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', - @@ FOREWORD

This report was prepared by Simula Inc. under Contract No. DTFA03-83-C-00036
with the Federal Aviation Administration (FAA) Technical Center, where L. M.
Neri acted as Technical Monitor. Under the same contract, computer simulation
program §0M-TA (Seat/Occupant Simulation Model for Transport Aircraft) was
developed.

- % The Simula Inc. Project Engineer was Mr, Akif 0, Bolukbasi. Dr., David H.
; 8 Laananen of Arizona State University provided consulting services during the
- development and validation of program SOM-TA, and the preparation of this re-
5 port. Data for model validation were provided by the Protection and Survival
Laboratory of the FAA Civil Aeromedical Institute, where the tests were con-
ducted under the leadership of Mr. R. F. Chandler.
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EXECUTIVE SUMMARY

Program SOh=-TA (Seat/Occupant hodel - Transport Aircraft) has been developed
for use in evaluating the crashworthiness of transport aircraft seats and re-
straint systems., It cowbines a three-dimensional dynamic model of the human
body with ¢ finite element nodel of the seat structure. The program allows
sinulation of one, two, or three passengers of the sane or different sizes.

It is intended to provide the design enygineer a tool with which he can analyze
the structural eleuents of the seat as well as evaluate the dynamic response
uf the passengers during a crash,

The progran is documented in two volunes. Volurnie [ discusses development of

the seat and occupant nmwodels, validation, and organization of the computer
program.  Volume 1[ contains instructions for preparing input data and operating
the progran.

The occupant model consists of 12 masses that represent the upper and lower
torso, neck, head, and two segments for each of the arms and leys. An optional
wodel of the human body includes beam elements in the spine and neck, but is
restricted to two-dinensional wotion.

txternal forces are applicd to the occupant by the cushions, floor, and re-
straint system. Interface between the occupant and seat is provided by the
seat bottom cushion, back cushion, and an optional headrnst. Contact between
the occupant(s) and the back of the seat row in front can also be sinulated.
The restraint system can consist of a lap belt alone or combined with a single
shoulder belt, over either shoulder, or a double-strap shoulder harness. Each
coiponent of the restraint system can be attached to either the seat or the
aircrafti structure.

Yhe seat structure is wodeled using the finite element method of analysis,
selected because it is not dependent on previous testing, and it has the flex-
ibility to deal with a wide range of design concepts. The SOM-TA seat analysis
uses three-dinensional beam elements. It has the capability to model large
displacenents, nonlinear naterial behavior, local bucklinyg, and varisus end
release conditions for beam elements.

The digital computer program based on the occupant and seat models described
above has been written entirely in FURTRAN to ensure a high degree of compati-
bility with various computer systems. buring development, the program has been
run on IBM and bigital computer systems. Qutput data include occupant segient
positions, velocities, and accelerations; restraint system and cushion forces;
injury criteria; and details of contact between the occupant and the seai in
front. Seat output includes nodal displacements, element stresses, and forces
at the points of attachment to the aircraft structure.

Dynamic tests of transpert seats conducted by the Federal Aviation Aduinistra-
tion Livil Aeronedical Institute in 1983 were used in validation of Progran
Su=TA. Three proauction seat designs and various wodifications to the produc-
tion design were tested. The design that was chosen for validation utilized a
production seat mnoditied by incorporating energy-absorption capability in the
lonyitudinal airection. This seat produced more interesting results for vali-
datiun than others because it underwent laryge deforunations while naintaining
structural inteyrity in the dynamic test.
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1.0 INTRODUCTION

The desiyn of crashworthy seats and restraint systens for transport aircraft
presents a complex enygineering problem, the selution of which can be greatly
aided by sufficiently rigorous analytical techniques. The crash environment
can vary widely from one accident to another, so a great number of condi-
tions rust be evaluated to establic-h those critical to occupant survival. A
crashworthy seat should include the capacity to absorb energy through con-
trolled deformation, thus reducing the accompanying loads (reference 1).

In the initial desiyn phases, it is desirable to evaluate, in some detail,
existing seats and restraint systems in their surroundings, thus establishing
existing weaknesses. [t is then desirable to make modifications and to evalu-
ate the effect of these niodifications on improving the perforniance of the
systeni. These evaluations must be conducted for a yreat many of the possible
crash environreats, thus constituting a relatively large natrix. Testing is
costly and is often time consuming since design modifications wust be developed
and fabricated prior to testing. Therefore, an analytical technique, such as

this effourt, is cost effuctive.

A nuiaber of one-, two-, and three-dimensional mathematical models of the hunan
body have been Jdeveloped for crash survivability analysis. These models vary
in camplexity and possess from one to forty deyrees-of-freedom. The simplest
wodels have bezn developed primarily for prediction of injury to a single
couponent or subsysten of the body, such as vertebral injury due to the verti-
cal force that nmight be experienced in a crash or the firing of an ejection

Sinulation of the three-dimensional response of the entire body re-
tlost of

seat.
quires niany nore degrees-cf-freedom, but permits niore general use.

the three-dimensional nodels have been developed for use in evaluation of
autoniobile interior designs with respect to injuries caused by secondary im-
pacts, such as the three-dimensicnal models described in references ¢ through
5. Seats have been represented in a very simple manner because in automobiles
the role of the seat design in determining occupant survivel is mininal.
Therefore, a siwulation model intended specifically for the aircraft applica-

tion is desired.
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The development of a three-~diniensional mathematical model of a transport air- o § '
craft seat, including passengers, and restraint system is described in this ngia b
report. This model forms the basis for a simulation computer program that has |
been written specifically for use in crashworthy design and analysis of trans- f:
port aircraft seats and restraint systemns, Program SOM-TA. The program, which 9
cobines a finite elenent nodel of the seat structure with lumped-paraneter -
models of the aircraft passengers, has been organized so as to wminimize the ,:
volume and complexity of input data and to focus on seat and restraint system %'

desiygn parameters.

Proyran SUM-TA seat and occupant miodels are based on those presently used in .
Proyram SOM-LA (Seat/Occupant Model - Light Aircraft), (reference 6). The -
proyran was nodified to allow simulation of one, two, or three passengers of "3
the sane or different sizes. The capacity of the seat model has been increased :
to accommodate the more complex transport seat structures. The seat model has

5

"t
- o)

-
e

L nE

.

ﬁ: also been nodified to sinulate floor-warping conditions. f
3 ;
fy In this report, the details of the occupant and seat models are presented, . 1

alony with the results of nodel validation. Operation of the computer pro-
graw is described in Volume II, Program SUM-TA User Manual.
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2.0 OCCUPANT MODEL
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The SOM-TA mathematical model includes a lumped-parameter representation of
the aircraft occupant(s) and a finite element characterization of the seat.
Interface between the seat and its occupant is provided by seat cushions and a
restraint system, which consists of a lap belt and, if desired, a single-strap
or double-strap shoulder harness. The response of the occrpant(s) and seat
can be predicted for any given set of aircraft impact conditions, including
the initial velocity, attitude and the input acceleration.

As mentioned previously, both a three-dimensional occupant model consisting of
rigid 1inks and a two-dimensional model with deformable spinal elements are
included. This chapter provides a discussion of the development of both oc-
cupant models, including details of the approach used to formulate the equa-
tions of motion and the techniques used for their solution. Section 2.1 pre-
sents the three-dimensional mode)l and section 2.2, the two-dimensional model.
Subsequent sections cover aspects of the equations which apply to both models,
- specifically the body joint model, the treatment of external forces, and body

W dimensions and properties,

2.1 THREE-DIMENSIONAL OCCUPANT MODEL

The three-dimensional mathematical model of the aircraft occupant is made up
of twelve rigid segments, as shown in figure 1. This number is thought to re-
present the minimum segrnents that will permit accurate, meaningful simulation
a of three-dimensional response. A greater number of segments might possibly
improve the accuracy of simulation but would, in turn, also increase program
execution cost. Amm and leg segments are included to enable prediction of in-
juries to these extremities. Although leg and arm injuries, in themselves,
may not be as serious as head or chest injuries, they may prevent egress from
a stricken aircraft and increase the potential hazard to the occupants of a

RLAALAS

A=A | JERA
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«®a

postcrash fire,
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Each of the body joints, with the exception of the elbow, knee, and head-neck

5;;; Joints, possesses three rotational degrees of freedom. Because of the hinge-
R _ . ,
‘ &432“ type motion of a forearm or lower leg relative to an upper arm or thigh, the §§
position of each of these segments is described by one additional angular N
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Figure 1. Twelve-segment (three-dimensional)
occupant model,

T e

coordinate, as also is the position of the head relative to the neck. There- g
fore, the occupant system possesses a total of 29 degrees-of-freedom. N

]
2.1.1 Coordinate Systems

| 1y

Fixed at the center of mass of each of the 12 segments is a right-handed Car- E

N tesian coordinate system. For segment n (n =1, 2,..., 12) the local coordi- P

o nate system is denoted by axes (xn, Yo zn). Positive directions are defined d

%ﬁ such that when the body is seated as shown in figure 2, with the torso and head i§§fp |7
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upright, the upper ams parallel to the torso, and the elbows and knees bent
at right angles, positive X is directed forward, Yn to the left, and Z, upward.

In order to describe a general position of the body, it is necessary to relate
the orientation of each segment (xn, Y s zn) to the inertial system (X, Y, Z).
The angular relationship between the local, segment-fixed coordinates and the
inertial system can be expressed by the transformation

Because three angular coordinates can be used to define the rotation of a given
segment, it is convenient to utilize a set of coordinates that will suffice as
generalized coordinates in the formulation of the equations of motion. A system
of Eulerian angles provides a convenient set of three independent angular co-
ordinates. Assuming that the local (xn, Yy zn) system is initially coinci-
dent with the inertial (X, Y, Z) system, the Culer angles are a series of three
rotations, which, when performed in the proper sequence, permit the system to
attain any orientation and uniquely define that position. The particular set
of Euler angles selected for use here is illustrated in figure 3 and defined

as follows:

1. A positive rotation W\ about the Z-axis, resulting in the primed (x',
y'y z') system.

2. A positive rotation 0 about the y'-axis resulting in the double-~primed
(x", y", z") system.

3. A positive rotation ¢ about the x"-axis resulting in the final (x,
¥, Z) system,
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Figure 3. The Euler angles.

In order to determine the elements of the transformation matrix [T"], it is
necessary to consider the matrix equations that indicate the three individual
rotations previously described above, Referring again to these definitions
of ¢, €, and ¢, the following equations are obtained:
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-.1\ X cosy -siny O x!
i." ' O
:‘!‘:‘ Y = | siny cosy O y! (2) ".0':',;:.“ :
2 0 0 1 2!
any N
L)
%.. ' \ 4
é X! cosp 0 sino x"
%,
- y') = 0 1 0 y" (3)
n::l '
-}E 2" -sind 0 cos® "
i" J J N
Y
pdd
ot \ - P
x" 1 0 0 X
o
\;.,;\1 y' ) = | 0cosyp -sind <y (4)
.‘%_\)‘_
i z" 0 sing cos¢d z
b o0 J J .
oy
ny
\3 Writing equations (2) through (4) in abbreviated form
'_l. 0]
W R} =[] &r"}
) {r'y= o] {r"}
Py
bl {r"} = [¢] {r}
ﬂ";' or
an {R} = [¥] [€] [¢] {r) (5)
N
i-'fA
e where {R} represents the components of a vector in the inertial system and {r}
3{ represents the same vector in the final (x, y, z) system. Performing the matrix
? multiplications indicated in equation (5), the elements of the transformation
:a matrix in equation (1) are obtained:
v" Tlln = C0S Lpn cos On
o
_‘.' len = C0$ xpn sin en sin d’n - sin ‘!’n cos ¢n _,:
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W
¢
™ W n = + 5ij i
@ T13 cosq,n sin Gn cos¢n 1n\pn sin ¢n
\b Y "
T,," = siny_ cos 8
e 21 n n
% n = + 5
_ T22 sin \bn sin en sin ¢, * cosy cos¢
d
n _ _ :
q T23 = sin\pn sin en cos ¢n cosq;n s1n¢n
\ Ta" = -sing
Lo n )
::, T32 = cosen sin ¢n
"
’:a: T2 = 0 ¢
! 33 T €080, cose,
B
. formn=1, 2, 3, 4, 6, 8, 10 (6)
;:| The constraint of hinge-type rotation, at the elbows and knees, requires the
M % use of one additional angular coordinate to define the position of each of the
R forearm and lower leg seguents, Referring to figure 4, the angular position
% of the foream segments (g= 5, 7) is given by
‘N
- i 1
." Xq, sinag 0 cosayl |x,
- n )
: Y,Q, - T 0 1 0 .yg, (7) :
ZJL [Cos% 0 sin a% z, :L
! f!
A y
and the lower lcg segments (m = 9, 11) by i
) ¢
| X [ ina_0 -cos a | (x
m sy, %n m
: - n
‘ Ym = T 0 1 0 Yo (8)
y Z, cosa 0 sina z

R From equations (6) and (7), the elements of the transformation matrix for the

S e e e e - w R EE W W = g

: En::, forearms (segments 5 and 7) are written as:
1% A8
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Lo :
fé Tll = ¢0s Y cos en sina, cos Y, sinen cos ¢ . cosa,
D>

D stng s
M sin\bnsmcbncos%

Tl‘?‘2 = COS ‘Un sin 8_ sin ¢’n - sin ‘pn cos ¢n

"
g "
(3 A _ .
.'?u T13 = COS \pn cos en cos% + CoS ‘l’n sin en Cos &, sina 2
3)'
4 . . .
)
+ sin ¢n sin ¢ sina

sin ¥y, cos 8, sing sin Uy sin 6, COS ¢, Cosq
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N
—
n
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e
G +cosv sincbn cos g
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o 31 n L n n g
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Al 9
,‘ v = i
| Typ =cOS 6, sino,
ﬂ Q'
| Y = _ . . .
: T33 = - sin 6 cosa, + C050 n €084 o sinay (9)

B From equations (6) and (8), the elements of the transformation matrix elements
for the legs (segments 9 and 11) are obtained:
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m_ .
T13 = - C0S §, COS O, cosa +COsSy, sin en cos ¢, sin a,
+ sin Vo sin ¢n sin a,
m o , .
T21 sin g, cos 6 sina  + sin wn sin en cos ¢, cos a
- €os Y sin ¢, €O a
Mo o N
T22 5in wn sin en sin ¢n + oS wn cos ¢n
mo_ .
T23 sin b, cos en cos a + sin wn sin en cos ¢n sin o
- C0S \pn s1n4>n sin am
m_ o .
T31 smen 51nam+-cosen cos¢n cosa
7., = cos 6_ sin ¢
32 n n
m_ . .
Ta3 =sin @, cos o + cos 8, cos ¢, sin a (10)

Segment 12, the neck, was added later. The hinge-type joint between the neck
and the head is treated similarly to the knee joints, adding the generalized
coordinate 912, as illustrated in figure 4.

