety features suchAas the breakaway
Asign; energy absorbing impact cushions, etc.; roadside pro-
tectiVe barriers such as gﬁardrails, bridgé rails, median
‘ba;riers, etc.;

2. thetaesign of the vehicle interior éndkrestraint systems;

3. :the study of the dynamic behavior of a pedestrian when struck
Aby én automobile; and

4. the study of collisions involving more_tﬁan one vehicle.
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INTRODUCTION

Background

Engineers are currently attempting to reduce the severity
of single vehicle accidents by designing and building a safer
roadway environment.

To design or evaluate effectively a roadway o# its immediate
environment for safety, consideration must be givenAto the dynamiq
response of.the vehicle and occupant during interaction with geomet-
ric featureé_such as curves, ditches, etc., or obstééles such as
guardrails,vbridge rails, median barriers, sign éoSts, etc. Accord-
ingly, the design of highway safety devices such as breakaway signs,
energy aBso:bing impact cushions, earth berms (an earth,embankment
geometrically designed to redirect safely a vehicle which has left
the roadway), etc., depends directly on the dynamic response of
vehicle énd paSsenger during collision with these'dbjects.-

The‘above considerations are accurately summa:ized in the fol-

lowing quotation (1)%*:

"Unless the motion time history of the vehicle can be
translated into the expected kinematics of the vehicle

*Numerals in parentheses refer to corresponding items in
"APPENDIX I.-REFERENCES."



occupant and further translated into the nature and extent

of physical damage, it is not possible to establish per-

formance requirements for roadside structure modifications

that will effect a reduction in occupant 1njur1es during

single vehicle collisions."

The reported research was aimed at providing an analytical
means of supplementing existing technology as related to roadside
energy conversion systems. This was accomplished by developing a
mathematical model to predict the response of an automobile passenger
during violent vehicle motion of a geﬁeral nature, i.e., a three-

dimensional path including simultaneous rotations about the three

directions.
Design:Considerations

Usual-désign practice is first fo determine the time history
and 1eve1§‘of acceleration (g-levels) experienced by the vehicle
during a particular maneuver or collision. These are next compared
to certain”tolerance limits assuming that the oéégpant is subjected
tovthe éame'g-level. This assumption is rigorously true only if the
occupant is rigidly fastened to the vehicle. In-gctuality the pas—
senger is pnrestrained, lap belted, or shouldervharhéssed and move-
ment is not completely restricted, such that this éSSumption could
range an&&here from overly conservative to dangefously inadequate
dependihg on the situation.

Aﬁdthér factor which influences highway séfety design problems

is the quantitative consideration of contact forces between vehicle



occupant and vehicle interior. It is possible for an automobile
passenger to suffer fatal injuries from contact forces during a
vehicle maneu?er which at present may appear completely tolerable
from the standpoint of vehicle accelerations alone.

It is felt that an analytical model of a passenger, used in
conjunction with available biomechanics data on human tolerance
limits, can be of significant value in approaching_highway safety

design problems.
Review of Literature

A sutVey of the literature has shown that the mathematical
modeling of a vehicle occupant has been attempted in recent years.

In most cases these efforts were aimed at developing restraint
systems for the occupant, but in no instance was-the occupant's
general dynamic response the prime consideration.

In the ear1y 1960's, a mathematical approach.to the occupant
restraiﬁt pfob1em was made by the aerospace industr§ (5, 16). The
primary concern was the behavior of viscera for fﬁlly restrained
subjects.b

During 1962-63, an analytical‘study of occupant restraint sys-
tems was performed by Cornell Aeronautical Laboratory (CAL) (10). A
seven degrée—of-freedom nonlinear mathematical ﬁodél of a restrained,
articulated body on a test cart, for the case of a frontal collision,
was formulated and programmed for an electronic cémputer. This

study also led to the development of an eleven degree-of-freedom



passenger model cqmpleted in 1966, and is the most séphisticated yet
employed for the occupant restraint problem (12, 13, 14).

In 1967, Emori (2) conducted a study whose purpose was ''to under-
- stand the mechanics of the automobile collision aﬁd to establish a
logical background for the injury reduction of ocCu?ants." The scope
of his research precluded the use of the CAL model and a single
degree~of-freedom spring mass system for the occupént, and a similar
representation of the automobile was used.

Rennekér (17) used a two degree—of;freedom_model of an occupant
characterized by hip and torso restraint to study the effect of
vehicle forestructure energy absorption on occuﬁanf injury.

_Mértinez and Garcia (8), in 1968, developed a‘mathemétical model
to represén£ the motion of theé head and neck during_rear—end colli-
sions to study the 'whiplash" phenomenon.

In‘1969, Suggs, et al., (18), considered the‘pféblem of objec-
tionable‘amplitudes and frequencies in the vibrafion of seats using
a two degrée—of—freedom representation of thé hﬁmagf>fof the purpose
of developing more comfortable seats.

With the exception of the CAL model (12, 13,i14); the above-
mentioned éfforts have little in common with the reported research
but are acknowledged because they were mathematical simulations of
the vehicle occupant.

The CAL model provided the major guidelines for performing this

research siﬁce, in this writer's opinion, the reéults of that étudy

reflect an adequate representation of the vehicle occupant for the



two dimensional environment considered. However, the specific
equations derived by CAL were not applicable to this study since
this study involves a three-dimensional formulation, although the

same basic geometrical configuration and concepts were applicable.



DERIVATION OF THE EQUATIONS OF MOTION -

FOR THE VEHICLE OCCUPANT
Mathematical Formulation

Body Geometry and Coordinate Systems

The vehicle occupant is defined separately from the vehicle, or
as an independent system of articulated rigid mass segments in three-
dimensional space. Consequently, the vehicle interior can be thought
of as a confining environment for the occupant. |

Interaction between occupant and vehicle interiof is discussed
in detail in a later section. |

Figuré 1 shows the center lines of the 12 rigid mass segments
and their connection pattern, chosen as to geometrically describe the
humanrbody. A center line is defined as a straight line which con-—
nects theiends of a segment. It is assumed that‘théjcentef of mass
of a segment lies on its center line. For the ﬁodybextremitigs,

i.e., head~neck segments, forearm—~hand segments, énd leg-foot segments
below the knees, the center line is defined as the straight line
extending,frbm the connecting body joint througﬁ thé center of mass

of the sggﬁént. Fixed at the center of mass, of each ségmept n, is a
right-handed cartesian coordinate system denoted by axes Xn; Yn’ and
Zn' The positive directions of these axes are defined such that

when the body in Figure 1 is standing upright with arms hangiﬁg verti-
callyv(dOanard) Xn will be positive straight ahead, Yn_will be posi-

tive to his left, and Z, will be positive upwards. In addition, the



. -
Terminal end of segment No. 1, /
chosen as reference point -~
with coordinates (X171, YT1, Z71
relative to space-fixed system \ 3

b

12

—

N
\

3\
L+,

————%Parallel to Y

X'

Space~fixed coordinate
system

length of segment No. n

n .
G distance from reference
end to center of mass of
segment No. n
Pa =Ly =Py
® - joint ‘between two segments
QO - center . of mass of a segment

2

Terminal end
‘of segment
No. 11

Refereﬁce end of
Segment No. 11

FIGURE 1.-ARTICULATED BODY WITH COORDINATE SYSTEMS



coordinate system of each segment Xn, Yn’ and Zn will be parallel to

the space-fixed coordinate system X', Y', Z'.
Euler Transformation and Generalized Coordinates

The relationship between segment-fixed coordinates (Xn’ Yn’ Zn)

and space-fixed coordinates (X', Y', Z2') is defined, in matrix form,

as
3 o 7 LN
X! X
_ n
Y'p = ™ Y b R ¢ B
n
zZ' Z
J L -nJ

The matrix [Tn] is a transformation matrix that transforms the seg-
ment-fixed coordinates back to the space-fixed codrdinates, which
means that if each of the 12 segments of the articuléted body'assumes
a differént orientation in space at any particular time, it i$ still
possible to relate each of them to a common reference frame,

[T®] could be derived in a number of ways, the most common of
which utilizes directiqn cosines of the Xn’ Yn’ va axes relative to
the X';‘Y', Z"axes. However, direction cosines would not be suitable
for a Lagrangian formulation (to Be discussed léter) since they are not
independeht of each other and hence are not generalized (4). However,
if the transformation from one cartesian coordinate system to another
is done by means of three successive rotations pefformed iﬁ_a specific
sequence;, the three angles are independent of each other and can be

used as- generalized coordinates. These three sequential :otations,



commonly referred to as the "Eulerian angles", will be used to
derive [Tn].
The three sequential rotations to be used are given in Figure 2.

Consider the cartesian coordinate systems X', Y', Z' and Xn, Y, Z

n n

to be initially parallel, Figure 2(a), then the rotations are as
follows:
1. Rotate about the Z' axis an amount ¢n to first intermediate

position Xn Figure 2(b).

1’ Ynl’ an’

2. Rotate about the Yn axis an amount Snvto second interme-

1

diate position X s Figure 2(c)..

20 Tno» Zyo

3. Rotate about the an axis an amount wn to final position

Xn’,Yn’ Zn’ Figure 2(d).

The transformation from coordinates an, Ynl’ Z 1 to coordinates

n
X', Y', 2", Figure 2(b), is given by

) B ] )
)
X', cos¢n -sin¢n 0 an
| <AY o= sing =~ cos¢ 0 < Y r N ¢))
1z : 0 0 1 Z
Lo B . . L nl)

The transformation from the coordinates X ., ¥ ,, Z to coor-
n2’ "n2’ "n2

dinates X

i b
1 Ynl’ an, Figure 2(c), is given by
h B : .
an cosen 0 31n9n an
gnl > = 0 1 0 Yn2 e e v (3)
>anJ -51n6n 0 cosen ] an
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(a) (b)

n2

(©) | @

FIGURE 2.-EULERIAN ANGLES



The transformation from coordinates Xn’ Yn, Zn to coordinates

an, Yn2’ Z 9 Figure 2(d), is given by

() i : T (¢ )
an : coswn —51nwn 0 Xn

< Yn2 > = simpn cosd)n 1] < Yn > e v e e v s (4)
vA 0 0 1 Z

§ n2_J | | ] =y

Substituting Equation 4 into EQuation-B yieldsA

3 B ar . B
an A cosen 0 31n6n coswn -31nwn 0 Xn
Ynl L = 0 1 0 sin¢n coswn AO‘ Yn Se . (5)
A -sin® 0 cosH 0 0 1|12
nlJ _ n L ien

Substituting from Equation 5 into Equation 2 and performing the
triple matrix product yield [Tn] when the result is compared with

Equation 1. The individual elements of matrix [Tn] are

I

T11 = cos¢ncosencoswn - sin¢nSinwn e e e e e e (6a)
n
le = -cos¢ncosensinwn - sin¢ncoswn Ce e e e (6b)
™. = cos¢_sind | . . . . e b s e e e e e (6¢)
13 n n * vt * ,
n . ' . .
T21 = 51n¢ncosencoswn + cos¢n81n1pn e v e e e e e (6d)
no_ .
T22 = 51n¢ncqsensinwn + coscbncostpn I (6e)
n .
T_ = Sin¢ Sine L] L] L] . . . . . . - . . . - . . L] (6f)
n n

T = —SinenCOS q)n e ® & & & e ¢ & & e s * » e o o+ (68)
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1 ' : .
T32 sinen simbn R R (6h)

n = . ) .
T33 cosen T (61i)

It can also be shown by using Figure 2 that

— . _ 3N
r-X 3 T [y
n
= n
< Yn> - T Y'> . . . . . . . . . . . (7)
Zn z'
L B J J

Furthermore, matrix multiplication shows that tTn]'[Tn]T = [I],
the identityvmatrix, such that Equation 1 is an ofthogonal transfor-
mation. |

At this pbint, the minimum number of coordinates'needed to define
the system-is 39, namely, X%l’ Yél, and-Z,%1 (Figure 1) plus three
"Eulerian angles" for each of the 12 segments. Howéver, realizing
that the elbows and knees are really pinned joints rather than ball

and socket joints, this number can be reduced.

Elﬁow and knee‘constraints.‘ The pinned naturé:pf the elbows and
knees can be incorporated by constraining them t§ be#d such that axes
Y7, Y8’ Ylléjand le (Figure 1) are always péralle;.to axes Y5, Y,
Y9, and Ylo,.respectively. In the case of an arm,>e.g., the left
arm, this means that the orientation of segment No.‘7 with respect to
the space—fixed coordinate system can be uniquely SPecified by
stating fhéA"Eulerian angles" of segment No. 5 plﬁs one additional
angle, namely, the angular position of segment No. 7 relative to
segment No. 5. The same is true for the right érm and both legs. Let

m denote the segment number of an extremity (m=17, 8, 11, or 12)



and o represent the position angle of segment No. m relative to

segment No..j, where j = m-2,

m=7, 8 11, or 12
m-2

[
it

FIGURE 3.-ELBOW OR KNEE CONSTRAINT

Figure 3 shows that

Y = A
X : cosa, 0 sina X
i m m m ‘
< Yj:; = | 0 1 0 < Ym \ e e e e e e (8)
ZjJ' _ -sina 0 cosam Zm
~ {‘fi» — po— - o

Let;jf= n and substitute from Equation 8 into Equation 1, thus

giving



14

A
X cosa 0 sinam |
Y’ = ™ 0o 1 o0 .o (9)
z! —a1i
sino 0 cosam
Rewrite Equation 9 as
X! , 7 ] X
m -
Yty = i Y e e e e e e e e e (10)
m -
z! 7
— m

Therefore the matrix [T""] where m = 7, 8, 11, or 12 and n = m-2
is the trahsformation matrix that transforms the coordinate system
fixed in segment No. m back to the space-fixed system. From Equa-

tion 9 and Equations 6a through 6i the elements of matrix [Tnm] are

nm )
T = cos¢_coshH_cosy _coso_ — siné siny_cosa
11 - ¢n en wn m ¢n_ lPn “m-

= cos¢_sinb sina_ AR REER R (11a)
0 = ;cos¢ cosf_siny - sing_cosy e e e e (lib)
127 n n n n n g ’
nm

T, = cosd cos® _cosy sino_ - sind siny sino -
13 : ¢n n lpn m ¢n wn m

"+fcos¢nsinencosam e e e e e e e e e e e e (11c)
T = gin¢ cos6_cosy _coso_ + cos¢_siny_cosa
21 ¢nc n n m- n no - m
- sin¢_sin®_sina e e e e e e e e e e (11d)
n n m

nm _ .
TZZ__- 81n¢ncosensinwn + co.s¢ncos1pn Ceee e (11le)
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T23 = sin¢ncosencoswnsinam + cos¢n31nwn81nam

+ sin¢nsinencosam S R R (119)
™ - 0 i '
31 = ~sin ncoswncosam - cosen31nam e e e e e e (11g)
nm .,
T32 = 31n6nsin¢n s e e e e e s e e e e e e (11h)
hm _ o ' .
33 = -sinencoswnsinam + cosencosam e e e e e e (1141)

From Figure 3 it can be shown that

T

X X'

m
Y oNo= T Y’ e e e e e e (12)
7 A

m

Furthermore, matrix multiplication shows that'['_I‘nm][Tnm]T = [1],

the identity matrix, such that Equation 10 is an orthogonal trans-
formatibn. |

Constfaining the elbows and knees in the mannér described has
eliminatéd eight degrees of freedom, hence the minimum numbér of
coordinates now needed to describe the system ié 31. These gener-
alized coordinates, denoted by ql, Qos +»e q31,‘are defined as
follows: d) = Xpy, dp = Ypy» d3 = 2135 9 = #1595 = O35 9 = V>
A7 = 95 43 = 92 99 = ¥y 439 T €35 Qg3 T O3 d35 T V3o 33 7 9o
Ys = %% 35 T Y4 16 T 050 17 T O50 918 T V50 dig9 T 46 9o T O
U1 = Vgr Gpp = O d23 = %> 924 = 92 g5 = Ogs dgg = Vg dp7 = 030

= o

10° 929 T V107 930 T %11 931 T %12
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The Position of a Point on a Segment in Space

Using Equations 1 and 10, it is possible to express the position
of any point on the articulated body with respect to the space-fixed
coordinate system for any given set of values of the generalized
coordinatés.;n

To express kinetic energy of the articulated body in terms of
the generalized coordinates, it is necessary to aerive'equations of
position for the center of mass of each segment with respect to the
space-fixed coordinate system. The matrix equation of position for

the center of mass of segment No. l,:from Figure 1, is

1 \ o

S RS U1 0

SR EREARS Tt 0 S G K
' {m _'I

) P | 1™

in which (X',AYi, Zi) represents the coordinates of'the center of mass
' ' 1 ' : ‘ '
of segment No. 1 and (le’ YTl’ ZTl) represents thevcoordinates of
the reference point* on the articulated body both with respect to the
space-fixed system, whereas (0, O, —51) represents the coordinates of
the center of mass of segment No. 1 with respedt to segment-fixed
1

coordinates which are parallel to axes Xl’ Yl, Z. but located at the

terminal end of segment No. 1.