Having developed the relationships expressed in the equations (1) through (10),

the position of the occupant can be described by the following set of general-
ized coordinates:

aq =X 1 = & 1 = Yg
@ =N A2 = % o =
9 =1 93 = Y U3 = %
G = ¥ 94 " 9 94 = %

12




7’% G " 9 9s = % 95 = %o
& ~,

'y ,‘ - -
-5:: ot % = 96 * % 96 = %10

)

:.5; G =¥ 917 = Y %7 = %0

8

» g = 9 918 ~ % G928 = 91

g 99 = ¢ Qyg = 0 9g9 = ©

}? 9 2 19 ‘6 29 12

i
N 910 \!}3 Qo ™ Y (11)

i The above coordinates include the Cartesian coordinates of the mass center of
.&f segment 1 (Xl. Yl‘ Zl).selected as a reference point on the body, seven sets

of Eulerian angles, and the five additional angular coordinates for the elbows,
knees, and neck. Positions of the segment mass centers are presented in appen-

dix A.
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2.1.2 Lagrange's Equations

N
_‘d ﬁiﬁ.&

: 3 The response of the occupant system is described by Lagrange's equations of N
q \
“,h motion, which are written for the 29 gereralized coordinates. The squations ¢
s are developed according to E
; ! d ok AL g!
" Lo () - 2= =, (=1, 2,..., 29) (12) 3
i dt ) q J -
i q J P
7 J Y

o where L is the Lagrangian function

L=T~-V (13)
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M| R A - B

t represents time, Qj are the generalized forces not derivatle from a potential
LY
L function. (Forces that are derivable from a potential function are obtained
! from L, and T and V are the system kinetic and potential energies, respectively.)
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:b Because the system being treated does not involve any velocity-dependent poten-
:%: tials, equation (12) can be written as

o, A, A, L

IL- dt ( q ) aqj 1 an Q\'I (J 1, €50vey 29) (14)

-

g

The system kinetic energy contains both translational and rotational parts:

T=1122M[.2+(§>?+(z')21
~ ! 2 Ly n n
. p 12 2 2 2
.;2 "7 ggl (Ixn u&n ' Iyn uyn ' IZn U&n ) (15)
,ﬂ
: where M is the mass of segment nand I_ , I, and I_ are rass moments of
: f ' n Zn
f% 1nertia of segment n with respect to the local coordinate axes (xn, Yy zn),
; assumed to be principal moments of inertia.
N The absolute velocities of the 12 mass segments required for the translational
.53 kinetic energy must, of course, be written as tunctions of the generalized co-
" ordinates and generalized velocities in order to use equation (14). The angu-
;- lar velocity companents (u&n, u&n, u%n) seen in equation (15) are parallel to
a the local (xn, Y zn) coordinate systems. These angular velocity componeats
?:\ cannot be used directly in Lagrange's equations because they do not correspond
L-“ to the time derivatives of any set of coordinates that specify the position of
‘i{: the segment. They must be written as functions of the generalized coordinates,
ng using the generalized angular velocities (jh’ én’ én), which are parallel te 3
:uﬁ the axes Z, yﬁ, and x;, respectively. Lj
‘ i An arbitrary angular velocity of segment n, W can be expressed as a function Ea
g of the generalized angular velocities according to -
7‘ w =0 +0 +d (16) E
. -n =n  -n  =n ?
5. ; Referring to figure 3, @n’ én’ and ¢ do not, in general, form a mutually per- i
| X pendicular vector triad. (W and ¢ are both perpendicular to 6 but are not nec- GﬁE’? \
) essarily perpendicular to each other.) However, they can be considered as a i g
nonorthogonal set ~* components of W since their vector sum is equal to W. ~
14 !
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'
- , Summing the orthogonal projections of ‘.’ln' (:9_". and én on the (xn, Yy Zn) axes
| ]
@ yields the angular velocity components required for the kinetic energy expres-
" ston:
.'
W . e .
= - sin @
; ‘*’xn % = U n
: w. =Y cos & sind + ® cos ¢ (17) "
s Yn n n n n n 3
3
' \
= ) - 8 i .
: wzn ¥, cos § cos L v, sin ¢n t
The system potential energy is simply gravitational potential, which is writ- §
ten as f&
' ¥ ( ) (18) 'I"
b V= g(z -1 18 w
" n=1 "9 L "o i
3 N
e; "'H-.'-A. E
*j where g is the acceleration due to gravity and Zn is an arbitrary datum. l
! 0 '
‘ +
¥ 2.1,3 Matrix Equations (EI
£
Y For the purposes of computation, the equations of motion are rewritten in the g
following form: )
[A(q)] () = B(dya)} + (@)} + (R(dha)} + (Q(qsa)] (19) E
¥ 0
where the elements of the inertia matrix [A] and the vector {B} are derived t
‘ from the kinetic energy derivatives of Lagrange's equations. In other words, q
. .
! 29 !
_d_. (a_T_ - ..EL = z A, q. -
AL P (20) :
J 5
- . L] 1‘
.":".':{‘ = BJ (q]» qZ’”-: qur qla qZM--: q29) E
< n.l~ [}
T ':

(3 =1, 2,000, 29)
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The force vector {P} is derived from the system potential energy according to

Y
P‘j (q]. Gpreees ng) = - 55} (i =1, 2,..., 29) (21)

Both {K} and {Q} are vectors of generalized forces derived from the right-hand
side of Lagrange's equations. The vector {R} describes the resistance of the
body joints to rotation, discussed in detail in secticn 2.3; {Q} is the vector
nf generalized external forces, discussed in detail in section 2.4.

2.2 TWO-DIMENSIONAL OCCUPANT MODEL

In order to achieve economical program solutions for cases where o¢ccupant re-
sponse is cxpected to be symmetrical with respect to the X-Z plane, a two-
dimensional occupant model option was included in Program SOM-TA. This two-
dimensional model was configured 1ike the three-dimensional model shown in
figure 1, with thie exception of all joints being hinge-type joints. Because
of the potential for vertebral injury in aircraft accidents that involve a
significant vertical component of impact velocity, some measure of vertebral %
Toading was considered desirable in the occupant model. The two-dimensional '
occupant model was configured to include beam elements in both the torso and

neck, as shown in figure 5, replacing joints that exist in the three-dimensionai

nodel . The two-dimensional model has 11 degrees-of-freedom, as jllustrated in

figure 6. Simulation of purely vertical (+Gz) impact with the three-dimensional

occupant model produced less bending of the torso than observed in tests with

either dummies or human ¢adavers. Therefore, in order to produce the moments
on the vertebral column that are induced by +GZ acceleration in both human and
dummy occupants, the mass centers of the torso segments, segments 1 and 2, are
offset from the vertebral columnn by the dimensions € and € respectively.
The dimension e3, by which the center of mass of the head segment is placed
forward of the neck, is used in both three-dimensional and two-dimensional
nmodels,

Development of the equations of motion for the two-dimensional occupant follows
a procedure similar to that described in section 2.1 for the three-dimensional

model, However, the procedure is simplified because the transformation between j;ng}
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occupant model.,

a local, segment-fixed coordinate system and the inertial system is dependent
only on the angle 6. Transformations, therefore, take the form of equation (3).
The position of the center of mass of segment 2, with respect to that for seg-

] ﬁf:!ﬁ ment 1 and the position of the center of mass of segment 3, relative to seg-

A ment 2, depend on the length and curvature of the beam elements in the spine

) and neck, respectively.
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A detailed representation of the kinematics and mechanics of the spinal column
would be complicated. The presence of the intervertebral disks leads to high
flexibility in bending and high stiffness in compression. In addition, the
column is tapered and possesses considerable initial curvature. A simplified
model is incorporated into SOM-TA by using continuous beam elements for the
neck and spine. These beam elements are intended to model the flexural, as
well as axial, motion of the spine and neck and are subject to the following
assumptions. The deformed beam elements take the shape of circular arc seg-
ments, therefore assuming flexura to be primarily due to the applied bending
moment. This is equivalent to the assumption in beam theory that the span/
depth ratio is large and that the modulus of elasticity and shear modulus are
of the same order of magnitude so that shear deformation is negligible,

As illustrated in figure 7, The position of one end relative to the other in
terms of arc length and angular coordinates at each end of the arc, is then

given by
. 5 [0 =01\ [0y %6y
xz - xl = 2(97:_9_1.>s~m <_..2_..__> sin <_....é.._._

(22)
I ./92'91 0y * 04
- - S]n COS A —— e ——

Positions of the mass centers for the eleven body segments of the two-dimensional

model are presented in appendix B.

2.3 JOINT RESISTANCE

The form of the jo’nt resistance vector {R} in equation (19) depends on the

user's selection of occupant type - either dummy or human. Although both joint

models contain the same types of elements, a nonlinear torsional spring and a
viscous torsional damper, the relative contributions of each of these elements
determine the type of occupant.

The 11 body joints for the three-dimensional model, illustrated in figure 1,
are defined as follows:
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v!, Joint 1 - Back, between 12th thoracic and 1st lumbar vertebrae b
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j Joint 2 - Torso-neck, between 7th cervical and 1lst thoracic vertebrae t:;
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Joint 9 - Left hip

i @ Joint 10 - Left knee

Joint 11 - Head-neck, at occipital condyles
The angular displacement of joint 1 from its reference position (figure 2) is
given by 8. If (im, J““ k“Q and (in J kn) are triads of unit vectors in
: the local coordinate systems of two adjacent segments connected at joint 1, as
LA shown in figure 8, the joint angle is given by

B, = cos™! (k- k) (23)

where (km . kn) is the scalar product. Considering the geometry of the occu~-
pant model in the reference position, the 81 for the 11 joints are given by

B, = cos™ ! (k1 " k,)

-1 . ¥
32 = C0S (kz klz) !}_
D

s cps-l .
83 = C0$ (k2 k4) g
b
84 = 05 P

5 \
3

l‘

86 = (17 ::1
;

87 = COS- (‘l:l ¢ 7:8) h!'
¥

Bg = % E
- "1 * . I

Bg = €oS (zl 1,10) ;
\

A

f10 = %11 ]
I

1 i

Byp = cos™ (kg * Kpp) (24) ;
A

(r“.
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| B If at each joint i, a moment M1 and a torsional damper with coefficient Ji act Vo

% to resist motion of the joint, then the virtual work done on the system as each n

. iy .
"0 joint i undergoes a virtual displacement 681 is & '
% ]

- b
£ N
" 6 11 . .
o W= - 1=Xl (M, 8 +J B, 88) (25) 4
B '
.‘: . '
o Since the Bi are functions of the generalized coordinates q,, the virtual dis-

D placements GBi can be expressed in terms of corresponding virtual displacements 'E

e E of the Q- In general, such an expression would taxe the form t:
% o
'ah 29 55 i :

. 88; = L w89 (i=1, 2,..., 11) (26) &=

B 1 j=1 an J oA
: W 0
N
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where the partial derivatives 881/8qj are functions of the generalized coordi-

vy
ggin) nates. Substituting into equation (25) gives
1 , 86
W = - 121 jii (Mi + J1 ) 5——-6qJ (27)

Changing the crder of summation, equation (27) can be written in the general

form

§ W 229 R, § (28)
= 2
PR

where R, are the generalized forces acting on the system. As seen in equation
(19), the generalized forces are treated as two distinct types: Jjoint resist-
ance forces and external forces. Since the joint resistance terms are being
treated here, the generalized joint forces referred to as Rj will be consid-
ered alone. Equation (28) becomes, more specifically

29
W= ) Ry 84 (29)
j=1 !
and, from equation (27), Rj can be written
11 , . 9B, .
RJ -- 111 (M_i + Ji Bi) 'é‘a'j- (J"l; 2’.--: 29) (30)

As mentioned earlier in this section, the type of occupant is determined by
the relative contributions of M and J to the RJ terms. For the dummy Jjoint,
the resisting torque M is constant throughout the normal range of joint mo-
tion and increases rap1d1y along a third-order curve to a higher value at the
limiting displacement BS , as shown in figure 9. The normal values MD are

set equal to those resu1t1ng from the joint-tightening procedure of SAE Recom-
mended Practice, Anthroponmorphic Test Device for Dynamic Testing - SAE J963.
That is, the body joints will just support a 1-G Joad in the reference (seated)
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Figure 9. Dummy joint resisting torque.

position, with the exception of the torso Joints, which will support a 2-G load.
In addition to Mi' a small viscous damping term with constant Ji {s included
for energy dissipation.

The resistance of each human joint consists of up to three terms. The primary
resisting force during normal joint rotation is a viscous damping term with
constant coefficient Ji' In a manner similar to the case of the dummy, a re-
sisting torque is applied at the 1imit of the joint range of motion, as shown
in figure 10(a). An additional term used to simulate muscle tone is the mo-
ment M', which drops to zero after a small angular displacement from the ini-
tial position, provided that the crash deceleration is sufficient to overcome
it (figure 10(b)).

2B S
Pt ==

For the two-dimensional model, the equations presented in this section are
correct except that summations are performed for 8 joints and 11 degrees of

freedom, rather than the 11 and 29 presented here, respectively.
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_ Figure 10, Human joint resisting torques: (a) displacement-
L 1imiting moment and (b) muscular resistance,

2.4 EXTERNAL FORCES

The vector of gereralized external forces {Q} is developed in a manner similar
to that discusseu in the previous section for the joint resistance vector,
Equations presented in this section include summations whose upper limits are
correct for the three-dimensional model, with 12 segments and 29 degrees-of-
freedon, The approacih for the two-dimensional model is the same, except for
the use of 11 segments and 11 degrees-of-freedom.

The resultant external force Ej acting on segment i is given by

Fo=F, ©+F, J+F, k (31)

where F

A

‘a
=

x"
i i
absolute position of the point Pi on gment i, where the resultant force acts,

Fy_, and FZ are components in the inertial (X, Y, Z) system, The
i

- can be represented by
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As the resultant force applied to each segment i undergoes a virtual displace-
nent srpi. having components (GXP ’ GYP , dZP )» the virtual work on the system
i i i

done by the F, is

r
Py Py

E o
- -,

!

2

) L.
SW = (Fy X (33) L
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+F, 8Y, +F, &Z
j P,i Yi Pi A

Writing the virtual displacement components in terms of the generalized coor-
dinates qj:
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yields the components of the generalized external force vector:

12 BXP. BYP' 9Lp

= — L V4 1
0; 121 (in 5 +Y1 5 in aqj) (36)

The external forces acting on the body segments can be characterized as either
contact forces or restraint forces. These forces are discussed in further de-

tail in the sections following.

2.4.1 Contact Forces

The contact forces applied to the occupant in all cases are those forces excrted
by the cushions and floor, illustrated in figure 11. The forces of the seat
back pass through the mass centers of the upper torso and head segments, and the
normal forces applied to the legs by the seat bottom cushion pass through the
mass centers of the thigh segments. The contact surface for the lower torso is
not located at the mass center of that segment but is an ellipsoid whose major
axis passes through both hip joints. The force of the back cushion and the normal
component of the seat bottom cushion force both pass through the center of this
ellipsoid, i.e., through a point midway between the hips. The normal components
of the floor and footrest forces are applied to the body at the lower ends of
the leg segments. If contact between the occupants and the seat in front of
them is to be simulated, eight surfaces on each seat back are defined by user
input. If contact occurs between an occupant and a seat back, forces are
computed in the same manner as for cushions.

Fach of the forces mentioned above acts normal to the surface applying the
force, or, in other words, its direction is determined by the plane of the sur-
face, whether cushion or floor. As shown in figure 11, friction forces are
also applied by the seat bottom cushion and the floor. The friction force is
computed as the product of the coefficient multipiied by the normal force. It
is applied in a direction opposite to the tangential component of relative ve-
Tocity between the occupant segment and the appropriate cushion or floor sur-
face. In order to avoid abrupt changes in direction of the friction force,
the force is reduced sinusoidally when the magnitude of the tangential veloc-
ity drops below a predetermined 1imit, (A limiting value of 1 ft/sec has pro-
duced satisfactory results in SOM-TA and is thus used by the program.)
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Force Identification

FB FBZ: Back
cushion

1’

Headrest

Seat
cushion

8z 01003 10

Flcor

Figure 11. External forces of cushions and floor,

A1l contact forces are calculated by first determining the penetration of a
contact surface on the occupant into a surface with known force-deflection

characteristics. Using the seat cushion force as an example, the pertinent
dimensions of the seat and the parameters required to determine the penetra-

tion of the abdomino-pelvic segment (segment 1) into the cushion are illus-

w3 trated in figure 12, XP and Z, are coordinates of the celter of the contact

%ﬁ surface of segment 1, and Rl is the radius of the contact surface in the (x1 -

;3 zl) plane, (Although this contact surface is an ellipsoid, cross-sections

ﬁﬂ parallel to the (xl - ll) plane are circular. The dimensions of the contact
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) Figure 12. Seat cushion deflection. )
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b surfaces will be discussed in section 2.5.) The position of the seat pan is I
) . o . . s v N . .
- .". %% defined by its height ZS above the origin of the aircraft coordinate system and Y
) the angle 65 that it makes with the aircraft (XA - YA) plane. The unloaded -
thickness of th¢ seat cushion is te, and the loaded thickness under segment 1 {01
is t. Summing the dimensions in the Zy direction gives :
]
Z, = o+ (R + t)/cas B + X, tan g, (37) 5
"
Solving equation (37) for the cushion thickness, N
.
t=(ZP'Zs) coseS-Rl-Xp siné (38)
e
The deflection of the seat cushion is then \h'
N
§ =t -t (39)
o e k.
o .
and the force, which is assumed to act normal to the plane of the seat pan and 'g
[P,
¥ pass through the center of curvature of the contact surface, is calculated from Ry
R "& deflection according to -
* NN N
{ Fuly
.
g
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bé,.
Fo = Ale . (40)

To each normal force, a damping term is &pplied which is proportional to the
deflection rate. The damping coefficient is based on the Rayleigh formulation

in which the coefficient is proportional to both mass and stiffness according
to

C=28m+ak (41)

For a nultidegree-of-freedom system there will be a discrete damping coeffi-
cient associated with each characteristic mode. In a continuous system there
will be an infinite number of coefficients, although several modes will gener-
ally dominate the dynamic solution. It was assumed for the formulation in
SOM-TA that the damping ratio, %, was constant for all deformation modes of
interest. This assumption greatly simplifies the solution of equation (41)
because the damping coefficient is not dependent on the system mass. Equation
(41) can then be simplified to

C= 2Ka (42)

where the stiffness K is the gradient of the cushion force-deflection curve,
and @ is a constant for the system.

The procedure used in SOM-TA to calculate the current value of the damping co-
efficient is based on the curent value of K, and the constant, a, which is de-
termined from input data. The siope of the exponential load/deflection curve

at deflection S is

bS,.
K = Abe (43)

The user supplies a damping coefficient, Co’ for the zero-deflection condition

which the program uses to calculate a by applying equations (43) and (42),
thereby resulting in

C
A = o
2K, (44)




P . A i -

The constant, a, and the current gradient of the cushion load-deflection curve,
K, are used at each time step to determine the instantaneous cushion damping
coefficient from equation (42).

2.4,2 Restraint System Forces

The method used in calculating the forces exerted on the body by the restraint
system differs considerably from that described in the preceding section for
the contact forces. The primary reason for this difference is that the re-
straint forces do not act at any fixed points on the occupant, but, rather,
the points of application vary with the restraint system geometry.

Although other configurations can be selected by the user, & restraint system
consisting of a lap belt and diagonal shoulder strap will be used as an example.
The restraint loads are transmitted to the occupant model through ellipsoidal
surfaces fixed to the upper and lower torso segments. These surfaces are shown
in figure 13. The locations of the anchor points Al’ A2, and A3 are determined
by user input along with the webbing properties. The buckle B for a single
shoulder belt is located according to an input parameter which specifies the
distance from the appropriate point, in this case Al’ along the path of the

lap belt. For a double-strap shoulder harness, the buckle is placed on the
abdominal contact surface between its intersections with the thigh surfaces.

81 0SO003 34
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Figure 13, Restraint system configuration variables.
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The ellipsoidal surfaces are described by

oy o e
-, E ne el -

2,. 2 2, 2 2, 2 _ .
xl /a]. +.Y1 /bl +11 /Cl 1 (45) .
$
E";
for the lower torso, where -
N
b
::‘
a = Rl N
b1 = LH
¢ =R
and
2, 2 2, 2 2, 2 (s
Xo /a2 + ¥y /b2 tz, /C?. = ] (46) @
for the upper torso, where
a, = R2
b2 = L2/2
Cy = L2/2
and these body dimensions are defined in section 2.5,
The restraint forces are determined in the same manner for both the upper and
lower torso. First, the belt loads are calculated from the displacements of
the torso segnents, and the resultant force on each segment is then applied at
the point along the arc of contact between the belt and the ellipsoidal sur- o

face where the force is normal to the surface.
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Explaining this procedure in further detail for the restraint system config-
uration shown in figure 13, for any position of the occupant, the coordinates
of the left shoulder, the hips, and the buckle connection B are calculated in
the aircraft reference frame. The length of each side of the lap belt is equal
to the sum of the free lenyth in a straight line from an anchor point (A1 or
A2) to the outermost point on the hip contact surface (C1 or 02) added to the
length of an arc from that point on the hip to the buckle (B). The shoulder
belt length is computed as the sum of the distance from the anchor point (A3)
to a point of tangency on the top of the shoulder contact surface (D), the
distance from the buckle to the extreme anterior (forward) point on the ellip-
soidal chest surface (E), and the length of an arc over the chest surface be-
tween points D and E. If the length of the belt segment should exceed the
equilibrium (zero load) length calculated initially, then there is some ten-
sile force in the belt. The resultant force on each segment is the vector sum
of the belt forces., Friction between the shoulder belt and chest along the
length of the belt is taken into account by reducing the load in the belt
between the chest and buckle by a constant fraction of the load in the free
length between the anchor point and the body surface. The resultant force on
the lower or upper torso segment may be written generally as

F=Fi +F i +Fk (47)

where Fx’ Ey, and Fz are components in the local, segment-fixed coordinate
system.

To find the point on the segment where F is normal to the surface, consider
first the equation of an ellipsoid:

x2/a% + y2/b2 + 22/¢% < 1 (48)
which may also be expressed in functional form as
f (X, ¥y 2) = xz/a2 + yz/b2 + 22/c2 -1 (49)

where the ellipsoid can be regarded as the level surface f=0 of the function.
At any point (x, ¥y, z) on the surface, the gradient of f is rarmal to the sur-
face. The gradient is given by
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grad f = (2x/a%) © + (2y/b%) 4 + (22/c®)k (50)

and at the point of application of the resultant force, grad f is collinear

with F. Making use of the proportionality between the components of the two
vectors,

2
Fx Cx/a
F = Cy/b? (51)
y
2
FZ Cz/c

where C 1s an arbitrary constant. Solving equation (51) for the coordinates
(x, ¥, 2) and suostituting into equation (48)

1
=1 52
2 (52)

CRC RN

CZ F 2 2, Fy2b2 ' F 2 2

which leads to

c~1JF +F2b + F % (54)

the point of application of F is then

_ 2
X = an /C
2
= F
y yb /C
- 2
zZ = cm /C
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with

- 2.2 2,2 2.2
C -JFX ac + Fy b® + F %c (55)
The negative sign on C can be explained by the fact that each coordinate in

the local system is opposite in sign to the corresponding compunent of the re-

sultant force, or
X>0if Fx <0

y> 0if F <0 (56)
2> 0if FZ <0
The capability of the belt's point of application of resultant belt loads to
move relative to the torso surfaces allows simulation of the "submarining"

under the lap belt.

2.5 OCCUPANT DIMENSIONS AND INERTIAL PROPERTIES

Characteristics required by the occupant model for each of the segments are
the length, mass, center of mass location, and moments of inertia. Also re-
quired are the axial and flexural stiffnesses and damping coefficients for
both vertebral elements, as well as compliance characteristics for the chest
and abdomen. It is assumed that, for each segment, a line connecting the
joints is a principal axis, so that the required moments of inertia are all
principal moments. For each torso el ment, of the two-dimensional model, the
center of mass may, in general, be offset from the spine as shown in figure 6.
Moments of inertia are then moments with respect to axes located at the mass
center. Final data required to describe the occupant are radii of 26 contact
surfaces, which are ellipsoids and spheres.