*Such a point is needed to account for translation of the arti-
culated body as a unit (see Figure 1).
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Likewise, the matrix equation for the center of mass of segment

No. 8 is
] [ [ 1 (o
8 Xr1
| 2
v - '
vy AN T {0
\] ]
Zg) \*r) | | %2
— - ~
0
+ 2 -L M+ 6
]
I J Lo
OW
+ 768 0 % R & 75
_ 4 (P8

Applying the same reasoning to all 12 segments and performing
the matrix multiplication yields the following equations for the
coordinates of the center of mass of each segment with respect to

the space-fixed system:

X,I

i
H-
|
©
et
=
Pt
w

1 (15a)
Y;-- Y., - o fl : ‘ (15b)
1 Tl 1 23 L L] L] . . . . L ] . . L] . . . L L] A
z! = 7' - Tt ... (150
1 Tl pl 33 . L] - . [ ] L] . L] . .» ‘. L] L]
X! = X'+ . T2 . e e e . (163)
2 XTl 2 13 1 ] . - . L] . . L]

| . A\ .
Yz - YTl + p 2T23 . * e . o . . . ‘c . e « o ) . . (l6b)



e e e (160)

Ce e .'. R ¢ ¥ FY)
e e e .'; N ¢ /)
N & 2
e .. G8a)
e G £:1Y)

e e e e e e e e e (18¢c)

ESTi5 : .. (19a)
5T C (19b)
513, R 6 1T
5elss Y € 1
56Tg3 .. '.f N ¢101°))
S6Tg3 . e . . (20c¢)
LSTiB - 57Ti; - . e .. (219)
L5T§3 - 57ng e e (21b)
LTS, - A ¢ X15)



X!

[

11

Y' -

11

7Rl
211

L
X192

L
Y12

12

\
Zr1

hed

10
10713

10
10

Ty3

10
P10

T

LT

.
LyTas

9
LyT35

10

T3

Lo

10
L10T23

T10

L10T33

33
9713 ~
TP

TP

911
T13

°11

911
To3

911
T3y

1012
T13

- P12
1012

To3

T P12

1012
P12%33

(22a)

(22b)

(22¢)

(23a)

(23b)

(23c¢)

(24a)

(24b)

(24c)

(25a)

(25b)

(25¢)

(26a)

(26b)

(26¢c)

19
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Velocity squared; Taking the first derivative with respect to

s ok t ' 1 ' ' ' .
time* of Xl, Yl’ Z1 throughrxlz, le, 212 (Equations 1l5a through 26c)
and squaring the results yields the following equations for compo-

nents of.velbcity squared of the center of mass of each segment with

respect to the space-fixed system:

(D% = Gy? - 2% XL TL, + 5o e e e .. (279)
GN% = @ - % kT + 5, . @)
CIN R AL TR S ¢ 90 GNP €Y 29
(2i2)2 = (i%i)z * (L1'17-§L3)2 + (L4Tg3)2 + (LHT§2>2
+ @yt + 6,13 H” - ZLli%1i§3i_ 2L42%1i§3
- ZLH2%1T32 - ZLlozéliég - 25122%1T§312
R L St AT TR A Sl O Y. S o
184733T33 + 2LqlyT3aTay + 2L4L10T 3353
I e o +.2i4L10T33T§g
o 2L4512T§3T§glé + 2Lyt 5,100 + 21 10530
+ 2L, 50T e o (380

_ - %A dot above a variable name will be taken to mean the first
derivative of that variable with respect to time.
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Angular Velocities

To express the rotational portion of the articulated body's
kinetic energy in terms of the generalized coordinétes, it was neces-
sary to relate the angﬁlar velocities of a segment to the generalized
velocities of the system. This was accomplished by realizing
that angular velocities are vectors which obey thevtransformation
relationships that were derived for Figures 2 and 3 (Equations 1
through 12);

The géneralized angular velocities én" én" &ﬁ are vectors

parallel to axes z', Ynl’ and Zﬁz, respectively, Figure 2. Let

w__y w__, and w__ be angular velocities about segment coordinate
xn’ “yn zn v

' g % - 3 ¢
axes Xn, Yn? and Zn’ respectively.r Similarly, define ¢xn’ éyn’ and

. e . , . .
¢zn as components of ¢n’ an, eyn, and an as components of en, agd

¢xn’ wyn’ and_wzn as components of wn where all components are

parallel to axes Xn’ Yn; and Zn’ respectively, such that

w = g + : l . ' . |
yn q)yn eyn * wyn (39) i
wzn %2n ezn lpzn

#This can be interpreted to mean that'wxn, Wyn and w,, are com-
ponents of the angular velocity vector of segment No. n parallel to
directions Xn’ Yn, and Zn’ respectively. '



From Equation 7 it is evident that

Zn

From Figure 2 it can be shown

1]

cosy cosH
) n n

-sinwncosen

sind
n

T

simpn
coswn

0

and it immediately follows that

| cosy _cosb
n n

-siny cosb
n n

sinbd
n

sin

lpn

cos
wn

0

0
0

$ .

n

that

——y

-coswnsinen R

sinwnsinen

cosb
n

—coswnsinen
sinwnsinen

cosb
n

22

. . . (40
an _
Ynl « « (4D
an
0
en .. (42
0

Again, using Figure 2 along with the definitions for in’ ¢xn’

wyn
Vin
wyn

2n

[

costl)n sinwn
—simpn coswn
0 0

, and wzn it can be shown that

. (43)

Sﬁbstituting Equations 40, 42, and 43 into Equation 39 yields

Xn
6
yn

zn

—¢n31n9ncoswn + Gnsinwn

¢nsinensinwn + encoswn

¢ncosen + wn

e e v v o . (44a)

(44b)

. . . (44c)
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- For segmeht No. m (m = 7, 8, 11, or 12), i.e., an arm or leg
extremity, define én’ én’ and &n (n = m-2) as before and introduce
&m as the generalized velocity vector that is parallel to both Yn
and Ym (see Figure 3). 1In addition, let O wym’ and W, be angular
velocities about segment coordinate axes Xm, Ym’ and Zm, respectively.

Using Figure 3 it can be shown that

w Ccosa, 0 -sina w

TXm ™ m xn

® = 0 1 0 W +ao % (45)
ym o - yn m o

W sino 0 cosa w
zm m ml- | zn

Substituting from Equations 44a, 44b, and 4he “into Equation 45

and performing the matrix multiplication yields

axm.= én(sinencoswncosam + cosensinam)
+ énsinwncosam - &nsinam R LI (46a)
| EymA;_$nsin6nsinwn + §_cosy_ + & Y €13y
Bzm,=‘$n(cosencosam - sinencoswnsinam)

-+ ensinwn31nam + ¢nCOSdm' B (1 <1))

Lagrange's Equations

The equations of motion were derived according to the set of
differential equations known as Lagrange's equations for nonconserv-

ative systems (4, 6, 19). These may be written as
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d 8~U) AU, BV _
deaq.” 3 Dq.
qj ay ay

Q N (7))

3 ..

in which t = time, U = kinetic energy of the system, V = potential

1]

energy of the system, qj = generalized coordinates, &j generalized
velocities, Qj = generalized forces acting on the system which are
not necessarily derivable from a potential function, and j = 1,

2, ... 31, for this particular problem.

It was convenient to define

Q e N L

= .(Qf)j + R

3 3

in which (Qf)j = generalized forces resulting frog externally applied
loads (contact forces)* and Rj = generalized forcés due to frictional
resistance in the joints (viscous dambing) to simulate muscle tone.*
In adéition, the potential energy V is of two types, namely Vp,
botentialvenefgy of position, and Vs’ potential energy due to

restoring springs* located in each of the two back joints (spinal

elasticity), such that

Vv =,VP + VS O (1))
therefore
V. AV , _
0V P4 _S I € 1)

3q, 2 9q,
3 3 95
Define (Fp)j and (FS)j as the generalized forces due to poten-

tial energy of position and strain energy potential, respectively,

*To be discussed in detail later under separate heading.



hence
(F);=—% s 1
P’ ] qu
(F).=—EY-§ PR €% 1))
8" j aqj

Substituting from Equations 48, 50, 5la and 51b into Equation 47

gives
4,30y _ 30 _
&Gy ey (F)y+ (F, + (Qf)j + Ry cee (52)

For the articulated body under consideration,‘Equation 52
represents a .set of 31 differential equations which can be categor-
ized as being ordinary, of second order, simultaneous, and nonlinear,

The fact that the differential equations aré nonlinear imme-
diately dictates a solution by numerical integratiéh,; and thev
particular approach used was the 'Runge-Kutta" method because
it is inhereﬁtly stable, As will be discussed”in a later section,
this meﬁhod lends itself well to matrix manipulatioh, therefore, it
was forcénvenience of solution that the 31 differential equations

represented by Equation 52 wererewritten in matrix form as

(p] g = {E} + {Fp} + {F_} + {Q,} + R} ... .. (53

in which matrices [D] and {E} are simply a rearrangement of the terms
stemming from the left side of Equation 52, i.e., [D] is the matrix
of coefficients for the generalized acceleratiqns;'{q}; and {E} is a

column vector containing all remaining terms with signs reversed.
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The mathematical formulation of the vehicle occupant is complete
and the remainder of this section will be devoted to evaluating the

matrix components of Equation 53.

Contribution of Kinetic Energy

to Equations of Motion

The kinetic energy of the articulated body is given by

12
.. 2 . .
u=1 i lap?+ an?+ @pl
i=1 .
1 2 2 2, .
tg I gl oy leg) + Iy ()]
1 | = |2 = (2 - (2,
RN BICR LR IR I e (58)

in which;l -1, é, 3, 4,5,6,9, and 10; k = 7, 8, 11, and 12; M,
is the mas§ qf SegmentrNo. i; and Ixn’ Iyn’ and Izn'(n = 1 or k) are
the mass ﬁ§ments of inertia about axes Xn, Yn’ apd,Zn, respectively¥®
ofrsegment.No, n. Equations 27a through 38c define.(ki)z, (?i)z,
and(ii)?;-&hgreas w7 wyZ’ and w,, are given by Equations 443

) . : . - . - » 6
through 44c gnd W wyk’ and w_j are expressedAby‘Equatlons 46a

k!
through 4éc.
The kinetic energy contributes matrices [D] and {E} to the matrix

equétioh of motion, Equation 53, in the manner prescribed by the left

*Note that no products of inertia (Ixy, etc.) appear in Equa-
tion 54 which means that axes X, Y,, and Z, are assumed to be a
principal set.



27

side of Equation 52. Computing the elemenfs of these matrices was
a very tedious operation and thus is omitted from.this presentation;
however, the final result is given in "APPENDIX II1.-EQUATIONS OF

MOTION,"

Contribution of Potential Energy to

Equations of Motion

As previously stated, the potential energy 1is of two types,
namely Vp’ potential energy of position, and Vs’ potential energy

resulting from "spinal elasticity.”" For clarity, these are

discussed separately.
Potential Energy of Position

For the case where the vehicle occupant is in a gravitational
fiel&,»the direction of the space—fixedraxis, Z', was defined as being
parallel to the direction of'gravitational attraction wiﬁh opposite
sense, e.g., pointing vertically upward when on the surface of the
earth. Furtﬁermqre, Zé was defined as the arbitrary position of a
datum plane (parallel to X'-Y' plane), such that

12

= '— ! . . 3 . . ° . . . . . . . .
vp '121 Mig(Zi zo) . (55)

in which M, is the mass of segment No. i, g is acceleration due to

gravity, and Zi is given by Equations 15c¢ through 26c.
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The potential energy of position provided the column vector
{Fp} to the matrix equation of motion, Equation 53, in the manner
dictated by Equation 5la- such that the jth elementvof'{Fp} is

12 oz

- o o § ,
(Fp)j-giilmiaqj s ¢:1))

The result of Equation 56 is given in "APPENDIX III.~EQUATIONS

OF MOTION."
PotentialrEnergy due to Spihal Elasticity

To simulate in the simplest manner, the ability of the human
spine tolfecover its initial éonfiguration after'bending, it was
decided to use rotational elastic springs in the tﬁé back joints
shown in Figufe 1. These springs, shown in Figure 4, are defined as
lying in the plane formed by the center lines of the two adjoining
back segménts, regardless of their spatial orientétion.b Also, the
springs are adjustable such that their undeformed bositions are
assumed to bé cbmpatible with the inifial configuration of the spine,
i.e., the spinal configuration oscillates (in sﬁacej'about its initial
position. Defining the undeformed positions of the tWo'springs as
(m - Blo) and (m - 820), reépectively, thé potential energy stored in
rotating to positions (r - 81) and (7 - 82), resﬁectively, can be

expressed as

Vg = 7K (By = B1g)° + 5 Ky(By — Byg) e e e e . (57
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in which Kl and K2 are spring stiffnesses having units of torque péf

angular measure.