For two "standard" occupants, a 50th-percentile human male and a 50th-percentile
anthropomorphic (Part 572) dummy, all the required data are stored within the
program. For other nonstandard occupants, the above~described data must be
provided as input. The human data are based on the U.S. Air Force drawing

board manikin (reference 7), whose dimensions were extracted by the FAA Civil
Aeromedical Institute and tabulated with appropriate inertial properties in
reference 8., Dummy dimensions and characteristics were obtained from refer-
ence 9,
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Most of the dimensions and inertial properties used in SOM~TA were taken from i o
references 8 and 9, but because fewer segments are used in the mathematical ':Aiﬁ 3
model, some properties needed to be combined. That is, in the model, the “ 3
hands are combined with the lower arms, the feet with the lower legs, and the
mid torso with the lower torso. The distance from the wrist pivot to the mass
center of the hand was added to the Tower arm length; a contact sphere cen-
tered on the end of this link accounts for the remaining reach of the hand.
Similarly, the distance from the ankle pivot to the foot center of mass was
added to the lower leg length, and a contact sphere was sized to provide the
correct distance between the knee pivot and the floor. Composite mass center
locations and moments of inertia were calculated for the lower torso, lower
arms, and lower legs.

2.5.1 Body Segment Dimensions

The basic dimensions of the occupant segments that are required in writing the
equations of motion are illustrated in figure 14. The lengths of the segments
are, in most cascs, effective "link lengths" between joint centers, rather than e
standard anthropometric dimensions based on external measurements. These %W
lengths, for the standard 50th-percentile occupants, are presented in table 1. '

o

XS

}

-
-

PP
wle el

For segments other than the torso segment, the distance of the mass center of
segment n from the end nearest the body reference point (ml) is Ope The dis-
tance between the mass center and the far end is given by

-
-

5 B

P =1 =~0p (87)

Note that the lengths of the torso segments, L1 and L2, are not used in the
two-dimensional model shown in figure 5 although they are used to generate
contact surface ellipsoids for the graphics display. However, the center of
mass distances, o and Pos and the spinal length, S, are used and

Ly + L2 =P+ P+ S (58)
Also, the seated height is equal to

Rl-+pl+S+p2+N+L3/2 (59)
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Figure 14, Program SOM-TA body segment dimensions,

9

=
H
| =]
SIS A SIS S NN NI AT

37

N

bl ST T NI L R N O o e g oS

Palan db' sl 1




TABLE 1.

BODY SEGMENT LENGTHS (IN.)

\ 50th-Percentile Part 572
N Aircrewmember Dummy
] Segment (reference 8) (reference 9)
R Lower Torso, L1 9.44 10.5
Upper Torso, L, 13.1 11.5
Heck, N 5.10 5.88(2)
! Head, L, g.50(1) 8.35(2)
X Upper Am, L, 11.6 11.3
K Lower Arm, Lg 14,8(3) 13.3(3)
¥
b Upper Leg, Lg 17.1 16.5
3 Lower Leg, Lg 18.4(3) 18.0(3)
b Spine, S 12,403 10.85¢3)
& Seated Height 37.003) 36.0(3)
(1) Scaled from manikin drawing.
Ezg Scaled from Part 572 drawing.
X 3) Calculated.
{
.Z where R1 is the radius of the pelvic contact ellipsoid in the midsagittal plane,

”} N is the neck length, and L3 i3 the head segment length (z-direction, approxi-
ma tely menton to top of kead, in anthropometric terms).

2.5.2 Body Segment Weiyhts and Center of Mass Locations

Body segment weights and axial locations of centers of mass for the two stan-
dard occupants are presented in table 2. The dimensions e, and €0 by which
the torso mass centers are offset from the spine were determined to be 0.20
and 0.70 in., respectively, based on simulation of vertical (+Gz) tests. A

38

.....

TR R e PR Ny T SO A e St
¥ %% Y z'ﬁ -‘,\'\1_ “-,‘._,-'L .v"_

-

R L G VIR
u. n-"_ R A v .




. .r.\-...-‘.\ <o w <R h..\.ru;.hf\

R

oy

by

2

2

2

7

*sabepuadde om3 40j 3ybism pauiquoy (2) m.

*pajena(®) (1) ¥

¥

G $91 L°6L1 Y101 ~

. - JIII '|‘||I| Poo \M
(o ()%’ (2)° ¢ (2)° 18 Surpnysut) ;
637 43M07 m

5¢°8 9%°8 poey by 531 Jaddp F
(2) (2) ;

. . . . ue 2
(0% (10t (2)94°6 (2)7€8 utpn ious) ;
WAy J3M07 ]

o ;

LY 20°9 ANth 6 Amvwﬁ 8 usy Jaddp ™ ;
§0°§ L5°5 1°01 GE°6 PesH :

4 A £6°L 861 ve°2 Ao ]
(1)35°9 (1)?9°L 0°Z¥ 0°5S ostoy aaddp
ACDJ :vom.m 9°8¢ €°1¢ 0sJ0] 43mo07
(6 9ousiaiad) [CEEEIEXEIEN) (6 9ousia4ad) {8 9ou949334] Juaubag ..
Aungng J3QIURUMBADI LY Aung J3qUBIMS AU LY !
2LS 34ed 3L LIUadL34-Y30G 2/G 34%d 3| L3u3d42d-4309 1
T°ul) uUsLIP30] SSPY JO J33ua {q1) 3ubtom

SKOILYI07 SSYW JO ¥3LIN3D ANV SIHOIIM INJFWO3S A008 °¢ 374Vl

A A A e Ny Y - £ P v T T . —~ r
. > - AT, - L 4 ALY e R e SR T TP .
.,l',’ 8 + bl - ati | = e sel .Wl\ul > o H .n w3 e B < A -2l S

s - -
- * . * B B
. - . . PR P— -




value of 1,17 in. for the corresponding dimension for the head, @ is based
on Part 572 dummy drawings.

2.5.3 Body Segment Moments of Inertia

Body segment moments of inertia are presented in table 3. As indicated, mo-
ments of inertia with respect to lateral (y) axes were taken from references 8
and 9 for the standard human and dummy occupants, respectively. The moments
of inertia with respect to the segment x- and z-axes were determined using ap-
proximations to segment geometry. The torso and head segments were approxima-
ted by ellipsoids. Assigning appropriate anthropometric dimensions to the el-
1ipsoid axes, ratios Ix/Iy and Iz/Iy were calculated for unit mass. These
ratios, multiplied by the I‘y from reference 8 or 9, gave values of Ix and IZ
for the torso and head segments. The identical procedure was used for the ex-
tremities, except that these segments were approximated by solid circular cyl-
inders.

TABLE 3. BODY SEGMENT MOMENTS OF INERTIA (lb-in.-secz)

Iy
50th-Percentile Part 572

I Aircrewnember Dummy I
__Segment X (reference 8) (reference 9) "z
Lower Torso 4.03 1.19 0.760 2.323
Upper Torso 2.37 3.29 0.926 1.70
Neck - 0.019 0.0177 -
Head 0.160 0.199 0.266 0.233
Upper Arm 0.131 0.120 0,135 0.022
Lower Arm
(including
hand) 0.105 0.254 0.185 0.195
Upper Leg 0.212 1.41 1.22 0.873
Lower Leg
(including
foot) 1.28 1.17 0.994 0.505
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2.5.4 Body Contact Surfaces

Twenty-six surfaces are defined on the body for calculation of external forces
exerted on the occupant by the seat cushions, the restraint system, and the

rear of the seat in front. These surfaces are ellipsoids, cylinders and spheres,
as shown in figure 15, The dimensions of these surfaces, listed in table 4,

were obtained from anthrupometric data in references 8 and 9 or scaled off the
drawings of the manikin and dummy, The surfaces and the dimensions required for
their description are illustrated in detail in figure 16.

Surface Identificaticn

Lower Torso
Upper Torso
Head

Right Upper Arm
Right Forearm
Left Upper Arm
Left Forearm
Right Thigh
Right Lower Leg
Left Thigh

11l. Left Lower Leg
12. Right Knee

13. Left Knee

14. Right Foot

15. Left Foot

16. Right Hip

17. Left Hip

18, Right Shoulder Joint
19, Left Shouldexr Joint
20. Right Elbow

21. Left Elbow

22, Right Hand

23. Left Hand

24, Neck

25, Right Shoulder
26. Left Shoulder
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Figure 15, Occupant contact surfaces
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o TABLE 4. BODY CONTACT SURFACE RADII (IN.)
50th-Percentile Part 572
Contact Aircrewmember Dummy
wurface (scaled from manikin) (scaled from drawing)
Lower Torso 4,00 4.50
Upper Torso 5.00 4.50
1.\
o heck (1) 2.00 2.00
N (2) _
Head 3.75 3.44
ko Upper Arm 2.10 1.95
I,
o Lower Arm 1.65 1.85
= Upper Leg 3.28 3,10
-\
R Lower Leg 2.23 2,30
o Hip'd) 3.56 3.56
L (4)
. Shoulder 2.00 2.00
| 2 Foot 1.60 1.60
gﬁ (1) Neck circumference divided by 27 .
X (2) lead length (anterior-posterior).
E3) Hip breadth (sitting)/2 - hip link length (L g.
b 4) Shoulder breadth/2 - shoulder link length (LS
:;
 lj 2.5.5 Joint Rotation
' } The results of several studies on the limits of human joint motion have been
ko published. Two of these studies, in particular, were examined for applicabil-
33 ity to the occupant model. First of all, Dempster's (reference 10) data on
o Tink lengths and inertial properties were used, as discussed in precediny sec-
‘? tions, so it was considered appropriate to include his joint data here., Glan-
3 ville and Kreezer (reference 11) presented limits of joint motion for both
'“ii voluntary and forces rotation; their results appear, alony with Dempster's, in
R . table 5. Uefinitions of the various joint motions are illustrated in figure 17,
'Lg Also included in table 5 are the rotations required for the Part 572 anthropo-
;j morphic dummy.
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Figure 16, Body contact surface dimensions.
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All of the rotations possible in the mathematical model are included in table 5
and figure 17, but some are, naturally, wore important than others in deternain-
ing permissible ranges of motion for the mc iel. For the head, ventriflexion
A (B) is certainly the most important component of motion for frontal impact.
QEE& Dorsiflexion (A) may also be important for frontal impact, but the angles re-
ported are sufficiently close to those for ventriflexion to be considered the
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same. Laterial flexion (C) is certainly less important since a pure lateral
impact of an aircraft would be rare indeed, and rotation (D) will have an in-
significant effect on model response. Therefore, the limiting rotation Bs.

i

(see section 2.3) for the neck joint (i = 2) has been taken as the limit for
voluntary ventriflexion, or 60 degrees. This angle can be found in table 6,
along with the limiting angles for the other body joints. For ail of the other
angles, flexion is the most significant component for the type of motion that
can usually be expected to take pvlace in a crash environment. Therefore, the
Timiting angles were all taken as the limits for voluntary flexion. Note that,
for the hip joint, the reference position of the body used in the mathematical
model includes 90-degree flexion. Therefore, this amount has been subtracted
from the angle reported in table 5, which is defined relative to the standard
anatomical reference position. Since the seated position appears to aid in
flexion of the hip joint, the largest angle in the table, the one given by the
Part 572 specifications, was used in determining 857 which is thus given by

Bg = 120° - 90° = 30°,
7

TABLE 6, JOINT LIMITING ANGLES

Angle - BS

Joint Location (deg) i
1 Back 40
2 Neck 60
35 Shoulder 180
4, 6 Elbow 142
7, 9 Hip 30
8, 10 Knee 125

2.5.6 Body Stiffnesses

The lumbar spine and neck of the two-dimensional model possess exponential
stiffness characteristics, in the form of equation (40), for both axial and
rotational deformation. Exponential stiffness characteristics for the abdo-
men and chest are used to soften the input force-deflection values for the
lap belt and shoulder belt, respectively.
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3.0 SEAT MODEL

The seat structure is modeled using the finite element method of analysis.

This method has been selected because it is not reliant on previous testing,
and it has the flexibility to deal with a wide range of design concepts. The
specific finite element formulation used in the program is based on the WRECKER
I1 program, developed at the ITT Research Institute (reference 12},

Program SOM-TA seat analysis uses three-dimensional beam elements., It has the
capability to model large displacements, nonlinear material behavior, Tocal
buckling, and variocus end release conditions for beam elements. The large
displacement formulation separates the element displacement field into a rigid
body rotation and translation associated with a local coordinate system that
moves with the element and small element distortions relative to the current
position of the element coordinate system. This formulation can accommodate
extremely large rotations and deflections with accuracy depending on the size
of the elements relative to the curvature of the structure, Nonlinear material
formulation is based on a uniaxial elastic-plastic stress-strain law. Beam
end release conditions include axial load, shear, moment, and torque releases.
Also, a simple local buckling model for thin-walled tubes subjected to axial
compressive and/or bending loads was incorporated into the program. This model
simulates the reduction in bending rigidity of the tube as the cross section
distorts during local buckling,

3.1 SOLUTION PROCEDURE

The solution procedure is based on formulation of equations of quasi-static
equilibrium for the finite element model in an incremental form according to

- - _ =t = p
K3 Gy = Uy =Fiy - Fy (60)
where 5J = Tangent stiftness matrix
?$+1 = The vector «f external applied loads at 1'+1th sotution time
step.
'F% = The vector of internal forces associated with element deforma-
tions at 1th solution time step.
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T% 3} = Displacements/rotations at 1th solution time step.

o
5 ey The external forces, FE, including restraint system loads, occupant loads on

" the seat pan and seat back, and seat support reactions are treated as static
'_EE loads on the seat structure. The mass of the seat structure is neglected,
- since in most simulations it will be a small percentage of the total occupant
. b weight, and the seat structure is assumed to be in a quasi-static equilibrium
i-(i with the applied external forces 2

The tangential stiffness matrix 5¢ depends on the state of stress of the seat
; structure and varies with time during the simulation. Therefore, it must be
¢ recoiputed, assembled and inverted at selected time steps during the solution.
o The major computational effort is the inversion of ﬁq’ which requires N52 multi-

‘ plications where B is the semibandwidth and N is the number of degrees «f free-
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3.2 BEAM ELEMENT FORMULATION

P BTG

Large displacement formulation separates the beam element displacement field

into rigid body rotation and translation and small element distortion relative g’
to the current position of the element coordinate system. After the rigid body 5{
motion 1s removed, it is possible to use the classical small deformation finite é
element formulations. Consequently, extremely large rotations and translations ¢l

can be accomnodated with accuracy depending on the size of the elements relative
to the deformed curvature of the structure.

L

[N .
Wy
. o
The beam element is based on the conventional small-deflection formulation in- :
volving cubic displacement fields for transverse displacements and linear dis- ;,
1
placements for axial and torsional displacements. 4
|
I
From the principle of virtual work, the general form of the beam element tan- -
gent stiffness matrix (reference 12) is given by s
T i
k; =/ pcpav (61) %
T !
(M
| 'y
where K. = Element tangent stiffness matrix M
\ D = Matrix that relates element strains to nodal dis- i
’ placements ad
o C = Constitutive matrix that relates stresses and strains. 5

2 o
' 3
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For linear elastic beams, the form of the equation given in equation (61) re-
sults in the classical 12 x 12 elastic beam stiffness matrix shown in fig-
ure 18,

>
1

Where area of cross section
E = modulus of elasticity
[ = moment of inertia

= modulus of rigidity

G

J = torsion constant
L = length of member
)

M, , (M, ), (M = moment about x, (y), (z) at node 1
37 Y Zj
Fx y (F, ) (Fz ) = force in x, (y), (z) direction at
i Yy i node i

6 ©.), (6, ) = rotation about x, (y), (z) axis at
v Yy i node i

Uy s (v )s (W, ) =%, ly), (z) component of displacement
i Y i at node i

For nonlinear materials the constitutive matrix C is given by

= Ao
.g' A€ (62)

where Ao = incremental stress

Ae = incremental strain.

Using the cubic shape functions for the transverse displacements and linear
shape functions for axial and torsional displacements in matrix D it can be
shown that (reference 12)
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L Sf2 =Sf2 Sf3 -4f; ™
5T’“,F./ 5.2 .8f, 8 f ‘ &l
| 0 y2 “°x'3 y'3 s
| 2 2 X
| §f1 ~&f1 ;
ok |
2 I A
i Gyfl_ (63) l
N
where 2 = element length Q::;
2
f, = 6x ~ 20 _ ,
5 f2 = 6X - 42:
\ .
l f3 = 1%
~:. TRk
-yl I
_ Ao 2 Ao E?
dx—fyzEdA,6y=fy e dA, )
A A B
2 Ao ;
S, =J 2% — dA .
Z p b (64) b
O
1 The integrals defined in equations (63) and (64) are calculated numerically .?:“:
through the cross section and along the length of the beam element. The inte- :'i
gration is piecewise linear through the depth and linear along the length. :?.,i
4
iy
. A I
B gl g
\ -$
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Once the element stiffness matrices have been evaluated, it is necessary to
assemble each matrix to sowe global system. To accomplish this, an element
coordinate system (Q, &. z) is attached to each beam element and serves to
define the rigid body rotation and translation of the element, The orien-
tation of element axes (2, 9, ) with respect to the global axes at any time

is established by the coTpogenEs of three vectors El’ 62, 53 which remain fixed
along the elenent axes (x, y, z), respectively, as the element translates and
rotates, If these three unit vectors el, ez, e3 form the columns of a 3 x 3
matrix £, then any vector V can be transformed from element to global coordinate
system by the following time dependent transformation:

:

‘ Ve s £V (65)
ﬁ For beam elements (figure 19), the x-axis is defined by a 1ine connecting the
; end points of the beam, and the y-axis, by a 1ine normal to the x-axis and

l lying in a plane containing both the coordinate reference point and x-~axis.

? The remaining z-axis is determined as a normal to x- and y-axes by the

b % righthand rule.

N

\ Also accounted for in the transformation between the local and global systems
] is the offset of the beam end nodal point from the beam cross-section centroid
N and shear center (figure 19b). This transformation is particularly important
;; for open beam cross-sections where the centroid and the shear center do not

) coincide. The appropriate transformatirn for the beam end, consistent with

the beam kinematic assumptions, can be written as:
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Bx R By , BZ = Cross-section rotations about beam local x, y, and z
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Rt
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" j

(U 7 't;]%
n 'k
1 L
v 3
ni ,:
t
. L N "
0y 100 0 -z -z ) +y, -y ) |, .
" (66) K3
. \t.
vy > = 1010 z, 0 0 < > %%
™
Bx a
M) .P 01 Y 0 0 ] i ~
B
Yy
Bz.
Y
where ui, vi, W, = Displacements at the shear center in beam local x, vy, 6&ﬁﬁ
and z directions.
Vo W,o® Displacements at the node point in beam local x, vy,

i i and 2 directions.

AN

i i axes,

Yy 2, = Distance between the shear center and the node point sg
(see figure 19b). )ﬁ'
&
ycg’ ch = Distance between the shear center and the centroid. h,
o
A
) Y
w3
O
ne
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Figure 19. Three-dimensional beam element coordinate
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3.3 INTERNAL RELEASES IN BEAM ELEMENTS %?‘

The program allows the use of "end releases" in beam elements. The beam end
release conditions include axial load, shear, moment, and torque releases

at the end nodes. Combinations of these releases are possible, e.g., a ball
joint is formed by releasing moments in three different directions.

Depending on the direction of the end rclease, the original beam element stiff-
ness matrix is modified as follows:

L (67)
where ﬁe = Element stiffness matrix
b = Element end displacements/rotations
fe = Element end forces/moments
Rewriting equation (67) as 3
W
- - vl :
Ker K i F @
7. =FF =fR F _ F\ (68)
§ _ _
K Kar W)\
' where Ac = Fixed end displacemen’s
g = Released end displacements
F. =

e Fixed end forces/moments

From equation (68)

Kpp 8 * Kpp 8g = 0 (70)

Solving for KR from equation (70) and substituting into equation (69)

| -
Bp = -Kpr Kgr 2F -
RN
Kee - Kep Kon Koe| B = F "
Kep = Xep Kr Kpre| & = Fr
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The modified beam element stiffness matrix Ee* is then given by:

Y
Kc - K 5 F 0
*x = -oF _FR RR -RF (71)

K
—€ 0 0

—

3.4 MATCRIAL NONLINEARITIES

Nonlinear material formulation for beam elements is based on uniaxial elastic
plastic stress-strain law.

The computational algorithm is based on the work of Hartzman and Hutchinscn,
(reference 14), as specializad for sinall strain and plane stress conditions.
The current stress state at a point on the cross section of the beam is estab-
lished as follows: 1let the prior stress state of the point under consideration
be cXO and a small increment in strain from the prior state to the current
state hy Aex. First a tentative, curreni stress state, o, is calculated as
though the strain increment were compleately elastic.

0 EAe

- X
o, =0, +-]:---——-2- (72)
.
where E = Modulus of Elasticity
Y = Poisson's ratio

An effective stress Eé ='3x is used to determine whether plastic flow has taken
place during the strain increment., If E% is less than the prior effective
stress Oéo at which yielding occurred, elemental ioads are decreasing and the
tentative stress calculated 8; is the correct value of the current. stress Oy -
If Ee is greater than the prior effective stress 060, at which yielaing oc-
curred, tentative stresses calculated must be modified to account for the
plastic behavior, Hartzmar and Hutchinson (reference 14) have shown that the

true value of the current effective stress will be:

BN A] AR | RTINS | I S RSN, . P nTT




w e b
s £ -
1 _‘.'“?

PR
QQ

+
2
o2

g * - (73)

CLR
® e v -

v . (E)(Ep1) =
where Hy = Spiopt i=1,2

and Epi = Plastic modulus (figure 20)

o
-

> . -

Il G = Shear modulus
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Figure 20. Trilinear stress-strain relation.
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The current state of stress is then given by

1+ A5 (74)

1 %
where A= 3-(2;- -1)

<]

3.5 LOCAL BUCKLING OF BEAM ELEMENTS

Local buckling is one of the failure modes of thin-walled tubes, typically used
in 1ight aircraft seats, when subjected to axial compressive and/or bending
1oads. Evaluation of the results of dynamic tests of seat-occupant systems
have indicated that the local buckling of thin-walled tubes have a significant
effect on the response of the seat-occupant system. Therefore, a simple local
buckiling model for thin-walled tubes was incorporated into the program,

Local buckling is traditionally expressed in terms of a moment-bending curva-
ture diagram as shown in figure 21,

? 4]
= Initial °
. o
m o
: -
0
B O
o) \
= Ovalized

>~ -
Curvature change - 0 Buckled

Figure 21. Moment capability versus curvature
of a thin-walled circular tube.
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The cross section goes through several stages of deformation as the structure
bends. Although during this cross-section distortion axial stresses redistrib-
ute themselves, it was proposed in reference 15 that the reduced bending rigid-

ity is most strongly related to the loss of lateral moment arm of the axial
forces.

For a circular tube under uniform compression the stress, g at which local
buckling starts is given in reference 16 as

o, = KCE(-B'-) (76)

where 0.4 < KC < 1.2 (recommended values)

E = modulus of elasticity
t = wall thickness of the tube
D = diameter of the tube.

It was also proposed in reference 16 that for tubes subjected to bending, the
local buckling stress, oL» 5 a function of material and geometry, can be taken
as that for a circular tube under uniform axial compression, since in bending,
a significant portion of the circumference is subjected to a relatively uniform
compression field. However, dynamic tests of seat-occupant systems have indi-
cated that the thin-walled circular tubes have suffered local buckling at stress
levels much below that predicted by equation {75). This was partly due to the

fact that the bending stresses have exceeded the yield point and the tubes have
also suffered plastic deformation.

To account for plasticity as well as cross-sectional properties, an empirical

relation, equation (76) was used in he program to predict the local-buckling
stress

0.4 E (t/D)
o L = Minimum (76)

Ty
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where o = local buckling stress
Uy = comprassive yield stress
t = wall thickness of the tube
D = diameter of the tube.*

The cross sections of beam elements are defined as thin-walled plate segments

by specifying their end points and thickness as part of the input data (fiqg-

ure 22). The tangent stiffness matrix for nonlinear beam elements is then com-
puted by evaluating the integrals given in equation (66) over the plate segments
defining the beam cross section.

The program computes the stresses at all segment end points across the cross
section at each end of the beam elements. These stresses are then compared
with the local buckling stress, O, computed from equation (76) for each beam
element, If any of the compressive stresses at the segment end points exceed
o the deformation of the cross section is modeled by modifying the radial
Tocation of that segment end point using the following exprassion

-Points defining end
points of
segments

82 01003 20

Figure 22, Circular tube cross section defined
by eight thin-walled plate seguents,

*For rectangular tubes the diameter of a circumscribing circular tube is used,
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&

!

{ where R1 ~ radial location of the Gaussian station at time
. step 1

Tocal buckling stress

”
Q
Q
—
']

i+l compressive stress at the segment end point at time step i+l

=
[

local buckling constant (0.50 recommended).

| Consequently, reduced bending rigidity of the cross section due to the decrease

“% in the lateral moment arm of axial forces during local buckling can be modeled.
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4,0 SIMULATION COMPUTER PROGRAM

The digital computer program based on the occupant and seat models described

in sections 2 and 3 is called Seat/Occupant Model - Transport Aircraft (SOM-TA).
It has been written entirely in FORTRAN to ensure a high degree of compatibil-
ity with various digital computer systems. During development, the program

has been run on IBM and Digital computer systems.

;Q

The elements of the proyram can be considered in terms of three general opera- o
tions: bs
o Input and initialization @

¢ Solution .

o Output .

which are summarized below and discussed in detail in the sections following.
The general flow of the program is illustrated in figure 23, Input data de-
scribing the occupant and crash conditions are read first., Finally, the seat
data, either simple dimensions describing a rigid seat model or detailed de-
sign data for the finite element seat analysis, are provided. Based on the
input data, the values of constants, such as occupant dimensions and proper-
ties are calculated, and the initial position of the occupant is determined.

The solution loop is entered for the first time with the aircraft initial %
velocity and the occupant initial position., At each subsequent entrance to ﬁ
the loop, the current aircraft displacement, velocity, and acceleration com- i
ponents are calculated. The equations of motion for the occupant are set up h
and solved. If a finite element seat model is being used, the forces applied 6
to the seat, such as the cushion forces, are provided to the seat routines for §
computation of seat displacements. At time incremnents equal to a predeter- :
mined print interval, the output variables requested by the user are stored E
for printing after completion of the solution. ‘
!

!