Shoulders

Hips
FIGURE 4.~SPRINGS IN BACK JOINTS:

To express 31 and 32 in terms of the generalized coordinates
(q%s), définé in’ in’ and En as a triad of unit vectors which.
coincides with the segment-fixed coordinate axes, Xn; Yn’ and Zn’ of

segment No. n. Therefore, from Figure 4 and the definition of the

scalar product (dot product) of two vectors, itvfollows that

kl . k2 e « « « « (58a)

cogﬁi

COSBZ = kl D k4 : * & & e e & ¢ e e 8 o o & s e s+ (58b)

since k, coincides with the segment's center line.
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Before the "dot products" in Equations 58a and 58b can be per-
formed, it is necessary that kl, 2, and k4 be resolved to a common
coordinate system. Choosing the space-fixed system, shown”in
Figure 2, as that common reference, and defining T,vj, and K as a
triad of unit vectors coinciding with space-fixed axes X', Y', and

Z', respectively, it follows from Equation 7 that

- B ] T =
1n I
Jn = T J L L (59)
E -
n - il K
from which
= _ .n= n = n = _ v '
kn = T3 + T)5T + T54K O (1))

Substituting this result into Equations 58a.and 58b yields

1,1 2 1.2 1,2 | .
Bl = CcoSs (T13T13 + T23T23 + T 33 33) e ¢« 4 e s .« (6la)
- cos~Lerl gt 1 b ol ob S
B, (Ty5T]5 + TyaTyq + T3,T10) N (1))

where T?j_is a function of the generalized coordinates as given by
Equations 6a through 6i.

Equation 57, fhe potential energy due to'bpinél elasticity",
contributes column vector,'{FS}, to the matrix équation of motidn,
Equation 53, iﬁ the manner dictated by Equation 51b such that the
jth element‘of'{FS} is

A 984 38,
(Fs)j = -K;1(B1 - B1p) SEE-— Ko (B2 - B20) ErT) e o . (62)
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(:)— contact sphere .rl ‘ r, - radius of con-
number tact sphere No,
— segment number @.4 i
S, - location of con-
Li " lenth of segment tact sphere No.
No. i i
T B
S2 = L2 - 0.9r2
58 = 89 = L8-r8
510 = 511 7
0.4L10
L ¢ $)D®
Sial  [S1s S14 = 15 T
D) } 1) 6 0-451

16 “17 16 = °17
L2 7 16

FIGURE 5.-LOCATIONS OF CONTACT SPHERES
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contact spheres chosen for the vehicle occupant and their respective
locations on the center lines of the body segments. The location of

contact sphere No. i is denoted by Si and its radius by .
Force on a Contact Sphere

Whenever a contact sphere encounters a boundary of the vehicle
interior, a contact force results. Assuming that the magnitude* of
this force can be computed, there still remains the task of resolving
it into components which correspond to the generalized coordinates
(qjs) for use in the equations of motion. These contact force com-
ponenﬁs are the generalized forces which compose the column vector,
{Qf}, in Equation 53, and are evaluated using the concept of virtual
work (4,6,19).

Considér, as in Figure 6, a resultant contact force, Fi’ acting
on each contact sphere No. i (i = 1,2,...17) at pbint A defined by
(XAi’ YAi, ZAi) in the space-fixed coordinate system, and let each
force mdve_through a virtual displacement having components GXAi’
6YAi, and GZAi; then the total virtual work done is

17

= v '
W =% [F, 6% + Fji8Y); + F 0z

(63)
o XL OTAL

A1l . e s e e

in which in, Fyi’ and in are components of force Fi with respect to

the space-fixed coordinate system.

*To be discussed in the section entitled "PASSENGER-VEHICLE
INTERACTION."
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Assuming that Fi can be resolved into equivalent géneralized

forces, (Qf)j, then the virtual work is also

31
§W= I (Q.),%8q Y (19

in which qu is a generalized virtual displacement.‘
Define ;i as the radius vector extending from the center of con-
tact sphere No. i to the point on the sphere at which Fi acts, i.e.,

point A in Figure 6.

space-fixed
- coordinate system

center line of body
segment No. n

segment-fixed
coordinates at
center of sphere

contdct sphere No. i

FIGURE 6.-FORCE ON A CONTACT SPHERE



The components of r

i

are defined as rxi’ ryi’ and r

i with

respect to Xn, Yn, and Zn, respectively; i.e., the segment-fixed

coordinates in Figure 6., With this definition of F

possible to derive expressions for

]
IVE

Y'

i it is now

Z', in terms of the
Al

Ai’
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generalized coordinates for use in Equation 63. From Figures 1, 5,

and 6 and Equations 1 and 10,

1 N
X, X
\ ] — t
a0 "9 Y1
L ]
Zan) (1
r =) ~ j
1 1
Xp9 X
) 1 — 1
Y, > =< Yo ot
2
Za2) (P11l
r ~ a <
1] ]
X3 X1
1 = '
a3 =9 [t
7! A
Za3) P
r '\ r 9
L L
Xpt X1
1 = 1
dxp, p=dun b
1 1
Zas) (%11l
(0 ) [or )
L 1
%5 Xr1
T G
AYas > Yoo P+
] . |
Zas) (P11l

T2
T2
T1
-
TZ
T2

r - 7 ‘
0 rxl
3 |
< 0 >+ T ryl .
2] | | St
[ T
x2
4 L e e e e e s
S.+r
L 2 z2
r - "
0 rx3
4 ,
0 ¢+ T T3 (-
) L 4 a3ty
r- =
T4
<- P e e e e
Ls+ry4 .
s_I-J2+rzz'a
~ A
rx5
-
< Ls+ry5 e e
LL2+rz5 )

(65d)

(65e)
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r r — T Y -1r
] ] .
XA6 | XTl 0 Ty6
' v\ 2 - 6
1Y ‘<YT1 + T 1L, >+ T < Y6 (% (65£)
z 7 L r -L
a6 ) %) it L 4 Fz67"
2 . - 1 r T [ '—‘l -
1 ] .
VAR 0 | Tx7
. 2 5
%3 1=y * T Siget| TS Ty po- 658)
) 1 _
Za7 ) Gy | J %) L 1 F2778s
- ~ — — -
\ ]
a9l ¥ 0 ~ 0
c L don 2 4
YA17 <YT1 + T 0 + T LH
] 1 - —
Za17) Um) L 1) L J U
0 17
' 9 911 |
+ T 0 S+ T o . . . (659
L UM L  Fz177517

where the elements of [Tn] and [Tnm] are given by Equations 6a through
6i and Equations l1lla through 11i, respectively.
By performing the matrix multiplication indicated by
* . 1 1] 1
Equations 65a through 65q*, expressions for XAi’ YAi’ and ZAi
1=1,2...17) are obtained as a function of the generalized coordinates,

= : ' ' '
qj G=212...31), such that 8X i SYAi, and GZAi now become

*Equations 65h through 65p are not given, to avoid unnecessary
illustration. '
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31 8XA1 ~
8X!, = I —=4q : e e e e s e e e s e s s e s e . (66a)
Al 9q.,
j=1 %95
31 ay!
Ai
GY' = z arwsnes 6q e & e @ e 8 o 8 e s s ° s e v s (66b)
Ai o
=1 %4
31 9z}, |
GZ'. = z - Gq. L T S S S Y -. s e 8 & s s s (66C)
Ai j=1 aqj 3 .

. Substituting from Equations 66a through 66c into Equation 63 and

rearranging the order of summation yields

31 17 oX} oY}, 9Z]

Al Al Al
W= I I(F, —w—+F  —==+F A —=) §&q e v . (67)
j=1 1=1 xi aqj yi qu zi qu 3

By comparison of Equation 64 with Equation 67, it is obvious that

17 X! oy! 3z
AL Ai AL,
Qg), = E(F , —— + —_——= 4+ F , ———) ... (68)
f J‘ i=1 xi aqj yi qu zi qu

which defines. the terms of column vector {Qf}, the result of which is

given in "APPENDIX III.-EQUATIONS OF MOTION."

Generalized Forces due to Viscous Damping

in All Joints

The human body's muscular network is principally a source of
" kinetic energy for body motion, however, it can also act as a dis-—
sipator of rotational kinetic energy that is derived from an external

source. The latter property of the muscular system could have a
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significant effect on body kinematics in a panic situation such as a
vehicle collision, since the tensing of muscles is a rather natural

reaction. In an attempt to account for this phenomenon in a simple

manner, rotational resistance (in the form of viscous damping) was

introduced in every joint of the articulated body.
The Viscous Damper

Viscous damping is, by definition (6), a velocity dependent
resistance (force or torque) to motion. Figure 7‘shows the viscous
damper for body joint No. i (i = 1,2...11) which joins body segment
No. k to segment No. . Each body joint contains a similar damper iﬁ
that it may differ from all others only in the démping constant, Ji,

which is a measure of the mechanism's resistance capability.

Note: The plane formed
by the center lines of
segments k and 7 con-
tains the viscous
damper and the

angle Bi.

body joint No. i

FIGURE 7.-TYPICAL VISCOUS DAMPER
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The resisting torque, (RT)i’ in joint No. i, Figure 7, resulting
from the damping constant, Ji’ and the angular velocity, éi’ is

defined as

(Rp); = J,B, N (1))

Virtual Work of the Damping Torque

The total virtual work done by the instantaneous damping
torques, (RT)i’ acting during the virtual angular displacement, GBi’
of each joint No. i, can be expressed as

11 A
6W = —._Z JiBiGBi o« o s e o o e o & . o L) . o . (70)
Li=1 '

where the numbering of the 11 joints is given in Figure 8.
Employing the same reasoning as was used for the two back joints
under the heading of "Potential Fnergy due to Spinal Elasticity," it

can be shown that

-1 k A k L k Z

Bi = cos ~(T,,T., + T T 3 33 33) « e e e e (71)

13713

in which i =1,2,3,4,7,8, and 9; and k and . represent adjoining seg-
ment numbers as shown in Figure 8.

For the arm and leg extremities

8. = a A, S (72)

in which 1 = 5,6,10, and 1; and m = 7,8,12, and 11, respectively, as

indicated by Figure 3.



@- joint number - segment number

FIGURE 8.-NUMBERING OF JOINTS FOR DAMPING

40
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Equations 71 and 72 show that Bi is a function of the generalized
coordinates, qj, therefore
31 GBi 7
66 = Z N 6q L] L] L] L] . . » L4 . L] . . . L . L] b. (73)
i . 3
=1 %95 3

Substituting from Equation 73 into Equation 70 and interchanging

the order of summation yield

3111 98,
(SW:-Z Z J B _—”Gq . e 8 e 8 6 e o 2 e & s (74)
j=1 i=1 11994 |

Define R.j as the generalized damping force (tor@ue) which
corresponds to generalized coordinate, qj, therefore the total virtual
work done by all Rj's, each acting through a virtual displacement 6qj,

is

W= 1 Rj 6qj P e (75)

11 . SBi
R. = = Z J.B o . . . . . . 3 . . . . . . [} . . . (76)
] i=1 i"i 9 i

Incorporating the knee and elbow constraints'described in

Figure 3, Equation 76 reduces to
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9B da aa
s i - 77 + Y%
R, =-LJB, =——=J.0, v = J, 0

j i1 577 9 68 3q,
iy 1 4y ¥

20, o0,

. 12 . 11
- Jloalz -Fa}'— Jllall—a—q; I (77)

in which i = 1,2,3,4,7,8, and 9 and éi is obtained by,differen-
tiating Equation 71 with respect to time. |

Equation 77 defines the élements of column vecfog {R}, in the
matrix equation of motion, Equation 53, and the final result is in

"APPENDIX III.-EQUATIONS OF MOTION."
Joint Stopé

To pre&ent unrealistic angular travelbof arbody~éegment rélative
to its adjoining segment, stops were introduced in the joints.

.Theser"jbint stops' are achieved by simply incréasing-the damp-
ing coefficient of joint No. i, Ji’ to some large number when Bi

approaches an estimated limiting value depending upon whether éi is

~ positive or negative.

Figuré 9 shows the Ji versus Bi relationship for a typical joint

(all body joints except knees and elbows) in which Ji increases from
" 3 131 : " i "

a "mormal operatlon value", (JN)i, at (BN)i to a''stop value' of (JS)i

at (Bs)i if Bi is positive; where [(BS)i - (BN)i] is simply a trans-
ition region (approximately five degrees) to prevent abrupt

motion (14).
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FIGURE 9-RELATIONSHIP FOR BODY JOINT STOPS

Figures 10 and 11 show tﬁe Jm versus o relationship for the
elbows and knees, respectively. It should be noted that two "joint
stops"vafe needed for these since a is a generaliéédvcoordinate
capable of assuming both negative and positive values as opposed to
B; being alWéys positive (dot product of two vectors), hence the
subscripts 1 and 2,

This concludes the derivation of the equatibns of motion for

the vehicle occupant.
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FIGURE 11.-RELATIONSHIP FOR KNEE STOPS
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PASSENGER~-VEHICLE INTERACTION

The idea of passenger~vehicle interaction is analogous to that
of placing an object in a glass box, fastening the 1id, then
observing the mofion of the object while the box is shaken. One
could conclude from such an experiment that the mqtibn of the object
is totally dependent upon the forces afforded to it by the walls of.
the box (with the exception of gravity) and that these forces are
dependent:upon the path of the box in space as a'funstion of fime.
Likewise, before contact forces on the passenger can Be computed, it

is necessary to define the path of the vehicle.
The Path of the Vehicle in Space

A tabular record of the vehicle's path in space as a function
of time is sufficient for purposes of computing contact forces.
This.recdrﬂ can be fed to the computer program and, if necesssry,
interpolation between time stations can be perfofﬁed.' However, it
is necessary that this tabular information conform to a predeter-
mined stsndard for specifying the orientation of a body in space.
There are many such standards available, one of which has already
been discussed, i.e., Equatioﬁ 1 and Figure 2; hence it would seem
to be the logical choice. Nevertheless, a different standard was
chosen for a very good reason.

There is a computer prbgram available (9,11,15,20) for the

solution of a mathematical model of an automobile capable of
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three-dimensional ﬁotion while interacting with the roadway or
certain roadside features, obstacles, etc. Since the overall aim
for the pfoject, of which this passenger model is only a part; is to
study the interaction between vehicle, passenger, and roadway, it is
only fitting that input to the passenger program be made compatible
with output from the vehicle program. Achieving this compatibility
involves the introduction of two additional coordinate systems,
namely;.the vehicle-fixed system and the space-fixedisystem for the

'

vehicle; plus a different system of "Eulerian angles," namely, the

"aeronautical standard."
Coordinate Systems for the Vehicle

Let X;, Y;, and ZG represent a space-fixed cartesian coordinate
system to which is referenced a vehicle-fixed coordinate system,

denoted by X, Y, and'ZV, as shown in Figure 12,

Y'
v

space~-fixed v

system for v

vehicle 71 X!
' v v

vehicle-fixed
system

x' , Y Z' ) - coordinates of c.g. of vehicle with
ve? Tve?
respect to space-fixed system

-FIGURE 12.-VEHICLE COORDINATE SYSTEMS
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The vehicle-~fixed system transforms back to its space-fixed

system as
X! X
v v
Y; = A Yv . e e e e e e . (78)
z! Z
v | _ v,

The élements of [A] are derived using the same procedure that

was employed in deriving [T] (see "Euler Transformation and Gener-

alized Coordinates') except that the "Eulerian angles" for this case

are slightly different. For the "aeronautical standard" the three
successive rotations are as follows:
1. Rotate about the Z; axis an amount wc to first intermediate

Z .. This angle is called'Yaw.

position le, le, vl

2. Rotate about the le axis an amount eé to second interme-

diate position Xv

3. Rotate about the Xv

Using the above definition, the elements of

yA

2° Yv2’ v2°*

X ,va, ZV. This angle is called roll.

v

[A]

are

This angle is called pitch.