63 |

. :‘:‘-%‘.-' RS vt ."-_ DRy ._“F-r ..................... .; - r

ANV R L PN g.".»..'fa.'f




18 80010 30

/N

andinoe

.ﬂw-".lmﬂl;lﬂ

et s B o R AR

- L

ot 34
N

*1Jey3 MO umuaboug

YTI)PM SSIUIFTIS
Ioisem ~3°J IS

g2 d4nbiy

XTIIEH
SS3UIIT3IS
s3wpdn

598S3I35S
pU®R ‘SuoTIOPaI

1 SIUSTIDRTAS TP
3RaS 23vTnOTeD

I¥g pue
xIpUT
A3 TIDASS

a3eTnoTe)

b ws oo v — ow—

x1I3PW
SsS3u3; T3S
I33seu *I°3
3035 II9AUT

pue WIT3

uot3dransap
IO0TISILT
IIRADITY

¢

-
|
i
l
]
!
]
1

—

v

SJIUBJISUOCD
EP1-R b g el

sanies
TRTIIEY
15¢

£31o0To4 Joedat saniong S3IDURISTSII
3oedut zo3 Mg TRPUIIIND autol
2yeTroTRD ADIYD 23eTNOTED ajern>ied
— k A
_ UOTILIITIODR A3ooian
Jo1id worzow 3o 103 suotTienba uoriox jo ‘uor3exa[adde
suotsenba - suoTenba :
I 23e1boguT ad SNOaLRITNATS &n 35 3I3erdITR
30 39S aajos a3eInsIB)
4
Aressasau uURy3 IJTIRTS

swIay Abraua
TeT3u93cd
|83eInsIeD

sweral Lbiaua
ST32UTY
23eIROTRD

t

UoTITSOS
TETITTT
auednoss
SUTUIBIST

PO SASIUTIS ¢ W S,

64

N ‘-l‘.““.l ‘n"‘-' ':.?""y.- h

R T
WL
L) Al ‘-F

-_'}

R
L

».‘

)N

$\

SO
.

N AN

DAL

™ .

.

e
- i - ‘1‘



4.1 PROGRAM INPUT

Input data are read by the program in the following six blocks:

1. Simulation and output control information
2.  Cushion properties

3. Restraint system description

4, Crash conditions

5. Occupant description

6. Seat design information.

4.1.1 Simulation Control Information

The first block of data contains the information required for controlling
execution of the program. The selaction of system of units (SI or English),
two- or three-dimensional occupant, the type of seat {single-, double-, or
triple-occupant) along with identification of the positions that are occupied,
secondary impact information (if desired), total simulation time, and identi-
fication of desired output, are provided here.

4.1.2 Cushion Description

Cushion load-deflection characteristics are described by an exponential func-
tion, whose coefficients are provided as input data. The equilibrium (zero
load) thickness for both the seat and biack cushions are also given. The cush-
ion damping coefficient for zero deflection described in section 2.4.1 is also
entered.

4.1.3 Restraint System Description

The restraint system used in the simulation may consist of a lap belt alone or
combined with a single- or double-strap shoulder harness. The webbing force-
elongation curve is approximated by three linear segments, which are described

.._
TS &

3

g‘;;'; 9 o

L i S gl T SN R '




o by input of points on the curve. The force is computed by linear interpola-
| g tion in this table, as described in section 4.3,1, The slack in the webbing
is also provided by input in units of length,

_%
: § The anchor points for the lap belt and shoulder harness are located by input
Fﬂg, of rectangular coordinates in the aircraft reference system. For a double-
. strap shoulder harness, the buckle, or point of connection to the lap belt, is
::,: assumed located on the mid-point of the lap belt. For a single shoulder belt,
-@P which may pass over either the left or the right shoulder, an input parameter
, ﬁ focates the buckle by the length of webbing between the huckle and the lap belt
anchor point. This Tength may be zero if the buckle attaches directly to a
k. rigid anchor point.
.,%
:* 4.1.4 Crash Conditions
: ;f The aircraft crash conditions are defined by the initial velocity and attitude
":3 and the acceleration as a function of time. Six components of velocity are
) W required: three translational in the aircraft coordinate system (VXA. VYA, VZA)
W and the yaw, pitch, and roll rates (¢A’ éA' $A). Each of the six acceleration
~\$1 components, which define the acceleration of the aircraft coordinate system,
'QL is described by sixteen points in time and acceleration. An example of an ap-
,'\_ proximation to an actual acceleration pulse is illustrated in figure 24. Al-
i W though many of the higher frequency oscillations observed in the actual pulse
.ai probably contribute 1ittle to the overall response of the occupant, the use of
" a large number of points reduces the effect of the investigator's subjectivity
“; in the approximation.
',j 4,1.5 Occupant Description

Because it has been assumed that the principal user of this program is inter-
M ested primarily in the seat or restraint system, a minimum of information is
| ﬁ* required to describe the occupants. Data for standard human and dummy occu-
M pants, as described in section 2.5, are stored within the program. Additional
data must be provided for nonstandard occupants.
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)

4.1.6 Seat Design Information

4N

The input data required to describe the seat consist of nodal coordinates, B
) material properties, cross-section geometries, element locations, and attach- ri
ﬂ ment conditions, as described earlier. Frfor possible use in restraint systam {
i Ldéyﬁ analyses where detailed seat response may not pe important or seat design
OV EH

GEASE] PR SAnAs




unknown, a rigid seat model can be selected. Input data for the rigid seat
option consist anly of locations of the seat pan and seat back.

4.1.7 Seat Back Contact Surfaces

1f contact between the occupants and the back of the seat row in front of
them is to be simulated, input data are required to define the dimensions of
the surfaces j1lustrated in figure 29. Additional data are then required

to specify the force-deformation characteristics of these surfaces, which
represent cushion, tray table, and armrest surfaces.

86 01002 74

Figure 2. spat back centact syrfaces.

68

AP
e

-
>

<w§k”V

e
s
-

¥

R

-

3

z
a

K.
-

A 33!?:?5?33:&:3:'3!.

‘:.rA.rd “Z‘,ﬂ":‘:

S



Y,
;‘Eglé%é%} 4.2 OCCUPANT INITIAL POSITION
Y
HQ The initial position of the aircraft occupant is computed from the input pa-
, Q% rameters shown in figure 25, The occupant is seated at Y-coordinate of the i
| gf mid-plane (plane of symmetry) for each occupant as specified in the input 1“'
~ data. The angular coordinates Y; (i =1, 2, 3, 4) define the rotation of @i
; o segiments 1-4 relative to the ZA axis and, hecause of the symmetry condition, § ,
f DY segient 6 is parallel to segment 4, Positive angles are shown in figure 26 b¢
C'Td although Yl and Y2 are usually negative, considering the torso to be approxi- ss
ey mately parallel to an aftward-sloping seat back. The angle Ye describes the Ei.
& position of the forearms relative to the upper amms, and is the initial value g
N of ag and a,. The distance X, is the initial X-coordinate of the heels (the Q§
-.if inferior ends of segments 9 and 11). The procedure described below consists ?ﬁ
;E of seating the occupant in such a position that static equilibriun is achieved '
. among the forces exerted by the seat cushion, floor, and either the restraint ’
'7*;* system or the back cushion.
- The first step in determining the initial position for the three-dimensional
P occupant involves calculating the Euler angies for the torso, head, and arm
\ segnents, since this procedure does not require consideration of the forces
N due to the cushions and floor. DRecause the input parameters illustrated in
‘ s: figure ¢5 define the position of the occupant in the aircraft coordinate sys-

:.; tem, the orientation of the aircraft must be described in the inertial system, ;
N For an aircraft in level flight with cero pitch, roll, and yaw, it is assumed -,'
L that the afrcraft cocrdinate axes (XA’ YA, ZA) are parallel to the fixed co- <
' g; ordinate axes (X, Y, Z) at the initial time (t = 0). A general orientation of Y.
. W the aircraft reference frame is obtained by the same sequence of rotations ,;;
o defined in section 2,1.1 for the body segments. Defining the rotations ?ﬁ.
hy ;
%. Yoo Yaw ..‘:',t
'. 0,: Pitch '_\

1 Yy
E: 9p: Kol o
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Figure 26, Initial position input parameters.
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tine orientation of the aircraft relative to the inertial system is described
by the coordinate transformation

r 3
g

X)) C 1 (x )

A > (78)
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.I‘.l

i

’3:;; where the elements of [A] are

I’\11 = COS Yy COS By

ok

ﬁf Alp = cos by sinB, sing, - sin ¥, cos ¢,
s

A13 = COS \IJA sin GA cos ¢A + sin\DA sin CbA

A21 = sin le cos SA

Ayp = sin yp sin 9y sin ¢p + cosyy COS O 4

g

8. o . .

4 j A23 = 5in wA sin eA Cos ¢, = €OS \IJA sin 4>A

Ej

t. Ayy = €OSB, COS O, (79)

\J

The rotation of body segment n relative to the aircraft, remembering that the ~
"N sympetry condition requires that Yn is parallel to YA’ is described by '_
Y
A Y . 1 (¢ R - .

:’ Xn cosy, J siny, Xn N
;- n N
‘:i g"
p YA = 0 1 0 Yn (890)
X a. n I‘IP
. R
-2 ZAn -siny. 0 cosy, z, ; v
\ J L J \\ ) Y

‘_ ‘; Combining equations (78) and (80) results in the angular relationship between ;E
Zj the local coordinate system of segment n and the inertial system expressed by oy
"-, the following transformation, which is a function of the input Yy, and the air- Ne
- craft pitch, roll, and yaw: -
e r
LY P
[\ "‘
W o
SO e

[\ & r"

71

r
2
v

YL

- u AW .t .. -, « . et at . R R R
OO R A R R N SN SR DN IS B R A N Y O Y A DR gy (U PA T TR o NIy O (s RSN TR




X“W ] ’xn\
Y ) - B" < Y > (81)
Zn) L LZnJ

where [Bn] is given by

[ ] [ cosy, 0 siny]
(8" = |A 0 1 0 (82)
:ﬂ N L-S1n Y, 0 cos Yn_

so that its elements are

B'h =Aj cosy, - A, sin\(n

n _
Bl2 = M2
1. n . c.
\\ B13 "All siny +lf\13 cosyn
b

Brz‘1 = A21 cosy - A23 sinyn

:‘ n =
% B22 = A2z
.-
% 8" = A., sin + A,, cos
‘ 23 " N1 3y, T Rz €03y,
,' n
831 = A31 cosy - A33 sin\(n
{
‘ BN, = A
® 32 7 "32
N n
) Bz = Agp siny +Ajscosy (83)

Comparison of equation (81) with equation (1) points out that the transforma-
tion matrices [Tn] and [B"] are equivalent. Because [T"] is a function of
Euler angles for segment n, equating the elements of [T"] and [B"] through

i
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i [(M1=(0"7 n=1,2,3,4,6,8 10 (84)
et
permits calculation of the initial values of the generalized coordinates from
input parameters-yn and Yo By and pe The procedure as used in Program
SOM-~TA is outlined below.

First en is determined as follows:

n _ B - an
T31 = B31 or -sin® " 831

N TR X e—

which gives
=--1_ﬂ
6, =sin ( 831) (85)
The cosine is then found by

- v =1 n
cos@ = cos [sin (-331)]

7

Qzﬁi

so that wn can be determined:

qu = B'{l or cos¥ =cos® = B?.l

o o= e e

gives

v o= cos"1 (Bql/cos en) (86)

n

and, for determination of O

Tg3 = 833 or cos en c05<pn = 833
gives
oy = cos™! (Bgs/cos 6,) (87)
+ Equations (85) through (87) #re used for segments 1, 2, 3, and 4; the symmetry

NOATY requicement provides the Euler angles for segment 6, which are equal to those



we . .
for segment 4. At this point the generalized coordinates 94 through d20 have _ §;:§ '
L)
been determined. The next step involves seating the occupant and calculating $§f,‘§£
L] ;‘B'v
X{s Yl' and Z1 (ql. Ops and q3) from static equilibrium,* -

L

Tl

-
-
-

Because the problem of seating the occupant is statically indeterminate, cer-
tain simplifying assumptions are made. The first assumption, which is approxi-

)

O\

hy,i

mately correct for typical seating positions, is that 15 percent of the occu- ‘1
pant's weight is supported by the floor. In other words, 85 percent is sup- :J:;‘
ported by the seat cushion and, depending on the aircraft attitude, the re- \ﬂ'

straint system or the back cushion.

o

A first approximation to the initial position is made for the assumption of
level flight (eA =Yy = by " 0). The cushion forces act on the body as shown
in figure 27, where it is assumed that 15 percent of the occupant weight is
supported by the floor, as discussed in the preceding paragraph. Summing
forces gives

7 -1’—,, £ o b

»
5

4

.»-"

| '
\]
. _ ‘
FXA. FB coseB- FS smes-o .“H‘L’:.
(88) = ah
k)
FZA: Fgsingg + Fgcos 0 = W 4
1-‘
L
which can be solved for the cushion forces: g' _
N
FS = W' cos eB/cos (eB - es) X
(89) )

Fp = W' sin 6 g/cos (eB -es)

Cial o St W ¥

Dimensional considerations permit the coordinates nf point P to be written as
functions of the thicknesses ts and tB of the compressed seat and back cushions,
respectively.

£ 2o 4 -

-
',
-

"
3
\ .
*Note that the computation of Euler angles is required only for the three- :
dimensional occupant model. For the two-dimensional model, the corresponding o~ '-"L
generalized coordinates are obtained directly from input data. 7 T
A :_ .
X
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o Figure 27. Forces acting on occupant
- torso (level flight).
R - - g
i Zp = Ig + (R + tg)/cosp g + (Xp = X) tans ¢
. (90)
-
.- o _ .
. Xp = kg + (Ry + tg)/cosd , (Z, - Zg) tang 4
1 which can be solved for Xp and Z,/ to give >
; | ;,}
Ly - . . + ) ‘
V XP X5 f1 smeB f2 Cos @ ¢ (s1) d
. ZP"'S+flcoseB+f251"eS 3{
A where f.= (Ry + t)/cos (B, ~ 6¢) g
g 1 175 B~ US L
RGN -
: \A"' . - N - ) tA
2 f, = (Ry + tg)/cos (85 - O R
o 5
[ |
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o

o ¥
j? Since the force-deformation characteristics of the cushions are known from é%
%ﬁ input data, the compressed thicknesses tg and tg can be calculated from equa- Qggéjkﬁ
A tion (89). These values, when used in equation (91), give the coordinates sl
33; of point P for the first approximation of level flight. The equilibrium "
"4 (zero-load) lengths of the lap belt and shoulder belt(s) are calculated for

o the body in this position.

‘_’u

0 Next, t#e afrcraft is rotated to the attitude specified by the input condi-

%% tions of pitch, roll, and yaw. Nose-up pitch will tend to load the back cush-

0 ion, and the analysis will be the same as that described above for level fligit,
= except that the W' vector in figure 27 will have a component in the XA direction,

i"'l

¥ Nose-down pitch, on the other hand, will tend to Toad the restraint system,

'. An iterative procedure is used to determine the correct position for this case.
R Referring to figure 28, summing forces gives a set of transcendental equations

lﬂg F&A: W‘sineA -FssineS -FLcoseL= 0 !
% (92) @ '
f*} FZA: -W' cos bt FS cosBg - F sing, =0

M

2

| E where eL is the angle between the floor and the projection of the lap belt on
the XA - ZA plane, An initial estimate to GL is made using the body position
calculated by equation (91) for the level flight assumption. The angle is

8 ) defined according to

r o, = sin"L [(Z, - 20/ (4 - X024 (2, - )7 (93) ‘b
- B
';.ﬁ The forces in the seat cushion F¢ and the lap belt F, are determined using 'E
e this value of eL in equation (92). From the input force-deformation charac-

¥ teristics for the seat cushion and lap belt, the deformations 63 and GL are
_:}! calculated. These defornations are used to determine new values of XP and ZP;
, :ﬁ this procedure amounts to permitting the body to further compress the seat
e cushion and slide forward into the lap belt. Following through the procedure,

A Satagp
" Y ‘--'\'
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i: Figure 28. Forces acting on occupant torso
. (nose-down attitude).
.l\,
‘ the new length for one side of the lap belt is
L=l *8, (94)
: where LLe is the equilibrium length. The new value of XP is given by
) 9 2 172 )
Xp = X+ Ll = L)% - (Y = ¥) ] coso (95)

where LH is one-half the hip breadth and YP is the Y-coordinate of the right
hip in the aircraft system. The new value of ZP is computed for the new cush-
ion thickness t¢ using equation (90), which is repeated here for continuity:

—
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I..
55 Zp = 2o+ (Ry + to)/cosd ¢ + (X, = Xc) tand
i p S 1 S S P S S

The new occupant position, determiined by equations (95) and (90) is used in
equation (93) to recalculate the Tap belt angle 0, and the procedure is re-
peated until two consecutive values of XP aiffer by less than 5 percent, The
coordinates of the mass center of segment 1 (Xl, V1o Zl) are then calculated

from XP' YP’ and ZP.

;ii At this point the generalized coordinates for the upper body have been deter-
. mined. The final task will be to determine the coordinates for the legs. Re-
; ferring to figure 29, the angles Y8 and 6, can be found from simple geometric
X % relationships among the dimensions shown. The Euler angles Yg» 0g» and ¢8 are

3 obtained from Yg by using equations (85) through (87), and the corresponding
Ry coordinates for segment 10, by symmetry. The knee angles are given by

:]:ﬁ ap =T -8y m=9, 11 (96)

to complete the initialization of the generalized coordinates.

82 01603 26
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4.3 PROGRAM SOLUTION PROCEDURE

The first operation in each solution step includes the calculation of new
values for the aircraft acceleration components and their subsequent integra-
tion to obtain aircraft velocity and displacement components. Then the matrix
form of the equations of motion, using equation (19)

[A(@)] (a3 = {B(q,a)} + {P(q)} + R(4,q)} + {Q(q.q)}
are set up for solution and solved, as discussed below.

4,3.1 Setup of Equations of Motion

The elements of [A], {B}, {P}, and {R} are calculated using the current values
of the generalized coordinates and velocities. The elements of {Q}, which is
the vector of generalized external forces, are calculated, as discussed in
section 2.3. The external forces depend on displacements of the aircraft,
which determine the motion of the seat, floor, and restraint system anchor
points relative to the body. From these displacements new deflections of the
cushions, floor, and restraint system are calculated.

4,3,2 Solution of Equations of Motion

The system of equatiors is sclved for the generalized accelerations by first
combining the vectors on the right-hand side:

[A] {q} ={B"Y (97)
where B'r= {B} + {P} + {R} + {Q}

and solving for {&} using Crout decomposition followed by Forsythe-Moler elimi-
nation.

The resulting set of N second-order differential equations have the general
form

...............



‘ QJ = fJ (tl q'll dz)---n dND ql. qzi-cui QN)
g (98)
’ = = . t = = X ' 2 .o
" qJ (t=0) qJO QJ (t=0) qJO J 1, 2, » N
.:"'1
;Ea where N, the number of degrees of freedom, is 12 for the two-dimensional model
! and 29 for the three-dimensional model.
,‘.l‘
R These equations can be rewritten as 2N first-order equations having the general
i}
éﬁf form
h .
: yJ. ‘—'fJ (t, Yis Yoreoos Yo Qpr Gorev e qN)
. q = ¥; (99)
i X Yy (t=0) = 90 9 (t=0) = 950
fﬁr Numerical integration of this set of equations is accomplished, using the
' d Adams-Moulton predictor-corrector mmethod with a variable step size. This
method uses the difference equations
-': LN + i (55F, - 59f + 37f -9f, ) (100)
B Vit T30 T 7 0 T P g0 T 2 g2 7 003
3
)
] as the predictor and
: (c) b ge(B)
.:‘ ¢ = o — p - "
E: el = Yyn t 78 OFginer ¥ Fy 0 - Sy nn * fy 0] (101) :
.\ ¥
. as the corrector. Starting values are provided by the classical fourth-order !!
¥ 20
N Runge-Kutta method. Input data includes upper and lower error bounds for the ;;
o &
-fb sclution. Error bounds for each variable are calculated and compared at each ;}j
f.“ step with the difference between the predicted value ygp) and the corrected EE
_ value ygc). If this diffarence exceeds the upper bound for any j, the step !E
L?. size is halved. If this difference is less than the minimum error bound for ;ﬁ
) all j and for three successive steps, the step size is doubled. Halving the Ei
,.g step size is accomplished by interpolation of past data, whereas doubling is t§
. effected by alternate selection of past data. The solution can be run with a 52‘2‘-.‘ E
." fixed step size by making the upper and lower error bounds prohibitively large ‘iNﬁJ’EE
E 3
¢ :_-c
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’
i; }J?<J and small, respectively, or by using equal values for the maximum and minimum
R T step size which are also included among input data.

4.4 PROGRAM QUTPUT

Output data consist of ten blocks of information that are selected for print-
! ing by user input. The data include time histories of the variables, which
;°§ are simply sorted during the solution at predetermined print intervals as
3 follows:

1.  Occupant segment positions in the aircraft coordinate system (X, Y,
Z, pitch, and roll).

2. Occupgnt segment velocities in the aircraft coordinate system (X, Y,
and 2).

3. Occupant segment accelerations in the segment-fixed coordinate sys-
tems (x, y, 2, and resultants).

- 4. Restraint system loads.
% 5. Cushion loads.
- . 6. Ajrcraft displacement, velocity, and acceleration.
7. Injury criteria.
8. Details of contact between the occupant and the seat in front.
9.  Seat structure nodal forces.

10. Seat structure element stresses.

Printer plots are provided for occupant segment accelerations, restraint sys-
tem loads, and cushion loads. The option of two different filters is also
provided for the occupant segment accelerctions and cushion loads.

Two of the above blocks of output data will be discussed in further detail. 5!

l"*‘l

4.4.1 Impact Prediction i%

. , ny

Eon For prediction of impact beiween the occupant and the seat in front, 26 sur- )
RO faces are defined on tha body. These surfaces were illustrated in figure 15, SE
and their dimensions discussed in seciion 2.5. :§

l‘u .

‘Wi
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The distance between each of these occupant contact surfaces and the surfaces
of the seat in front is calculated during execution of the program., When con-
tact occurs between an occupant surface and a contact surface, the time and
relative velocity of impact are computed and stored for printing. The impact
conditions determined in this way can be used in evaluation of injury potential
for a given cockpit configuration,

4.4.2 Injury Criteria

The injury criteria used in the program were selected as the most suitable for
aircraft crash analysis, SOM-TA output can be used to detemiine the potential
for injury to four regions of the body: head, vertebral column, thorax, and
legs. Each of these is discussed in the remainder of this chapter.

4.4.2.1 Head Injury. An accepied criterion for head injury is the Severity

Index (SI) developed by C. W. Gadd (references 17 and 18), which is calculated
for the nead and chest according to

t
s1= o ol dt (102)
to
whero a = acceleration in G as a function of time
n = weighting factor, 2.5 for head impacts
t = time in seconds.

Although Gadd used uniaxial acceleration in his validation of the Severity
Index, Federal Motor Vehicle Safety Standard 208 requires the use of resultant
acceleration. A tolerable SI value of 1000 is accepted for frontal impact of
the head, and a value of 1500, for distributed, or noncontact accelerations
(reference 19).

Also, the Head Injury Criterion (HIC) contained in Federal Motor Vehicle Safety
Standard 208 is calculated according to




2.5

e HIC = max |z——"=— .f adt (t2 - tl) (103)

t, -t
2 1 t,

where a is the resultant head acceleration in G and t1 and t2 are any two
points ip time (sec) during the crash event. A tolerable value of 1000 is
accepted for the HIC,

4.4,2.2 Thoracic Injury. Although chest deflection is commonly accepted as
the preferred tolerance criterion, it is not presently predicted by SOM-TA,

FMVSS 208 currently specifies as acceptable an acceleration pulse which ", . .
shall not exceed 60 G except for intervals whose cumulative duration is not
more than 3 msec," where the acceleration is the resultant measured at the
center of gravity. This acceleration is printed by SOM-TA. Previously, FMVSS
208 had applied a Severity Index to the chest acceleration pulse, This index
was calculated in exactly the same manner as the head Severity Index discussed

% previously, and the limit of 1000 was the same as that for the head. SOM-TA
also prints this SI for the thorax.

4.4.2,3 Vertebral Injury. For determination of the potential of vertebral
injury, the SOM-TA two-dimensional occupant model has beam elements in the
lumbar spine and neck. Axial forces and bending moments are output for these
segments. Tolerable force levels for the lumbar spine have not yet been
established. However, based on cadaver tests, references 20 and 21 have pub-
lished tolerable bending moments for the neck such as 1700 in.-1b in flexion
(forward bending) and 500 in.-1b ft-1b in extension (rearward bending), re-

spectively. 3
.~}
The dynamic response index (DRI) is also computed by SOM-TA as a measure of Q§
the probability of spinal injury due to a vertical acceleration parallel to r.l
the spine (reference 22). § 2
i
.
b In this model, the response of the body to acceleration parallel to the spine Qf\
' egg;g is modeled by a single lumped-mass, damped-spring system as shown in figure 30, T
N
N
83 'f.
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e———— ) m = mass (lb-sec?/in.) R
§ = deflection (in.) -
z = damping ratio s
k = stiffness (lb/in.) °
2 = accelera%ion input ®

(in./sec*)

mz §
«pR] = D gmax

W= natural frequency of
the analog = VkX/m
(rad/sec)

2

*Dynamic Response Index g 386 in./sec

Figure 30, Model used for prediction of spinal
! injury {from reference 22).

or, in other words, the total body mass that acts on the vertebral column to
cause deformation is represented by the single mass., In general, the motion
of the system shown in figure 29 obeys the relationship

2
d-é ds 2, _ 5
T A T § =1 (104)

The solution, the deflection §, is representative of the detformation of the
spine, and the last term of the left-hand side of equation (104), divided by
the gravitational acceleration, is the DRI, The properties used in the model
were derived fron tests involving human subjects and cadavers., For example,
Lhe spring stiffness k was determined from tests of human cadaver vertebral
segments; damping ratios were determined from measurements of mechanical im-
pedance of human subjects during vioration and impact, The acceleration input,

Z, is the component of seat pan acceleration parallel to the vertebral column,
Eguation (99) is solved for § simultaneously with the occupant equations of

motion, using the constants r = 0.224 and w 52.9 rad/sec, The DRI is then
cdalculated at each step by

DRI = (unz‘\'/q (105)
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4.4.2.4 Leg Injury

FI4VSS 208 specifies a limit of 2,250 1b for the axial compressive load in each
femur. This tolerance level is based primarily on the work of Patrick, Kroell,
and Mertz (references 23 and 24), who tested embalmed human cadavers in full-
scale sled experiments. Other experiments that used a stationary seated cadaver
struck by a moving rigid impactor produced higher fracture loads, but injury
patterns were not representative of field accidents. Viano and Khalil (refer-
ence 25) demonstrated that the poor correspondence between the latter tests and
actual accidents could be be attributed to the pulse duration (on the order of
10 msec), significantly shorter than that which occurs in rcal-world accidents.