9 axls an amount ¢c to final position

found to be

Ali = cosy_cos® e e e e e e e v o oW (792)
A, = ~siny cos¢  + coswcsinecsinq)c . « o« o« (79b)
A13 = simpcsinzpc + cosmpcsineccos¢c . . ;'. . (79¢)
A21 = sinwccoseC c e e e e s . . o o (799)
A22 = coswccos¢c + sinwcsinecsin¢c . e (79e)
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—cqswcsin¢c‘+ sinwcsineccos¢c
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(791)

23

A31 -—sinec . . . N . (79g)
A32 = cosecsind)c . . . . . (79h)
Ay = cosd cos¢ . e e (791)

Consider a point i on or in the vehicle whose coordinates are

(034

i’ Yvi’ With respect to the

zvi) in the vehicle-fixed system.

space-fixed system for the vehicle, the coordinates of point i

become
X! X! X .
vi 1 ve vi
' = ' 7 !
Yvi ch + A Yvi . e .. (80)
1] ]
Zvi Zvc - ] Zvi

in which (X;c, Y;c, Z;c) represents the coordinates of the center of
gravity (c.g.) of the vehicle with respect to the space—fixgd system
for the vehicle, as shown in Figure 12.

To simplify the inconvenie#ce of having two independent space~
fixed coordinate systems, 1.e., one for the articulated body,
Figure 1, and another for the vehicle, Figure 12, fhe following
conditions are specified:

1. Axés X' and X'v are parailel with the same sense which
simplifies the most common initial condition of both the
yehicle and passenger heading in the same direction.

2. Axes Z' and Zérare parallel but of oppoéite sense which

satisfies the fact that acceleration due to gravity should
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have the same direction for both passenger and vehicle.

3. From 1 and 2 above it follows that Y' and YL are parallel

but of opposite sense if both systems are to be right

. handed.

4. For additional simplification, the origins of both systems

are located at the same point in space.

From the above four statements it follows that

X'
Y'

zl

Y
o

0

Xl
v
Y' *
v
Z'
v

From Equations 80 and 81 it follows that

x' |

i

in which (X!, Yi, Zi) represents the coordinates of a point i,

rl 0
0 -1
0 o

-1
-

t
vc

Y'
ve

ZI
ve

L i

(81)
-
Xvi
Yvi (82)
] zvi

located inror on the vehicle, with respect to the space-fixed coordi-

nate system for the passenger.

Using the fact* that [A_]T = [A]—l, Equation 82 may be rewritten

as

X .
vi

Yo

.Zvi

i

°

0 ofix!
1
— ' -—
10§y
- t
0 f zi i

*Matrix multiplication shows that [A]T[A] = [I]}, the identity

matrix.
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Equation 83 may be interpreted as the transformgtion of a point

i, whose coordinates are (X!, Yi,

for the passenger to the vehicle-fixed system; assuming that the

Zi), from the space-~fixed system

position of the vehicle with respect to the space-fixed system for

the vehicle is known, i.e., X' ,
ve? Tve

. v
s Zvc’ wc, ec, and ¢c.

The Computation of Contact Forces
The Idealized Passenger Compartment

To facilitate the computation of contact forces the vehicle
interior or passenger compartment is idealized by a éeries of planar
surfaces. This greatly simplifies the geometry:considerafions for
predicting contact between the articulated body and its confining
environment. |

Figure 13 shows the nﬁmbering of the points where coordinates
are necessary for defining the geometry of the idealized passenger
compartment. These points are used to expresé the equations of the

planar surfaces and their inward normal vectors, shown in Figure 14,
The Prediction of Contact using Lines and Planes

The computer program is written such that each of the 17
"contact spheres," Figure 5, is checked for contact with each of the
25 planar surfaces of the vehicle interior, Figure 14. The technique

used to predict contact is illustrated in Figure 15,



(Xvi Zvi) - coordinate of point i in Xv - ZV plane
Note: Z 5 = Z,185 2300 = %4213 %46 = Zy11 = Zy19.
Zv2 - Zv3; zv17 = ZVS B zv13 = Zvl4; lel = Xv12 = leS;
Xv6 = Xv7 = XVZZ'
jt— YCW —o
€
,——~VRW —
I -o-lnsw \
]
VN
392 / /% 1 b—e——— ___1_._.‘ ]
\NL7

FIGURE 13.-COORDINATES AND DIMENSIONS OF THE
IDEALIZED PASSENGER COMPARTMENT

TS
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FIGURE 14.-PLANAR SURFACES AND NORMALS OF THE
IDEALIZED PASSENGER COMPARTMENT

(49
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planar surface No., m
of vehicle interior

contact
sphere

line passing through n, ~~
and parallel to N

inward normal
unit vector (N)

FIGURE 15.~CONTACT SPHERE AND PLANAR SURFACE

Consider '"contact sphere' No. n whose center has coordinates
(X&, Yé, Zé) with respect to the space-fixed coordinate system for
the pa?senger which becomes (Xvn’ Yvn’ Zvn) with.respect to the
vehicle-fixed coordinate system through the use of Equation 83. The
distance of this point from the planar surface No. m is found by
passing a line through the point, in a direction nérmal to the plane,
then finding the pbint 'f where the line and plane intersect, as
shown in Figure 15.

The inward normal unit vector N is given by

N=AIi+Bj+cCk O €249
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in which I, 5, and k form a triad of unit vectors parallel to vehicle—

fixed axes, X , Y

v? Tyo and Zv’ regpectively; and Am, Bﬁ, and Cm are cal-

culated from the coordinates of points given in Figure 13.
The equation of the line parallel to N and passing through

point n, of Figure 15, is

v vn v vn _ ‘v "zvn - (85)

The equation of planar surface No. m, having N as its unit

normal is

AX +BY +CZ =G e 8* 8 % & » & e 8 6 s s s (86)
myv mv mv m . )

The constant Gm in Equation 86 can be evaluated as

Gm = Avai + Bvai + szvi O € 7))

in which (Xvi’ Yvi’ Zvi) are the coordinates of any known point on
planar surface No. m.
Solving Equations 85 and 86, simultaneously, produces the

coordinates of intersection point P (Xv Y

p? Yype va), shown in

Figure 15.‘,These are

X =X +AL N €:1:EY)
vp  wvn mXm
Y' =Y +BL e & * e ¢ & & o s & . e s e o s @ (88b)
vp vn m xm

=Z +CL --.o..-oo.no-.‘oo‘o (88C)

vp vn m xm
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in which

L =G -(AX +BY +C2Z ) O 1))
Xm:  m m vn m vn m vn

Define vpn as the vector extending from point n to point P in

Figure 15. From Equations 88a, 88b, and 88c

on = LBl + B3 + G B N € 10))

in which the parenthetical expression is the unit vector, N, therefore
the distance from the "contact sphere' center to the planar surface

is simply

Vpnl = |Lxm| T A A 2 Y

Contact is predicted by Lxm’ Equations 89 and 91, considering
its sign as well as its absolute value. If Lxm is a positive
quantity, then vpn and N have the same sense meanipg that the center
of the contact sphere has traveled through the planar surface; hence
contact has certainly occurred. Likewise, contact has occurred when
Lxm is zérﬁ; since points n and P in Figure 15 a?e,concurrent. When
Lxm is negative, contact has occurred only if lem| is less thap L

the radius of "contact sphere'" No. n. The above considerations can

be summarized mathematically as
A=r +L . . 3 . . » . . . . . 3 . ) . . . . . (92)
n Xm -
from which contact is assured if A is positive. In fact, when A is

positive not only is contact defined but A is also the amount of

deformation present.
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Magnitude of the Contact Force

With deformation defined by Equation 92, the final step towards
computing a force is that of introducing a force-deformation relation
for the matefials involved; and testing is obviously the only way to
obtain such iﬁformation.

Testing was outside the scope of this particular project,
nevertheless a limited source of information (12) was-available from
whicﬁ evolved an idealized force-deformation relation; in particular,
these tests which consisted of the dynamic loading of wvarious parts
of an antropomorphic dummy against cardboard honeycombed material
exposed the following pertinent characteristics:

1. During the loading process, force increased at a low rate in
tﬁe lower range of deformation as éompare& to that of the
upper range of deformation.

2. Forces were considerably less during the unloading process,
thus pointing to a certain amount of energy dissipation.

These observations are responsible for the proposed idealized
force-deformation curve, shown in Figure 16. |

In Figure 16, Kcl and Kc2 are the two slopes of the bilinear
curve during loading. The factors My and Uy represent. the fraction
of strain energy to be conserved during the unloading process in
ranges of deformations 1 and 2, respectively; e.g., Wy = My = 1.0
defines a perfectly elastic collision whereas My ='u2 = 0 defines a

completely plastic collision between ''contact sphere' and planar
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Force

loading

unloading

uoKeo

- A

FIGURE 16 .-THE BILINEAR DISSIPATIVE SPRING

surface. It should be noted that no attempt is being made to
separate body deformation from vehicle deformation, hence the stiff-
ness coefficieﬁts (Kcl’ Kc2) for a given surface in the vehicle
interior are actually "lumped" parameters which include body stiffness
propertiés.

With the use of Equation 92 and Figure 16 a contact force (fN)
is computed when contact occurs. The direction of this force is
chosen as normal to the planar surface being contacted since the

deformation (A) is computed in the normal direction. In addition, a
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friction force (§f) is calculated as some fraction ofAthe normal
force. The direction of §f is tangent to the planar surface being
contacted such that it opposes the motion of the ''contact sphere."

' The forces F and F

N ¢ are added vectorially to produce a resultant

force (F) as

F = FN + Ff e X))

whose components are F_, F |, and F__ with respect to vehicle-fixed
. vx’® vy vz
axes Xv’ Yv,rand Zv’ respectively.

From Equations 78 and 81

[Fa| T 0 0 F__ |
F = 0 —1 0 V A F * & s e s 94
vif vy (94)
F . 0 0o -1 F
Z1l | JL _ vz

4 are the components of f; with respect to

the space-fixed coordinate system for the passenger, acting on ''con-

in which in, Fyi’ and Fz

tact sphere" No. i. These three components appear in column vector,

{Qf}, of the matrix equation of motion, Equation 53.
Lap and Torso Restraint Belts

Othersources of contact forces to which the vehicle occupant may
be subjected are the safety belts.  The lap belt has its ends anchored
at arbitrary points and loops around the pelvic area ("contact

sphere" No. 3). Likewise, the torso belt has its ends anchored at
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arbitrary points and loops around the upper torso area ('contact

sphere" No. 2).

It is assumed that the center line of a belt defines a plane

which contains the center of its respective 'contact sphere' at all

times. This facilitates the definition of the restraining force

vector which, by definition, also lies in this plane,
Figure 17.

The angles shown in Figure 17 are expressed as

- -1 i

8, = cos (=) . . e h e e e s . .
' |Pe1

- -1, %4

8, = cos ~(——) e s e v e e e e e e e
R =Y

6, = cos |Pc1||_P_c2|) e e e e e e e

B = - 2(8, + 5, + 8, .. :

o = %151 + 52 + 53 - s e s s s e e e s
Y =2, +8, -5, e e e e

as shown in

R C5))

N ¢ 1))

N Yo

e oeowo. (98)

R 1)

e o+« . (100)

Equations 95 through 100 hold for all special cases, e.g., the

sides of the belt being parallel or even pointing away from each

other, etc.



belt looped

around sphere ?

P1 L
N T T ———
N\
N\
anchor \\
point \
restraint
\ force
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N\
3 ¢
. \{/ FL -a— loop force
Pij - vector extending \\\ |
from point Pj to , \ \
point Pi_ \
"2

“—  anchor point

vehicle-fixed coordinate system

FIGURE 17.-VIEW NORMAL TO PLANE CONTAINING
BELT AND CENTER OF CONTACT SPHERE

60



61

The length of the belt at any time, t, is

LBt = |§c2l sin§2 + |§cl| sind

1 + 2ri8 o e e e (lOl?

in which ri'is.the radius of "contact sphere" No. i (i = 2 or 3).

The belt elongation at any time, t, is

ALp = Lp, = Lg, N G 173

in which the initial length (LBO) contains "slack" for loose-fitting
< > s
belts. If ALB = 0, the loop force (FL) is zero. Fpr ALB— o, FL is

computed from the idealized curve shown in Figure 18.

’ - slopes or belt
KBl KBZ stiffnesses

—g AL

(ALg) g

FIGURE 18.~IDEALIZED FORCE-ELONGATION
CURVE FOR A RESTRAINT BELT

The magnitude of the restraining force IF is defined as

Rl

|FR| =2 F, cosa AR EE R (103)

The restraining force vector is expressed as
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P e ¢ [ 1)

in which the coordinates of point P3 (needed to find §3c)correspond

to the components of P which is found by

30
P30 = on + P32 S SRR IR IR R RN (105)
while the vector 532 is
P3| »
- 32 -
P = - P S @ e T3Y)
32 |p12| 12

It can be shown that

l§c2‘sinx : . (107)

l§32|A= S () e

in which, as shown in Figure 17

- a1 Pipt Py
Y = cos

(=) e e e e e e e e e e e e e . (108)
T |Pr2l | Per |

The components of F_, Equation 104, with respect to the vehicle-

R,

fixed axes are added to F._, F._, and F__ of Equation 94, for the
vx’ vy vz -

case of 1 = 2 or 3; i.e., "contact spheres" for upper torso and

pelvic area, respectively. Therefore the restraint force simply

becomes part of the resultant force, on a "contact" sphere, which is

transformed to the space-fixed system of the paséenger for use in

column vector {Q} of Equation 53.
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Initial Positionrof Passenger

The initial position of the vehicle occupant is compietely arbitrary
and is specified by initializing all of the 31 generalized coordinates
or degrees of freedom (qj,j = 1,...31). This could prove to be a
difficult task in the case where the vehicle assumes a skewed initial
position. To alleviate this situation, a routine was devised by

which the passenger is automatically seated properly in the vehicle,

regardless of the vehicle's initial position.
Seating the Passenger

To simpiify matters it is assumgd that, initially, the passenger
is heading in the same direction as the vehicle; i.e., the Yn axis
for each of the 12 body segments (n = 1,...12) ié parallel (opposite
sense) to Yv’ the vehicle-fixed Y direction. However, aé shown in
Figure 19, the»vehicle occupant's posture remains‘arbitrary and is
defined by parameters Y1 Yo» T3s Ygs Ygs 0y (g = ag)s Xy, and Y.
The angle Yn specifies the position of body segment No. n with
respect to the vehicle-fixed céordinate system as shown in Figure 20.

From Figure 20 it is apparent that

Xv cosy 0 —sinyn Xn

Y b= 0 -1 0 Y e e e e e e e . (109)
v n

Zv :31nyn 0 _COSYE. Zn




FIGURE 19.-INPUT PARAMETERS FOR PASSENEGER SEATING OPTION

L (XV s YVH)’

heel coordinates
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FIGURE 20.-RELATION BETWEEN SEGMENT-FIXED
AND VEHICLE-FIXED COORDINATE SYSTEMS

Manipulation of Equations 78, 81, and 109 produces

x| [ 1 (x
n 7 .
Yy = 3" Y O ¢ B K1)
A n
z' Z
in which
1 0 0 cosyn 0 -siny
(B%1 ={0o -1 o A 0 -1 0 . . (111)
0 0 -1 —sinYn 0 -cosy_

"Seating the passenger" or rather defining the generalized
coordinates, such that the occupant is initially sitting as shown in

Figure 19, is accomplished as follows:
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1. From the information specified for Figures 13 and 19 along
with the force-deformation properties of the seat and the
initial position of the vehicle, it is possible, with the
use of Equation 82, to determine the prdpér_coordinates of
the reference point on the articulated body as shown in
Figure 1. This initially establishes X%l; Y%l’ and Zél or
generalized coordinates 415 9> and q3,‘respectively.

2. Since [Tn] = [Bn] at initial time*, initial values of
generalized coordinates q, through q23'can‘be computed by
equating terms of the matrices for n = 1,...6.

3. From the coordinates of the heels, XVH aﬁd ZVH’ in

Figure 20, it is possible to compute tﬁe required angular
positions of the leg segments. Knowing these, initial
~values of generalized_coordinates Ao4 thréugh qq; can be
cbmpﬁted by setting [Tn] = [Bn] for n = 9 and 10.

The operations described in items 1, 2, and 3 above are included
in the compﬁter program as a convenience to the user. However, the
user of the érogram still has the option of specifying arbitrary
values fér the generalized coordinates if such is desired. This and

other options are given in "APPENDIX IV.~DESCRIPTION OF INPUT TO THE

COMPUTER PROGRAM."

*This is realized by comparison of Equations 1 and 110.
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SOLUTION OF EQUATIONS
The Runge-Kutta Method

Equation 53, the matrix equation of motion for the vehicle.oc—
cupant, was solved using the Runge-Kutta method for ordinary differ-
ential equations (3). This method was applicable ‘sinc.e’ Equation 53
is of the fqrm where the highest derivative, qj (3=1, ... 31), can be
expressed as a function of the lower derivative, &j’ the dependent
variable, a4 and the independent variable, t (time).

Define the right-hand side of Equation 53 as
{E} = {E} + A{FP} + {FS} + {Qf} + {R} R ¢ & )|

Substituting from Equation 112 into Equation 53 and solving for

{4}, such that
o eamle= '
{4} = [DI"HE} Y ¢

Using the notation, [D({q})], to indicate that [D] is a function

of the elements of {q}, Equation 113 may be rewritten as
(g} = UaH TTHEU), (ah)) O L 75

in which {E} is shown to be a function of the elements of {q} and
{q}.
Solution of Equation 114 was achieved through the following suc-

cessive computations, for the increment of integration, At:



K} = aelq) PR
(T} = aeDUEHTHEWSY, {aD} e
(K} = ae{q) + 3 A6l ) o P

(L,} = atlp(a} + 3 K DITHEWG) + 3 (T}, {a} + 3

{Kl})} ............... e e e
— L l —
{K,} = At{q} + E-At{Lz} ..............

(T} = aelda} + 3 ®HIHEWQD + 3 (T, (q} +3

{Kz})} ..... e e e e e e e e e e e s
(®,} = ae{q} + ae{L,) | e PRI

(T} = scdUa} + EDITHEWQ + (L), {0} + KD} .

@ =g ®I+3EI+3 KI+TE) ... ...
@ =2 @) +3 L +3 T2 ...
The gew Value§ at ti gre

B,= b g FAE e
fady =fad, ; + @Y ..
{q}, = {q} + {x}

68

(122)
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The solution technique is stepwise and repetitive with each
step incorporating Equatioms 115 through 127 while utilizing the

previous values of {q} and {q}.
Discussion of the Computer Progfam

The computer program for the passenger model was written in
Fortran IV for the IBM 360/65 computer. The program listing of about
4,000 lines was considered too lengthy for presentation in this report.
Documenta;ion'of the "input data" for the program is giveﬁ in

"APPENDIX IV.. DESCRIPTION OF INPUT TO THE COMPUTER PROGRAM."
The Subroutines

"ﬁAIN" isrthe control center for the program from which sub-
routines "INPUT", "CONST", "SEATIN", "PRNTIN", RNGKTA", "POSVEH",
and "OUTPUT" are called.

‘Subroutine "INPUT" re;ds all data required by the program.

Subroutine "CONST" computes terms which remain constant through-
out the program.

Subrdutine "SEATIN" computes the passenger's initial position
such thét he is seated properly inside the vehicle,

Subroutine "PRNTIN" prints the information which is read in

"INPUT" and computer in ''SEATIN".



Subroutine "RNGKTA'" integrates the equations of motion accérd—
ing to the Runge-Kutta method, Equations 115 through 127, and calls
subroutine "SETUP" in the process.

Subroutine "SETUP" calculates the eleménts of [D] and {E} ac-
cording to the functional changes indicated in Equafions 115 through
127 then solves for {§} as shown in Equation 114. This is accom-
plished by calling subroutines "DMATX", "EMATX", "QFORCE", "JOINTS",

""POTEGY", and "DGELS".

70

Subroutine 'DMATX" computes the elements of [D] according to the

equations given in "APPENDIX III. - EQUATIONS OF MOTION".

Subroutine "EMATX" computes the elements of-{E} according to
the equations given in "APPENDIX III. - EQUATIONS OF MOTION'.

Subroutine '""QFORCE" computes the elements of {Qf} accordingvto
the equations given in "APPENDIX III. - EQUATIONS OF MDTiON". This
is accomplished by first calling subroutine '"CONTAC".

Subroutine "JOINTS'" computes the elepents of'{FS} and {R} ac-
cording to:thé equations given in "APPENDIX III. - EQUATIONS OF |
MOTION". |

Subroutine "POTEGY" computes the elements of'{FP} according to
the equations given in "APPENDIX III. - EQUATIONS OF MOTION".

Subroutine "DGELS" solves a set of simultaneous equations
utilizing the "Gaussian elimination" technique on the upper trian-

gular portion of a symmetric matrix of coefficients.
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Subroutine "CONTAC" (called by "QFORCE") computes contact forces
due to passenger-vehicle interaction. 'CONTAC" calls subroutine
"CENTER".

Subroutine "CENTER" calculates the position of each '"contact
sphere" center with respect to the vehicle-fixed coordinate system.
Subroutine "POSVEH" updates the position of the vehicle in
space by linearly interpolating betﬁeen time stations of the tabular

input for vehicle position versus time; it is called by 'MAIN".

Subroutine "OUTPUT" prepares the solution for printing; it is
called by "MAIN".

Subroutine "ANSWER" prints all pertinent information obtained

from the solution and is called by "OUTPUT".
Output

The solution of the equations of motion consists of a time

history of the following quantities:

-1, the coordinates of the end points of each body segment with
respect to the vehicle-fixed coordinate systém;

:2, acceleration components of the center of mass of each body
segment with respect to the segﬁent—fixed coordinate system
for that segment (this is total acceleration);

3. angular acceleration components of each body segment with
respect to its segment-fixed coordinate system;

4. angular velocity components of each body segment with respect

to its ségment fixed coordinate system;
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the force on each body '"contact sphere'" plus the identifica-
tion of whatever yehicle’interior surface is being hit;

the coordinates of the point’of application of the contact
f§rce with respect to the center of the contact sphere in
segment-fixed coordinates (only for the head; chest and
pelvic area);

the restraining force applied to the body by the lap and

torso restraint belts.
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VALIDATION STUDY
Scope

An original objective of this project was to validate the pas-
senger model's three-dimensional response capabilities by comparison
with existing test data of this nature. To produce conclusive re-

sults, any such data should provide the following information:

1. a time history of the vehicle's path in three-dimensional
space (preferably numerical instead of ﬁhotographic*);

2, a corresponding time history of the océupanf's dynamic be-
havior, e.g., accelerations, forces,or a photographic record
of motion;

3. a_quantitative description of the occupant, i.e., dimenéions,
weight, etc.;

4, force-deformation properties of the pertinent vehicle suf-

faces (could be measured).

Unfortunately, test results possessing all thése_qualities were not

to be located and funds for full scale testing were not available

thus precluding a validation of the general casé at this time.
However, suitable test results were available (12) for a partial

validation, i.e., the case of a frontal automobile collision.

*Photographic records can be used for application of the pas-
senger model but only after validation is achieved.
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Test Data

Tﬁe test data used for comparisonwere generated at the Bio-
mechanics Research Center of Wayne State University, Detroit,
Michigan under the direction of Cornell Aeronauticél Laboratory (CAL),
Inc., Buffalo, New Yofk for the United States Public Health Service,
March, 1967. All experimental results shown in thisrreport were
copied directly from CAL's documentation of these tests (12).

The tests consistéd of a dummy seated on a cart capable of con-
trolled deceleration. Mounted on the cart were target assemblies
for head, chest and knee impact. Accelerations of various parts of
the dummy and impact forces were measured by instrumentation while
the motion of the dummy was recorded on high speed film. Several
cases were run consisting of lap restraint, lap and torso restraint,
and no fesfraint for initial velocities of 10 and 20 miles per hour.

Also measured and documented (12) were the force-deformation
charactéristics of the targets, seat, and restraint belts plus the
dummy's initial position and the amount of friction in-each of its

joints.
Discussion of Results
Response Comparison for No Restraint at 20 MPH Cart Velocity

Figures 21 through 28 show the comparison of dummy kinematics,
head and chest forces, plus head and chest accelerations for the case

of no restraint with 20 MPH cart velocity. Agreement between
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simulated motion and the high speéd film record is éXCellent.
Quantitative comparisons (forces and accelerations) are only fair as
a result of the idealized vehicle interior (simulétion) being geomet-
rically different from the target assemblies used in the test. . The
simulation utilized a full instrument panel and steering wheel as op-
posed to isolated targets of about six to eight inches in diameter
for the test. This resulted in hand contact in the simulation which
was absent during the test. Also the knee targets were inclined for
the test producing a downward force component whereas the knees in
the simulation contacted a vertical surface (instrument panel) with

friction as the only downward force.
Response Comparison for Lap Restraint at 20 MPH Cart Velocity

Figures 29 through 36 show the comparison of dummy kinematics,
head and chest forces, plus head and chest accelerations for the case
of.lap restraint with 20 MPH cart velocity. Agreement between simu-—
lated motion and the high speed film record is good, however it seems
that the lap belt in the simulation is stiffer tﬁén that of the test
causing a higher contribution of energy to the rotational mode. This
observation is consistent with the higher predicte& contact forces
and accelérations as shown in Figures 31 through 36. This comparison
was also éubject to discrepancies resulting from the geometrical dif-
ferences between idealized vehicle interior and target assemblies aé

discussed for the case of no restraint.
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Response Comparison for Lap and Toxsd Restraint at 20 MPﬁ Cart

Velocity

Figures 37 through 42 show the comparison of dummy kinematics
plus head and chest accelerations for the case of lap and torso re-
straint with 20 MPH cart velocity. Agreement between simulated motion
and the high speed film record is good including unsymmetrical body
movements as a result of the unsymmetrical tofso restraint belt.
However the spring action of the torso belt seems to be excessive in
the simulation since the arms are whipped back into the seat as shown
in the last frame of Figure 38. This test was s;bject to the same
sources of possible discrepancy, as the two cases previously discus-
sed, plus an additional one. The anchor points for the ends of the
belt were unknown and therefore estimated for the.simulation. This
could account for some of the difference ih arm kinematics.

The comparison of accelerations, Figures 39 th;ough 42 ig also
faif but better than the other two cases in that peak values are
closer and the shapes of the curves are more compatible with test

results.
Closure

The deceleration pattern used in the test (12) approacﬁed a 20
g square wave for a duration of about .08 secpnd. It is interest-
ing to note that the passenger experienced levels of acceleration on
the order of 80 g's with durations of approximatgly .03 second for

the cases of no restraint and lap restraint; and levels of
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approximately 40 g's with durations of about .03 second for the case -
of lap and torso restraint. This points to the fact that in some
instances, the response of the vehicle ié no indication of what the

passenger actually feels, as was stated in the "INTRODUCTION."
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FIGURE 38.-DUMMY KINEMATIC COMPARISON LAP AND TORSO
RESTRAINT-CART VELOCITY 20 MPH, ,120-.200 SEC.
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CONCLUSIONS

The analytical model described.herein pfovides the engineering
profession with a useful tool with which to study vehicle and roadway
problems culminating in saving lives and reducing occupant injuries.
Admittedly, the model was validated for the planar case only; but
this in no way precludes its application to three-dimensional motion,
especially if qualitative results are being sought.

More specifically the passenger model is a solution to the
problem of predicting the motion, acceleration, and forces experi-
enced by a vehicle occupant during a collision or violent maneuver of
the vehicle. From this standpoint; the application of the passenger
model includes:

1. the evaluation of roadway geometry, i.e., sideslopes,
ditches, terréin involving a variation'of vertical and
horizontal alignment, etc.; roadside safety features such
as the breakaway sign, energy absorbing impact cushions,
etc.; roadside protective barriers such as guardrails,
bridge fails, median barriers, etc.;

2., the design of the vehicle interior and restraint systems;

3. the study of the dynamic behavior of a pedestrian when
struck by an automobile; and

4, the study of collisions involving more than one vehicle.
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RECOMMENDATIONS FOR EXTENDED RESEARCH

To implement the passenger model to its fullest capacity, con-

sideration should be given to the following:

1.

validating the model for the general three-dimensional case
utilizing controlled full-scale testing;

conducting a parameter study to expose measures necessary to
achieve consistent correlation with testing, i.e., damping'
constants, spring stiffnesses, etc.; |

compiling a_source'of force-~deformation characteristics for
various vehicle interior surfaces through testing;
determining the extent to which the vehicle model (9, 11,
15, 20) may be used in conjunction with ;he passenger model
as an integral design tool;

extending fhe model to include passive safety devices,
e.g., the air bag, etc.;

writing a computer program to predict the dynamic response
of a pedestrian struck by‘an automobile; this would involve

only a slight modification of the present passenger program.



-10.

11.

102

APPENDIX I.-REFERENCES

Chi, M. and Eicher, J., "The Human in the Automobile Crash Envi-
ronment,'" unpublished report, Traffic Systems Division, Bureau
of Public Roads.

Fmori, R. I., "Analytical Approach to Automobile Collisions,"
SAE Paper 680016, Auto, Engr, Congress, Detroit, January 8, 1967.

Froberg, C. E., Introduction to Numerical Analvysis, Addison-
Wesley Publishing Company, Inc., Reading, Massachusetts, 1965.

Goldstein, H., Classical Mechanics, Addison-Wesley Publishing
Company, Inc., Reading, Massachusetts, 1950.

Harris, C. M. and Crede, C. E., Shock and Vibration Handbook,
McGraw~Hill Book Company, Inc., New York, 1961, Vol, 3,
Chapter 44.

Langhaar, H. L., Energy Methods in Applied Mechanics, John Wiley
and Sons, Inc., New York, 1962.

Martinez, J. E., "An Analytical Solution of the Impact Behavior
of Luminaire Support Assemblies,” Research Report 75-9, Texas
Transportation Institute, College Station, Texas, August, 1967,
pp. 11-109.

Martinez, J. L., and Garcia, D. J., "A Model for Whiplash,"
Journal of Biomechanics, Pergamon Press, 44-01 21st St., Long

Island City, New York, N. Y., Vol. 1, No. 1, January, 1968,
PP. 23-32,

McHenry, R. R., "An Analysis of the Dynamics of Automobiles
During Simultaneous Cornering and Ride Motions," Cornell Aero-
nautical Laboratory, Inc., Buffalo, N. Y., Institution of
Mechanical Engineers Symposium, "Handling of Vehicles under
Emergency Conditions,'" January 8, 1969.

McHenry, R. R., "Analysis of the Dynamics of Automobile
Passenger—Restraint Systems,' Proceedings of the Seventh Stapp
Conference, Springfield, Illinois, 1963.

McHenry, R. R., and Deleys, N. J., "Vehicle Dynamics in Single
Vehicle Accidents: Validation and Extensions of a Computer
Simulation," CAL No. VJ-2251-V-3, Cornell Aeronautical Labora-
tory, Inc., Buffalo, N. Y., December, 1968.



12.

13,

14,

15.

16.

17.

18.

19.

20.

21.

103

McHenry, R. R. and Naab, K. N., "Computer Simulation of the
Automobile Crash Victim in a Frontal Collision -- A Validation
Study," CAL No. YB-2126-V-~1R, Cornell Aeronautical Laboratory,
Inc,, Buffalo, N. Y., July, 1966.

McHenry, R. R. and Naab, K. N., "Computer Simulation of the Crash
Victim - A Validation Study," Proceedings of the Tenth Stapp Car
Crash Conference, Holloman Air Force Base, New Mexico, 1966.

McHenry, R. R, and Naab, K. N., et al., "Cal Computer Simulation
Predicts Occupant Responses During Vehicle Head-On Collision,”
The SAE Journal, Bol. 75, No. 7, July, 1967, pp. 36-45.

McHenry, R. R. and Segal, D. J., "Determination of Physical
Criteria for Roadside Energy Conversion Systems," CAL No. VJ-
2251-V-1, Cornell Aeronautical Laboratory, Inc., Buffalo, N. Y.,
July, 1967.

Payne, P. R., "The Dynamics of Human Restraint Systems," Impact
Acceleration Stress, National Academy of Sciences -~ National
Research Council, Publication 977, 1962.

Renneker, D. N., "A Basic Study of Energy-Absorbing Vehicle
Structure and Occupant Restraints by Mathematical Model,"

- Chrysler Corporation, No. 670897.

Suggs, C. W., Abrams, C. F., and Strikeleather, L. F., "Applica-
tion of a Damped Spring-Mags Human Vibration Simulator in Vibra-
tion Testing of Vehicle Seats,'" Ergonomics, Taylor and Francis
Ltd., Red Lion Ct., Fleet St., London EC4, Vol., 12, No. 1,
January, 1969, pp. 79-90. '

Thomson, W. T., Introduction to Space Dynamics, John4Wiley and
Sons, Inc., New York, 1961, Second Printing, Corrected August,
1963. : ’

Young, R, D., Edwards, T. C., Bridwell, R. J., and Ross, H. E.,
Jr., "Documentation of Input for the Single Vehicle Accident
Computer Program,'" Research Report 140-1, Texas Transportation
Institute, College Station, Texas, July, 1969.

"Integrated Seat and Occupant Restraint Performance," Highway
Safety Research Institute, University of Michigan, October, 1967.



104

APPENDIX II.-NOTATION

The following symbols are used in this report:

KoKy

c2

loop force in a restraint belt;

_restraining force on the body due to a restraint belt;

cbmponents of the resultant force on "contact sphere'
No. i with respect to the space-fixed coordinate

system for the passenger;

acceleration due to gravity;

principal mass moments of inertia of body segment No. n
with respect to segment-fixed coordinates;

viscous damping coefficient for body joint No. n;

- the two slopes of the idealized bilinear forceQelonga—

tion relation for a restraint belt;

the two slopes of the idealized bilinear force-deforma—
tion relation for a particular surface of the vehicle
interior;

stiffness of the two rotational back springs used to
simulate spinal elasticity;

length of body segment No. i;

length of a restraint belt at any time, t;

initial length of a restraint belt;

distance of the center of a "contact sphere" from
vehicle interior surface No. m;

mass of body segment No. i;
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vector extending from point j to point 1}

the jth generalized coordinate or.degree of freedom
G=1,2...31);

first time derivative. of qj, i.e., the'jth generalized
velocity;

second time derivative of qj, i.e., the jth generalized

-acceleration;

the radius of "contact sphere'" No. i;

components of the radius vector extending from the
center of "contact sphere'" No. i to the point of
application of:a load on-the sphere with respect to
segment—-fixed coordinates;

the position of '"contact sphere' No. i on its respec-
tive segment;

kinetic energy;

potential energy:

the space~fixed cartesian coordinate system for the
passenger;

the cartesian coordinate system fixed in segment No. nj;
the cartesian coqrdinate system fixed at the center of
gravity of'thé vehicle;

the coordinates of point n With réspect to the space-
fixed coordinate system for the passenger;

the space-fixed cartesian coordinéte system for the

vehicle;
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X .Y

vi’zvi

vi’ = the coordinates of point 1 with respect to the vehicle-

fixed coordinate system;

XAi’YAi’ZAiV= coordinates of the point of application of a force on
"contact sphere' No. i with respect to the space fixed
coordinate system for the passenger;

X%l,Y%l,Z%l = coordinates of the feference point on the articulated
body (terminal end of segment No. 1) with respect to
the space-fixed coordinate system for the passenger;
these correspond to generalized coordingtes 9ys 99>
and dgs respectively;

X' ,Y' ,Z' = coordinates of the vehicle center of gravity with
respect to the space~fixed system for the vehicle;

i;,i&,zé = components of velocity of the center of mass of body
segment No. n with respect to the spacé-fixed system
for the passenger; |

o, = the angle between an extreme body segment (forearm or

lower leg) and its adjoining body segment ; 8ss Ogs

Gqyqs and A9 correspond to generalized coordinates

dpgs dggs 93g» and 39> respectiyely;

8, = angular displacement of body joint No. i (as in Figure 7);

i
éi = angular velocity of body joint No. i (%%)’

A = deformation during a collision between a "contact
sphere" and a surface of the vehicle interior;

AL, = change in length (elongation) of a restraint belt;
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the Eulerian angles of>body'segmént-Np. i; these are
also generalized céordinates;

the Eulerian angles of the vehicle;

Eulerian angular velocities;

distance from the reference end of body joint No. i to
its center of mass;

Ly -0y ,

angular velocities of body segment No. n about prin-
cipal axes fixed in the segment}

angular velocities of the body extremities (forearm and

lower leg segments) with respect to principal axes

* fixed in segment No. m.
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APPENDIX IiI.-EQUATIONS OF MOTION

{p]{4} = {E} + {Fp} + {Fs} + {Qf} + {R} | (1)

The above matrix equation represents a set of 31 nonlinear,
second-order, simultaneous differential equations deSCribing.the'
motion of the vehicle passenger.

Mat;ices D and E are strictly a result of kinétic energy consid-
-erations; D may be thought of as a pseudo-mass matrix and E as an
ineftial force ﬁatrix. | |

Column vector q is composed of the generalized accelerationms.

Column vector Fp contains the generalized forces,duevto poten-
tial energy of position (gravity loads).

Column vector FS contains the generalized forces résulting from
the potential energy of the rotational springs in the two back joints.

Column yector Qf is comprised of generalized forces de:ived from
externally applied loads, i.e., nonconservative contact forces from
collisions with the vehicle interior.

Column vector R accommodates the noncohservative generalized
forcés due to frictional resistance in the jéints (viscous damping).

In definipg ﬁhe elements of the matrices in Eq. 1, the following

notation is used:

(@) = $ah

(@) = ${an
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4 =Xy 9 =% 93 7¥, 99 =% 5 = 8
A =¥y 93 T8 94 78, 9y =% 9y = ¥y
43 =2Zp 99 =¥y 95 =¥, 91 =V 997 = 419
UG =0 9T 03 9= 85 9y =% g = Oy
A5 = 8 931 =83 97 =% dy3 =9 dy9 = ¥
QG =V 9= V¥3 g =V5 dy =9 d3p = %
931 = %12

s¢>i = sin¢i; : c¢i = cos¢i

s6

1 sinei; cei = cosei
swi = sinwi; cwi = coswi

ca, = COo80

8o, sinai;
During the derivation process, it was discovered that the physi-
cal properties of the articulated body (length, mass, and mass-moment
of inertia) combined in a repetitive manner thus creating these sub-
sequent constant terms:
2
<t EM,

s/

Co = ~CMy L, (Mg My Mo+ #M2)
Cg= Gy +Ly (M3 #Ms+ Mg » My +H3)
Cr= (GMy

Cs =" P;Mf ~Lg (Mg # My +My +M)z )



e = -C Mg ~Ls My

G = —2/146- 24 Mp

g == G A,
Cq=-QMs

o ® "_-p:fM7 LM,

& = =G Mo 4o Mz

G = —FII My,

Gg=~ Oz M,

Cip = Ls (Ms-My+ My ~Ap)

Gs = Ly (My—Me # My ~Me)

Ga= M, + L7 (Mg sty M # My A M)
Gr=My & +L5 (MytMs s My # M, + Hg)
<8 = AIJ S;z

Gqg =Mg C +LZ (Myr#eo #Ay +M5)
Cao =LE (M5 + 4 # My 2405 )

=% ‘Msg;: 7‘/‘/71-2

Co2 =”"’69;2*/"8 4

C‘zs:/”? (:7;2

Cz2q4 =g 582

Cos = Liy (My #My +4, #4142 )

Czé = /’/7 6—,;? +"4// 4‘27

Gy = Mo B + My L7,
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-2
Czg= M), PI

=2
Ca29 =Mz 62

Folléwing is the upper triangular portion of the symmetric

D matrix (by rowa), excluding zero terms:

D=6
D¢ "% o435
L5 =G <4y |
D)7 = Cs Sty 50z * Gy (542 Coz Spp — Chy Cz)
D= G P2 COx * Gy oy 5% S
Prg = Gg (spz Syp ~ ey Coy Cp)
8 0= ~C4 305 39 o
b u= G Cgg Cog |
9 18 =-Cs oppg 56y *Gs(5fz Coy Sty —Clg cpp)
Q1¢= 65 <ty cOy+ G5 cfy S6p SYy
G5 = Gs (5d St — Cy oy C pg)
B =~ obs 5 - G (SgsCoy Cy 8ery + Cois
| SYs Sory * sos S5 Cory)
G 17 = & e¥s CO5 * Cp(cpgCop iy —C s S05
s )

518 =~ G (CPs Co5 sy Sy + Sgs Cors Sty )
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D) 19 = =G od; s -G (éﬁc% Co s +Coh; sy
Sefg * Sg; S Cog)
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5"9 sy, * Sy sog &), )
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5 2G4 CY |

Dy, =Cactrsts - Gylcps Co sy + 54, C;)
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Dy 1o = C4 “H Sy

Gy =Cs ¢
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25 == (f’?‘ff‘%‘ CH *<g 5;4,’)
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By 17 = G S5 Cog +Cg (5f 8 Coty - S 58 Cy
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Dz 18 = Cg (b, cpy 3oty =35 CE5 S Secy)
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So 7 ff 86, Cxg) |

G 20 = & 54 O # Cq(sq, O Cos— o 5g Cp )

D5 o =C7@;éc;/sw 5S¢ <g Sy s=g)
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Dy 25 = Co (sp,co,Cpp ot + O S ot =54 54

Sxs) |
2 24 = Go g Sy * (< Cg Cpy 5, — 94 5
Sxy + Cffp oG c:c/, J
<y~ 5‘9
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/0

s 27 = Sy <K,
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y
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20 65 5?"5,%

By 7 = ~C, 05— (€85 Sy Socy F5ey 60(7)
D8 = B 5% Syp 504

B 20 = 77 3% = G5 (20 F Szt o9, E%)
Ds 2y = Cg 5& sp <oty

D22 =—@ (Sopcpl cely #Cog sq7)

D; 25 = -Co (o8- cy Clg+ Ce So1z)

D3 25 = ~Go o8 ~Cjp (e Cppy 5oty S o)
By 24 = O 3% 3¢y 5%

 Dyae = ¢, °8, - G (co c%sa;zfé% c2%)5)
Do 29=G3 5% g, S

8 30 =~ (599‘7’7 s/ *66’75'9/)

G o = Y3 (59 cYp 2 #C% 51z)

87 = 9L Gt Zy cty# Ty s 0 T %
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5o 557 ~
Z 30 = % _(/zér"‘?[(“’y Cey Cypy ) — Sty St O
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Oy 9= 3% ((/7"‘-1-)( <2y +Zy, 5% ) ~2Lz S
58 Co, e‘yz;‘I cle + &, [c‘az-sz/g
#ciy 7 ,
Oyg = cu /[ s, 55’2( Zo} -4 /45’27
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Spi S, +5f S6y Gty ) [+ Lz cfy 5o
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Dy 19 =[lzopys0n+Ls(3h, 8 5y, — <A, c)]
[C} sS4, se; # 69'(5?’2 Cepc gy SHg O
S¢ Setg # oF, Sep <=ip ) [+ [Lz ot 5%

*rLy (chy CB Sy + 646@)][@ cg e
| 7‘(7 (Ch CH G, S1g — S@ sy sovg+<d,
seg g) ]

Dy 20 =/[C7 ey # Co (CO Corg — 5% <y Sotg) [
<t [Ls(chrcy - 58,5 si) Lz o,
Soy [+ 34 [Locd, 565 #Ls (¢4, CO 5y,
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Oy 2= 6'7 s‘da[(c‘y"ce‘-’ =17 7‘64 4;4‘)[[25;{25&

#Ls(ofs cnsgy — <@, c}ae)j t(chcy
~SF, c& oy )L, of sop #Ls (< ey
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S0z sor7)[ ly sty soptLs (54, co, s
—-cd, cyé)] + (S Coy € CA7T*Chy sS4
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- Oy 23 = 57//6@ GG Cy cxg “Sf Sy &g —<H 56
| s«aj[-éz sd, s —Ls (54, coy S¢ ~<4,
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TSR 31y) [(Chy by #5458 ) (Lo
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Gy ey s=y)7
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Dy 1y = Lo J[ G cog » <& (c4 oty 59 Cpg 53]
| [k (o4 s ~Chcn ey ) -24 (K cacp
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By sg=~4s](cPeco, cg -4 54 ) [ Gog=
1"(7 (54 < cy s«'gf-c;és/ésdsf-sq
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s c2y
O 19 =<n L La s ot 54 5% (B Tagos)]
Dz 15 =Lg Gs SGSY+ Cos <% |
D3 24 = /36y 5% G # Gp (54,8 Cyy S, # <y
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To define the elements of column vector E, these parameters are

necessary:

V. . o . )
Ay =~y Se, (Py # S5 )~ 2% SH oo
” ¥ 2R S . - _
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7 4

A, = c/d/,/(ﬂ”'zf--é,;f/é,z/c-o- 5;1;774219'.51;
oty T+ st L8 7 55) <ty - 24,959 5%’7
7‘-.24,;1!,, (>4, g cy, *<g, %)
Lo = (B4 % *#2) 58t 00, 59 - (¥ # 4 Nethy )
42/ 6, 5% (% 5t <ty 1 <ty ) * (B 1)
(38, sty ~<hy<% <) ]
Ay = - (3285 ) 3% 54, *2 t e <)
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N BT 177 g Nty o8ty S ) = (B 465
-;«-q,';//c% S8, ce,, )+ zfp'[& s#, (55,
CYYy Sy~ Gy Coppy ) # L, S0ty (S Oy 54
e, cpp )~ 0y (B8, 65 S, CUYppt Cy 5%
Co,y, — S8, 565 =21,,) /- 0[S, €, (Hrs4ep,

Co,, +CH,C8 5, )  (Const on rert page )
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Following are the elements of column vector E
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,«54,, * Cgdss 2y sy <, o Arst 43
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SH)J* SB[ Ls (-G Asy #Sr sy~ Ass
* Sy d35) = oAz [*H (Lyy Oy o8~ |
Wy, e ) 575, Ay # L2l Co Ay #Gg
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e, 58 [+ J;Z}? Oy ""4;'2:‘@ s 5



141

£y = C‘%f?/g[z/(;s4al ‘(/7'4/.:"‘14(6/5-/4/3 |
Cu s * Gy Ay G A TS A G AL
* ‘54[4 [5/42; ’47 '42': # Ly ((/54.’:
* Co Ary #Gy Arg #Cy 425 #3AZ)]
* 5% [@'/6/’43/3 "4%’43‘;)"5;’5’43: Sy
(Go Ay =Gy Azs # Gy A3 -Gy 455
ALy W@ ] -ty Ly ey f o0
[ ~#a Ly iy # sy (e L G (G4 s LsAs)
" Cos ’4/; ~ % (S 4/;, - "7‘/}'4/:, * G '4:;”
=~ Gy A U)[*34, L Cp (G Az #lg Ars)
= Cos Ay ~&y go '4.%; <, '42/;"5/2"{_;;
G d )1 s G Ar #4545,
"< A5z #44 (<, '4;; G, Az "5/2'4-::5” ’ 
* Ca A 53 )+ A4S Doy oy # 4 Ty
* 4 (Fy sy Ly yy)
£u = (~chyctch + 74 s ) o (A b
A% ) -G A% - o (S »4/: ‘C/'/A/i:
*<, "/73”" Oz ’4‘//0;2/]'_ /s%é,_ Y
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The constant g represents the acceleration due to gravity.

L56



157

To define column vector Fs’ the following terms must also be

‘defined:

»

angle between the upper and middle torso segments
6%o= initial value of 63.
65z= angle between the middle and lower torso segmeﬁt-

65205 initial value of Gsz

k/ = stiffness of radial spring (in.-1b./rad.) located between
!  upper and middle torso segments

A

stiffness of radial spring (in.-1b./rad.) located between
middle and lower torso segments
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_‘/597 C% 7, 7‘599 5”7/)[ 25 / ‘e - Ss)

3,7 (%2, - 577
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In defining the column vector R the following terms are

necessary:

_ 2 g 2 3 Z 3
A =75 Js * 7237 23 * 733 s
2 -

3 WY Y 4 Z 3 -'3 s

G =775 % 75 /3" 723 Tes” 7237 23
23 Y 4 3
,7"_7337.;3"‘ 337.;3
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| ”
-

33 = <95

0’— ._,

733 =€ 58,

\Z; = viscous damping coefficient of body joint number n

(in.-1b.-sec.)

".Column vector R contains the ensuing elements:

=0

=0

QA

=0

T
( 2

J7 Gy ][7}3( 54 59')"7}3 (cd s5)f

LA )R

@,dv
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/-(% -59}
7 5 .
_ W]f(-s;j;fcoﬁ zs(s;»’ )75

QA

=0
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APPENDIX IV.-DESCRIPTION OF INPUT TO THE COMPUTER PROGRAM

Col. No.

1-80

Col. No.

1-80

. Col. No.

1-10
11-20

21-30

31-40

41-50

First Card, Format (20A4)

Program

.-Variable

- "HED

Description

alphameric information for the

purpose of identification, to be

printed at top of each output -

-page

Second Card, Formét(20A4)

Prograﬁ
Variable

HED

Description

a continuation of the first card

Third Card, Format(7F10.0,I10)

Program

Variable

T1

TF

DT

DTPRNT

MREAD

Description

initial time (sec.)

final time (sec.)

increment of time for integra-
tion (sec.)

print interval (sec.)

= 0.0, signifies that vehicle
position data will be supplied
on cards rather than read from
disk, hence twelfth series of
cards must be included

# 0.0, represents the total
number of consecutive positions
or time stations for which
vehicle position data will be
read from the disk, hence omit



51-60

61-70

71-79

80

Cdl. No.

1-10
11-20

21-30

31-79

80

178

twelith series of cards (this
number is punched with a
decimal)

= 0.0, program computes passen-—
ger's initial conditions based

. NPOS . on data from fourth card and
tenth series of cards (sixth
series may be left out)

= 1.0, initial conditions are
to be supplied in sixth series
of cards (fourth card and tenth
series may be left out)

= 0.0, signifies that data
NDISK necessary for plotting will be

‘put on disk

= 1.0, signifies that no data

will be put on disk, hence no

plotting

leave blank

NCARD = 3 (for third card)

Fourth Card, Format(7F10.0,110)

Initial Translational Velocity.of Passenger
(Not needed if NP0OS=1.0 on third card)

Program'
Variable Description
velocity of passenger in vehicle-
VXVC , . AN
coordinate X direction (in./sec.)
velocity of passenger in vehicle-
VYVC . . X .
coordinate Y direction (in./sec.)
velocity of passenger in vehicle~

VZVC coordinate Z direction (in./sec.)
leave blank

=4
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¥ifth Series of Cards (13 Cards)

Body-Segment Properties

a. First card of fifth series, Format(7F10.0,110)

Col. No.

1-10 .

11-20

21-79

80

Program
Variable

XLS

XLH

NCARD

Description

length of shoulder or half
of shoulder width (inches)

length of hip or half of
hip width (inches)

leave blank

=5

b. Next twelve cards of fifth series, Fofmat(12,8x,6F1010) -

Col. No.

1-2
3-10

11-20

21-30
31-40

41-50

51-60

61-70

Program
Variable

NSEG

XLE (NSEG)

RHO(NSﬁG)
XM(NSEG)

XIN(NSEG)

YIN(NSEG)

7IN(NSEG)

Deséripfion
body-segment number
leave blank
length ofvsegment-(inches)
distance from reference end
of segment to center of

gravity of segment (inches)

mass of segment (lb.—sec.z/
in.) ‘

Iy (mass moment of inertia
about X axis of segment
(in.-1b.-sec.®) :

Iy

Iy

Note: Part b is repeated for twelve segments.
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Sixth Series of Cards (9 Cards)

Initial Conditions on Generalized Coordinétes,
Generalized Velocities, and Other

Pertinent Data

{(Needed only when NP0OS=1.0 on third cafd)

a. First card of sixth series, Format(7F10.0,I110)

Col. No.

1-10

11-20

21-30

31-40

41-79

80

Program
Variable

BETA4

BETA7

BLTLEO(1)*

BLTLEO(2) *

NCARD

Description

initial value of the angle
between middle and upper
back segments (radians)

initial value of the angle
between middle and lower

back segments (radians)

initial length of lap belt
if in use (inches)

initial 1ength of shoulder
belt if in use (inches)

leave blank

=6

b. Second card of sixth series, Format(8F10.0)

Col. No.

1-10
11-20

21-30

Program

Variable

Q0 (1)
Q0(2)

Q0(3)

Description

Xfl’ Y%l’ Z%l’ respectively,
representing the coordinates
of the reference point on
the articulated body (termi-
nal end of segment No. 1) in
space-fixed coordinate sys-
tem (inches)

*Leave blank when belt is not to be used.



31-40 .
41-50
51-60
61-70

71-80
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c.. Third card of sixth series, Format (8F10.0)

Col. No.

1-10
11-20
21-30

| 31-40
41-50
51-60
61-70

- 71-80

Q0 (4) $1s 61, ¥y, respectively,
Q0(5) representing the Euler
: angles of body segment
Q0(6) No. 1 (radians)®*
Q0(8) 5,
Program ; _

Variable ' -Description
Q0(9) ; o

QO(lO) 7 A""¢3

QO (11) S S0y

Q0(12) . | Vg

Q0(13) o Oy

Q0 (14) | ' 64

Q0(15) ‘ ¥,

Q0(16) ‘A b

*For the remainder of this sixth series, bps B> and Yy will
represent the Fuler angles of body segment n in radians.
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d. Fourth card ofvsixth series, Format(8F10.0)

Col. No.

1-10
11-20
21-30
3140

41-50
51-60

61-70

71-80

Program
Variable

Q0 (17)
Q0(18)
Q0(19)
00(20)

Q0(21)

Q0(22)

Q0(23)
Q0(24)

Description

a7, position angle of seg-
ment No. 7 relative to seg—
ment No. 5 (radians)¥*

g

o9

e. Fifth card of sixth series, Format(8F10.0)

Col. No.

1-10
11-20
21-30
31-40
41-50
51-60
61-70

71-80

Program
Variable

.Q0(25)

Q0(26)

Q0(27)

Q0(28)
Q0(29)
Q0(30)
Q0(31)

blank

Description

*For the remainder of this sixth series, oy will represent the
position angle of segment No. i relative to segment No. i-2 in

radians.
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f. Sixth card of sixth series, Format (8F10.0)

Col. No.

1-10
11-20
21-30
31-40
41-50
51-60
61-70

71-80

‘QDO(l)

Program

Variable

N\

Qpo(2) P
QDO(3),
QDo (4))
QDO(5)$

QDO (6))

QDO(7)

QDO (8)

Description

kfl’ Yros Zfl’ respectively,
representing the components
of velocity of the reference

~ point on the articulated

body in space-fixed coordi-
nates (in./sec.)

él’ él’ $ s, respectively,

. representing the FEuler

angular velocities of body.
segment No. 1 (rad./sec.)*

¢2A

%

g. Seventh card of sixth series, Format(8Fl0.0)

Col. No. -

1-10
11-20
21-30
31-40
41—50
51-60
61—70

71-80

*Fér the remainder of this sixth éeries, én’ 8

Program

Variable

QDO (9)
QDO(10)

QDO (11)

 QDO(12)

QDO(13)
QDO (14)
QDO(15)

QDO(16)

Description

ne and P will

represent the Euler angular velocities of body segment No. n in

radians per second.
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"~ h. Eighth card of sixth series, Formét(BFl0.0)r

.- Program : :

Col. No. Variable - . - Description
1-10 - QDO(17) B ks
11-20 | wo(s) o s
21-30 QDO(19) B . | b
31-40 QDO(20) R b
41-50° - qpo(21) R b

. : o7, representing the angular
N ' ' velocity of 'segment No. 7
>1-60 QpO(22) relative to segment No. 5
(rad./sec.)*

61-70 QDO(23) i | ag

71-80  QDO(24) | %9

i. Ninth card of sixth series, Format(8F10.0)

Program : )
Col. No. Variable , o ‘ Description
1-10 QDO(25) ' 8g
11-20 | QDO (26) _' B o | g
21-30 - Qoo(2n) | - 10
31-40 . Qpo(28) , 810
41-50 QDO(29) . b1
51-60 a QDO(30) . . a1y
61-70 wo(3l) dy,
71-80 A ’jleave blank

*For the remainder of this sixth series, &1 will repreéent the
angular velocity of segment No. i relative to segment No. i-2 in
radians per -second, :



Seventh»Series of Cards (4 Cards)

Radii of ContactrSpheres (incﬁes) ‘

a. Firét card of seventh series, Format(7F10.0,i8)'

. Program

Col. No. . ' Variable Description -
1-79 s leave blank

80 - . NCARD | =7

b. Second card of seventh series, Format(8F10.0)

- Program _ o
Col. No. Variable - . Description
| 1-10 | ' RS(l) radius of centect |

» B sphe;e No. l'(1nches)*

11-20 o RS(2)
21-30 RS(3)
31-40 RS (4)
41-50 : RS(SS
51-60- Rs(s)(
61-70 . RS (7)
71-80" _ RS(8)

*For the remainder of the seventh series, RS(N) w111 represent
the radlus of contact sphere No. N in inches.
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c¢. Third card of seventh series, Format(8F1l0.0)

: ' Program : .
Col. No. - Variable. Description

- 1-10 RS(9) | |

11420 ‘ RS(10)

21-30 : .Rs(ll)

31§4o RS (12)

41-50 Rs(13)

51-60  RS(1&)

61-70 ~ RS(15)

71-80 - VRS(16)

d. Fourfh'cérd of seventh sefies, Format (8F10.0)

. - Program ‘ ' oo
Col. No.. - Variable ‘ ' Description
1-10 ~ RS(17)
11-80 ’ leave blank

Eighth Series of Cards (7 Cards)

Dimensions and Coordinates for Idealized
Passenger Compartment '

a. First card of eighth series, Format(7F10.0,I8)

Program .
Col. No. . Variable , - Description

: i half of wvehicle compartment
1-10 VCW : width (positive number)
: (inCheS)'r
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11-20 VRW half of veliicle roof width-

» (‘positivé number) (nches)
steering wheel position .
N . ' (distance from center line
21-30. Swe of vehicle to center of
wheel) (inches)
3140 ' DSW diameter of steering wheel
, v (inches) .
41-79 ) ' , : v leave Blank

80  NCARD =8

b. Second card of eighth series, Format (8F10.0)

_ - Program , : : :
Col, No. Variable _ Description
| ) . X and Z coordinates, res-
1-10- XV(1) " pectively, of point No. 1
. S of passenger compartment
11-20 _ Zv(1l) S in vehicle-fixed coordinate
, o : system (inches)* '
21-30 O xv(2)
31-40 Zv(2)
41-50 - XV(3)
51-60 ZV(3)
61-70 S XV(4)

71-80 ZV(4)

*For the remainder of this ‘eighth series, XV(N) and ZV(N) will
represent the X and Z coordinates of passenger-compartment point No. 1
in vehicle-fixed coordinates (at c.g. of vehicle) in inches.
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T e Thir& card of eighth séries, Format (8F10.0)

Col. No.

1-10
11-20
21-30
31-40

41-50
51-60
61-70

71-80

Progrém : A

Variable : -~ Description
XV(5) | |
ZV(5)

XV(6)

ZV(6)

'xv(7) 

Zv(7)

XV(8)

ZV(8)

d. 'Fourth card of eighth series, Format(8F10.0)

Col. No.

~1-10

11-20-

21-30
31-40
41-50
' 51-60
61-70

71-80 -

Program : ' :

Variable '  Description
XV(9) | | |
-ZvV(9)

XV(10)

2V(10)

XV(11)

ZV(11)

XV(12)

Zv(12)
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e. TFifth card of eighth series, Format(8F10.0)

. _ Program
Col. No. Variable ‘ L Description
,1‘10 ' XV (13) | ﬂ
11-20 ZV(13)
21-30 ' Xv(14)
31-40 ZV(14)
41-50 XvV(15)
51:60 | zV(ls)'
61-70 XV (16)
71-80 Zv(16)

f. Sixth card of eighfh éeries, FOrmat(SFlo.O)

: T Program . : -

Col. No. ’ Variable o Description

1-10 - XV(17) |
1120 Zv(17).
21-30 XV(18)
31-40 | Zv(18)
4i—5o XV(i9)
51-60 : -2V (19)

61-70 - XV(20)

71-80 - - Zv(20)
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: g. Seventh card of eighth series, Format(8F10.0)

- Program '
Col. No., Variable ADescriEtion
1-10 | - XV(21) |
11-20 7V (21)
:Zl—30 : : Xv(22)
31-40 ZvV(22) _
41-80 : leave blank

Ninth Series of Cards (26 Cards)
Deformatidn Properties and Friction Coefficients

of the Twenty-five Contact Surfaces of the
.Idealized Passenger Compartment

a, First card of ninth series, Format(7F10.0,110)

Pfogram L : '
Col. No. Variable ' Description
1-79 o : leave blank
80 " NCARD - =9

b, Second through twenty-51xth cards of nlnth series,
' Format(IZ 8X,6F10.0)

Program

Col. No. ' Variable , Description
' ) contact surface'number
1-2 : J (1-25), punched right

justified

3-10 ’ . ’ leave blank



11-20

21-30

31-40 -

41-50

51-60

61-70

71-80

STIF1(J)

STIF2(J)

DELﬁ(J)

- AMUL(J)

AMﬁZ(J)

COFR(J)

191

first and smallest of spring
coefficients for the dis-
sipative bi-linear sprlng
contact surface J

(1bs./in.)

second and largest of spring
coefficients for tlie dis-
sipative bi-linear spring

of contace surface J
(1bs./in.)

the value of total deforma-
tion (that of contact sphere
plus contact surface J, at
which STIF2(J) comes into.
effect

fraction of strain energy to
be conserved during a col-
lision between passenger and

‘contact surface J, when the

total deformation is less
than or equal to DELB(J)

fraction of strain energy. to
be conserved during a col-
lision between passenger and
contact surface J, when the
total deformation is greater
than DELB(J)

coefficient of friction for
contact surface J, if.e.,
friction force = (normal
force) x COFR(J)

leave blank

Include one rard as describied above For each of the 2% criitart

i by l'gh.mi_i mn

bhe bdeal teed velhiinle liksrbo .,

These cands do o

follow any particular numbering sequence, but J must be specilfied un

each card.
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Tenth Series of Cards (2 Cards)

Passenger Seating Information (see figure)
- (Not needed if NP0S=1.0 on third card)

a. First card of tenth series, Format(7F10.0,I8)

v Program
Col. No. Variable A Description
| = 1.0, driver position
T = 2.0, right front
1-10 NOPTSE = 3.0, left rear
= 4.0, right rear
11_20, GAMA1 Y1 — position of middle back
segment (degrees)
21-30 GAMAJ Yo — position of upper back
segment (degrees)
31-40" GAMA3 Y3 = position of head seg-
: ment (degrees)
41-50 GAMAL - Y4 = position of lower back
, segment (degrees)
51-60 - GAMAS Y5 = position of upper arm
segment (degrees) '
61-70 ALPHAL o - position of lower arm
, segment (degrees)
71-78 leave blank
79-80 " NCARD = 10

b. Second card of tenth series, Format(8F10.0)

Program
Col. No. Variable Description

Xyg — X coordinate of pas-
1-10 ' XHPV senger's heels in vehicle-
: coordinate system (inches)



-11-20

21-80
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Zyy - Z coordinate of pas-
ZHPV senger's heels in vehicle-
coordinate system (inches)

leave blank

Eleventh Series of Cards (5 Cards)

Joint Information (Viscous Damping and Elasticity)

and Acceleration due to Gravity

a. First card of eleVenth series, Format(7F10.0,I110)

Col. No. -

1-10
11-20

21-30

31-40
41-50
51-60
61-70

71-78

79-80

Program _
Variable Description
XINN ' viscous damping coefficient‘
of neck joint (lb.sec.)
limiting value of angular
AGSN travel of neck with refer-
ence to upper torso
(radians)
~ ' amount of viscous damping at
XJSN AGSN (1b.-sec.)
value of angular neck travel
AGNN at which viscous damping
begins increasing linearly
toward XJSN (radians)
" viscous damping coefficient
XJINS of a shoulder joint (1lb.-
sec.) ’
limiting value of angular
travel of either upper arm
AGSS
with reference to upper
torso (radians)
XJSS amount of viscous damping

at AGSS (1lb.-sec.)
leave blank

NCARD =11



194

b. ‘Second card of eleventh series, Format(8F10.0)

Col. No.

1-10

11-20

21-30

31-40-

41-50

51-60

61~-70

71-80

Program v
Variable Description

value of angular travel of
: an upper arm at which vis-
AGNS cous damping begins in-
creasing linearly toward
XJSS (radians)

) viscous damping coefficient
XJNUB in upper back joint (1b.-
sec.)

limiting value of relative
angular travel between upper

S
AGSUB and middle torso segments
(radians) '
XJISUB amount of viscous damping at

AGSUB (1b.-sec.)

value of angular travel in
upper back joint at which
AGNUB viscous damping begins to
. increase linearly toward
XJSUB (radians)

7 ~ viscous damping coefficient
XJNLB in lower back joint (1b.-
sec.) o

limiting value of relative

angular travel between
AGSLB middle and lower torso

segments (radians)

amount of viscous damping

XJSLB at AGSLB (lb.-sec.)



c. Third card of eleventh series, Format(8F10.0)

Col. No.

1-10

11-20

21-30

31-40

41-50

51-60

61-70

71-80 .

Program

Variable

AGNLB

XJNH

AGSH

XJSH

AGNH

XJNE

AGSE(1)

AGSE(2)

Description

value of angular travel in
lower back joint at which
viscous damping begins to
increase linearly toward
XJSLB (radians)

viscous damping coefficient
of a hip joint (1lb.-sec.)

limiting wvalue of angular
travel of either upper leg
with reference to lower
torso (radians)

amount of viscous damping
at AGSH (1b.-sec:)

value of angular travel of
an upper leg at which vis-

.cous damping begins in-

creasing linearly toward
XJSH (radians)

viécous dampiﬁg coefficient
of elbow joint (1b.-sec.)

limiting value of angular
travel of forearm relative
to upper arm approaching
the closed-elbow position
(approx. minus 130 deg.)
(radians) '

limiting value of angular
travel of forearm relative
to upper arm approaching
the straight—arm position
(approx. minus 10 deg.)
(radians)
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- d. Fourth card of eleventh series, Format(8F10.0)

Col. No. -

1-10

11-20-

21-30
31-40

41-50

51-60

61-70

71-80

Program

Variable Description

amount of viscous damping
XJSE at AGSE(1l) and/oxr AGSE(2)
(1b.-sec.)

value of angular elbow
travel (approaching closed-
elbow position) at which
viscous damping begins
increasing linearly toward
XJSE (radians)

AGNE(l)

value of angular elbow
travel (approaching
straight-arm position) at
which viscous damping
begins increasing linearly
toward XJSE (radians)

AGNE(2)

XINK viscous damping coefficient
of knee joint (lb.-sec.)
limiting value of angular
travel of foreleg relative
to upper leg approaching
the straight-leg position
(approx. zero deg. from

the positive side) (radians)

AGSK(1)

limiting value of angular
travel of foreleg relative
to upper leg approaching
the closed-knee position
(approx. plus 140 deg.)
(radians) '

AGSK(2)

amount of viscous damping
XJSK- at AGSK(1l) and/or AGSK(2)
(1b.~-sec.)

value of angular knee
travel (approaching
straight-leg position) at
which viscous damping
begins increasing linearly
toward XJSK (radians)

AGNK(1)
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e. Fifth card of eleventh series, Format(8F10.0)

Col. No.

1-10

11-20

21-30

31-40

41-80

Program

Variable

AGNK(2)

SPJINT4

SPJINT7?

GR

Description

value of angular knee
travel (approaching closed-
knee position) at which
viscous damping begins
increasing linearly toward
XJSK (radians)

stiffness of radial spring
in upper back joint
(in.-1b./rad.)

stiffness of radial spring
in lower back joint
(in.-1b./rad.)

acceleration due to gravity
if potential energy of
position is desired

(386.04 in./sec./sec.)

leave blank

Twelfth Series of Cards (No. of Cards=NVPOS+1)

Vehicle-Position versus Time Data
(Included when MREAD=0.0 on third card)

a. First card of twelfth series, Format(7F10.0,110)

Col. No.

1-10

11-78

79-80

Program

Variable

NVPOS

NCARD

Description

exactly the number of cards
to be included in part b

of this series (punch
decimal)

leave blank

=12
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b. Second thrdugh (NVPOS+1)th card of twelfth series, Format(8F10.0)

Col. No.

1-10

11-20

21-30
31-40
41-50
51-60

61-70

71-80

Program

Variable

CALT(J)

CALX(J)

CALY (J)

CALZ(J)

CALPH(J)

CALTH(J)

CALPS (J)

Déscription :
time at which the vehicle
position is beingAspecified

X coordinate of vehicle
center of gravity in the
space-fixed coordinate
system defined by CAL* for
vehicle model (inches)

Y coordinate of vehicle
center of gravity in CAL
space-fixed system (inches)

Z coordinate of vehicle
center of gravity in CAL
space~fixed system (inches)

the angle ¢ of the Euler
angle system used by CAL
(roll angle) (degrees)

the angle 6 of the Euler
angle system used by CAL
(pitch angle) (degrees)

the angle y of the Euler
angle system used by CAL
(yaw angle) (degrees)

leave blank

Note: -J = 1,NVPOS, hence NVPOS number of cards must be included in

part b.

*#Cornell Aeronautical Laboratory (CAL) uses a different space-
fixed coordinate system as well as a different Euler system to-derive
their mathematical vehicle model. This twelfth series corresponds to

the CAL system. :



Thirteenth Series of Cards (3 Cards)

Lap and Shoulder Belt Information
(This series if left out for unrestrained case)

"a. First card of thirteenth series, Format(7F10.0,110)

Col. No.

1-10

11-20%*
21-30%%*

31-40%%

41-50%*%

51-60%%

61-70%*

71-78

79-80

Program

Variable

NOPBLT

P1(1,1)
P1(1,2)
P1(1,3)
P2(1,1)
P2(1,2)

P2(1,3)

NCARD

*Vehicle~fixed coordinate system
*%Leave blank if NOPBLT=2.0

199

Description

tou

" belts

X coordinate* of
anchor point No.

Y coofdinaté* of
anchor point No.

Z coordinate* of
anchor point No.

X coordinate* of
anchor point No.

Y coordinate* of
anchor point No.

Z coordinate* of
anchor point No.

leave blank

= 13

1.0, lap belt only
2.0, shoulder belt only
3.0, lap and shoulder

lap-belt
1 (inches)

lap-belt
1 (inches)

~lap-belt
1 (inches)

lap-belt
2 (inches)

lap-belt
2 (inches)

lap-belt
2 (inches)
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b. Second card of thirteenth series, Format(8F10.0)

Program
Col. No. Variable Description
‘ X coordinate* of shoulder-
1-10%+ P1(2,1) - belt anchor point No. 1
(inches) :
Y coordinate*'of shoulder~
11-20%+ P1(2,2) belt anchor point No. 1
: ‘ (inches)
_ Z coordinate* of shoulder-
21-30%+ P1(2,3) belt anchor point No. 1
(inches)
X coordinate* of shoulder-
31~-40%+ P2(2,1) belt anchor point No, 2
' (inches)
_ _ Y coordinate* of shoulder-
41-50%+ P2(2,2) belt anchor point No. 2
(inches)
Z coordinate®* of shoulder-

51-60*+ P2(2,3) belt anchor point No. 2
» : (inches)

o - amount of initial slack
61-70%* SLACK(1) (looseness of fit) in lap~-
belt (inches)

amount of initial slack in

-8R0 % -
71-80%+ SLACK (2) shoulder-belt (inches)

*Vehicle-fixed coordinate system
**Leave blank if NOPBLT=2.0
*+Leave blank if NOPBLT=1.0
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c. Third card of thirteenth series, Format(8F10.0)

Program
Col. No. Variable v Description
the first slope of the
idealized* force-elongation
~10%%
1-10 SK1(1) curve for the lap-belt
(1b./in.)
the second slope of the
I 3 * — .
11~20%% SK2 (1) idealized* force-elongation

curve for the lap-=belt
(1b./in.)

the value of lap-belt elon-
. gation at which the slope
21-30%% DELC(1) of its force-elongation
: curve* changes from SK1(1)
to SK1(2) (inches)

the first slope of the
idealized* force-elongation

—40%
31 40 * SK1(1) curve for the shoulder-belt
(1b./in.)
the second slope of the
. * B o
41-50%+ SK2(2) idealized* force-elongation

curve for the shoulder-belt
(1b./in.)

the value of shoulder-belt
elongation at which the
51~-60%+ DELC(2) slope of its force-elon-
" gation curve* changes from
SK1(2) to SK2(2) (inches)

61-80 leave blank

*A bi-linear representation
*%Leave blank if NOPBLT=2.0
*+Leave blank if NOPBLT=1.0
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Fourteenth Series of Cards (NOCRD+1 Cards)

Information* Necessary to Extend an Existing
Computer Solution without Duplication
of Effort :
(Needed only for extending an existing solution)

a. First card of fourteenth series, Format(7F10.0,I110)

. Program
Col. No. Variable Description
exactly the number of cards
1~10 NOCRD to be.incluéed in part b
. of this series (punch
decimal)
11-78 leave blank
79-80 * NCARD =14

b, Second through (NOCRD+1)th card of fourteenth series,

Format (212,F6.0)
: Program _
Col. No. Variable Description

refer to last printout sheet
A _ of computer solution in
1-2 J question for numerical value
(punch right justified with~
out a decimal)

refer to last printout sheet
. of computer solution in
3-4 K - question for numerical value
(punch right justified with-
out a decimal)

*"Contact Sphere No. J" and "Contact Surface No. K" for which
NARRY(J,K)=0, initially. This information is given on last printout
sheet of existing computer solution in question.
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5-10 NARRY(J,K) = 0.0 or leave blank

11-80 : leave blank

Note: A separate card as shown above is required for each NARRY(J,K)

to be initialized.

‘Fifteenth Series of Cards (1 card)

Terminates Reading of Numerical Input

Program
Col. No. Variable _ : Description
1-76 leave blank
77-80 NCARD = 1000

Sixteenth Series of Cards (1 card)

X-Y Plot Option

Program
Col. "No. Variable Description
1-4 HED(1) = STAN, yields X-Y plots of 14
selected variables vs. time
= NONE, no plots desired
5-80 leave blank
Final Card
: Program
Col. No. Variable Description
1-4 ' HED (1) = FINI

5-80 ' leave biank
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