If simulation of contact between the cccupants and the seat back is requested,

F.u-

L, |- EP Y.

i; SOM-TA prints (and plots) the time variation of the axial load in each fenur.
Eg The time and impact velocity for each such contact is also printed, along with
o identification of seat back surface. n
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5.0 MODEL VALIDAYION %b"
Dynamic tests of transport seats conducted by the FAA Civil Aeromedical Insti- EF?
tute (CAMI) in 1983 for Simula were used in validation of Program SOM-TA, ﬁ
Three production seat designs and various modifications to the production de- H s
signs were tested. The design that was chosen for validation utilized a produc- e
tion seat modified by incorporating energy-absorption capability in the longi- rJ* :
tudinal direction. This seat produced more interesting results for validation tuz_
than others because it underwent large deformations while maintaining structural I."',' :
integrity in the dynamic test. e
:EQ‘. |
5.1 Uescription of Seat Structure o ;
‘ {4
3 Figure 31 shows the basic production seat. The seat pan assembly is built
i around aluminum front and rear tubes which are connected by four aluminum %

»
-
-

supports. The front of each support rests on the top of the front tube and is

attached by two bolts running through the support and the tube. The rear of

each support has a semicircular cut-out that slips over the rear tube and at- o3
taches with one holt. Three of the supports have cantilevered rear extensions

which provide a pivot and anchor point for the arm rests and seat backs. The

seat cushions rest on perforated aluminum sheets which are riveted to the front

tube In front, and wrapped around a small aluminum tube which slips in between
the cantilevered extensions in the rear,

AT
o

e R

AT

“.

!

The leyg assembly consists of front and rear Tegs of formed stainless steel
sheet, which are connected diagonally by a square aluminum tube. The front
leys cradle and bolt to the front tube, while the rear legs arc held to the

A

e TR P SR e T £ B K B ¥ AT i ———
5
&t s

‘ rear tube by steel straps which are wrapped around the tube and bolted to the E;E?
i legs. Each rear leg is connected Lo the diagonal tube by a steel fitting which iﬁ?:
is riveted to the leg and the tube, and is also bolted to the steel strap. g¥ 
, The seat pan and Teg assembly are shown in figure 32. f’%
x ::k:n
4 The rear legs are attached to the floor track by a fitting consisting of two a
; studs and a lever-operated plunger. The plunger moves in and out of the track v
and is in front of the fitting. The fitting is attached to the ley by a single fg5%1-5=
] bolt and is shown in figure 33. Rl ;ﬁ:
; g3
! 86 kg
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Figure 31.

Figure 32.

Production transport aircraft seat.

Seat pan and leg assembly of the production
transport aircraft seat.
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Figure 33. Rear track fitting of a production
aircraft seat.

The front Tegs are attached to the track by a single stud which 1s incorporated
in an antirattle mechanism shown in figure 34. The stud is bolted to the yoke,
which is attached to both the front leg and diagonal tube by a single bolt. An
aluninum strap connects the front stud and rear fitting in order to transfer
the loads from the tubular diagonal brace to the plunger.

The seat structure includes attachment fittings for standard lap belts. These
fittings are bolted to the forged aluminum supports. Both the back and bottom
cushions are fabricated of plastic foam. The back cushion is contoured for
confort while the bottom cushion is flat on top but curved on the bottom to con-
form to the performated aluminum seat pan. Each seat has a food tray mounted

on its back, and the seat back has an adjustable reclining mechanims. The

two middle armrests can pivot up flush with tha seat backs,




Figure 34, Front track fitting of a production

K i*i*t aircraft seat.
' L

. The production seat design was modified at Simula to provide longitudinal

R. erergy-absorbing capability by replacing the diagonal brace with a compressive
inversion tube energy absorber. A sketch of the seat kinematics using the
compressive energy abscrber is shown in figure 35. In order for the seat to
undergo the approximate curvilinear translation the sketch depicts, the front
and rear legs needed to be releasad to act as a linkage.

The energy absorbers used are shown in figure 36. Both employ the load atten-

uation method of inverting an aluminum tube. Due to the asymmetry of the seat, ;f?é
the window-side energy absorber is required to stroke at twice the load of Siﬁ
the aisle-side energy absorber, and thus uses two inversion tubes. The window- VN
}} side and aisle-side energy absorbers begin to stroke at 2800 Th and 1400 1b, Tﬁ:
? respectively. .\_::\

© %"
L

The track fittings were also modified to provide release about pitch and roll

A4

ffﬁ:k axes. Both front and rear track fittings had three studs and were locked in S

.“ A e
* both positions. The modified track fitting is shown in figure 37. ﬂ&&
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Figure 35.

Modified transport aircraft seat
before and after stroking.
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Aisle side
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Figure 36.

Window side

Modified transport aircraft seat
energy absorbers,
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‘ Figure 37. Modified transport aircraft
K track fittings,

5.2 Dynamic Test Conditions

The seat design was tested at CAMI in the forward-facing coqfiguration with a
9-G, 50 ft/sec. sled deceleration (figure 38), Three 50th-percentile anthro-
pomorphic dummies were used to simulate the seat occupants (figure 39)., Six-
axis load cells were placed under the seat legs to measure the seat reactions
exerted on the floor. Lap belt forces were also measured on both sides of the
lap belt for each occupant. Accelerometers were placed at dummy pelvis, chest,
and head locations.

Prior to dynamic testing, the test fixture was adjusted to simulate floor

5 warping conditions, The aisle side of the seat was pitched down 10 degrees ot
R (figure 40) and the window side of the seat was rolled outwards 10 degrees e
Q) (figure 41), EE‘
) , C.I | ‘

5.3 SOM-TA Simulation Results

Clr i iudla s

7 The finite element model of the seat structure illustrated in figure 42 con-
sists of 26 nodes and 33 beam elements, The complete input data listing is

ey A

presented in figure 43,

- _‘t’

. '
2% e
g The compressive energy absorbers were iodeled with beams 21 and 24 between R
oW . “
A nodes 9-12 and 18-21, respectively. The ends of the energy absorbers were E!
'.:mgui modeled as pin-socket joints by using the appropriate beam end release codes. 'L}
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AT Y,

PROGRAM SOM-TA

..-

-

TRANSPORT AIRCRAFT SEAT (MODIFIED)

b

P TIME = 0.0000 SEC.
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: Figure 42. Program SOM-TA finite element model of the modified f‘::-..:" . E‘:
: transport aircraft seat (before floor warping). e ,,
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MODIFIZD UDF SEAT «SOMTA VALIDATION)
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e Figure 43. Input data listing for simulation DA
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K. of CAMI Test A83-085.
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. Figure 43 (contd). Input data listing for simulation
. of CAMI Test A83-085.
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The nonlinear force-deflection characteristics of the energy absorbers were
mudeled using a fictitious material property data for the corresponding axial
stress and tangent modulus. All other beau elements made of 4130 steel and

&

W
R 2024~T3 aluminum were modeled as elastic beams.
Y
"‘G
W The floor warping condition of 10 degrees pitch on the aisle side was siwu-
: ; lated by enforcing a downward displacement of 2.68 in. at node 9., Track fit-
L ting design already provided release for floor warping about the roll axis.
\
EL The three 50th-percentile dummies were modeled using standard (two-dimensional)

occupants, with occupant segment data parameters available in the progran,
The data set in figure 43 requests all occupant output data for the center oc-
cupant.

-
2,

Y

"

As evidenced by the pnst-test view in figure 44, the seat did not experience
any failures in the dynamic test. The floor deformation prior to the test did
not affect the performance of the seat, due to the releases provided by the
track fittings.

%

The predicted occupant and seat positions from SOM-TA simulations are shown in
figures 45 and 46, respectively. The occupant chest contacts the knees at about
200 msec, Program SOM-TA does model the interaction between thn chest and the

t g o i)
I

",

knees using an exponential force-deflection relationship and a viscous dawper,

JQ Progran SOM-TA predictions for the center occupant head, chest, and pelvis ac-
% celerations, lap belt forces, and left-seat leg reactions are compared with

. the measured test data in figure 47 through figure 53. Occupant accelerations

B 2 R I

; have peaks around 200 msec, an indication of the contact between the occupants'

M cilest and knees,
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dunnies after CAMI Test A83-085.
102

Modified transport aircraft seat and

Figure 44,

T e A N e -..!)!)' 3
e A R R




[ R

i
- 3 S
¥ 2
v e PROGIAM SOM=-TA PROGHAM SOM~TA
‘N TRANGPORT AIRCRAFT SEAT (MODIFIED) TRANGPORT AIACRAFY SEAT (MOOIFIED)
" TIME = 0,0000 SEC. TIME = 00,0400 SEC.
)
.
)
0
Y]
.
=
)
¥ ol
. e
' L ~
| 8
- ! }.l
. : t N
y: a5
s ()
A -
N, k.%l
e P
8
N PHOGHAM SOM-TA PADGRAM S0M~TA
[}
THANSPORT AIRCRAFT SEAT (MODIFIED) TRANSPORYT AIRCRAFT SEAT (MODIF IED)
TIME = 0,0800 SEC. TIME = 0, 1200 SEC,
)
[
: &
4 S:‘h
5‘!
: %
Y h"\
2 -

-,

AR B

=

‘ ~'$‘.:‘-,", Figure 45, Program SOM-TA-predicted occupant positions for modified
Poted transport aircraft seat (CAMI Test A83-085).
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PROGRAM SOM-TA
TRANSPORT AIRCRAFT SEAT (MODIFIED)
TIME = 0.3000 SEC.
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Figure 46. Program SOM-TA-predicted seat displacements for modified
transport aircraft seat (CAMI Test A83-085).
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6.0 CONCLUSIONS

The Seat/Occupant Model - Transport Aircraft (Program SOM-TA) provides a method
for analyzing the performance of a seat and occupant in an aircraft crash en-
vironment. For preliminary analyses where details of the seat structure are not
known, a rigid seat can be used. Otherwise, finite element modeling capability
is available to model the seat structure in greater detail.
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APPENDIX A
§ OCCUPANT SEGMENT POSITION:
7l

. THREE-DIMENSIONAL MODEL
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- Referring to figure A-1, and using 'En = Ln - Py the absolute position of the

) @ﬁ mass center of each body segment is yiven below. The elements of the trans-
formation matrices [T"] are functions of the generalized coordinates, as given
by equations (6), (9), and (10).

Segment 1:

(Xl, Yl’ Zl)’ the coordinates of the reference point on the body are the gen-
eralized coordinates (ql, Aps q3).

Segment 2:

Xz Xl 0 0
_ 1 2
< Y2 = Y1 + T 0 + (T < 0
Z Z D )
| ~2 1 i Pl i P2
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Segment 5:
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APPENDIX B

OCCUPANT SEGMENT POSITION:
TWO-DIMENSIONAL MODEL
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Referring to figure 6, the absolute position of the mass center of each body
segment is given below. Ls and L, are the lateral distances from the mid-
saggital plane to the shoulder and hip joints, respectively.

Segme 1t 1:

(Xl. Yl’ Zl)* the coordinates of the reference point on the body. )(:l and Z1
are the generalized coordinates 9 and Gy

Segment 2:
S (cos 6, - cos 92)
X, = X; - ey cos 6, + 5, - 9, + e, cos 9,
2=
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3
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5 dlampton, Va 23363 (attn: Walt Dwyer) (1)
;f (Acen:  Emilio Alfaro-Bou, MA~495;
R Huey Cardin, M5-495) (2) General Dyoamics/Convair,

" P.0. Box 80847,
; U.S. Army Aviation Applics Technology San Diego, CA 921338
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Directorate, USAARTA, (AVSCOM), (Actn: L. Mascay, MA 30-6030) (1)
B, Fort Bustis, VA 23bUa4
b (attn: Roy Burrows, Code SAVRT-TY-ASV) (2) Grumman Aerospace Corp.,
X So. Oyster Bay Road,, Bethpage, i
R- U.5. Navy Naval Air Development Center, L.I., NY 11714
w Warminister, FA 138974 (attn: Robert Winter, A08-35;
(Attn: Leon Domzalski, Code 60322) (1) Allan B. Difko, A08-35) (2)

NTSB, 80U Indepeandence Ave. S.E., Gulfstream Aerospace (Corp.,
Washington, D 20594 P.0. Box 2206,
(Attn: John C. Clark, TE 60) (1) Savannah, GA 31402
(Attn: George Westphal) (1)
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Non=Governmernt Activities {(Continued)

Gulfstream Aerospace Corp.,
P.0. Box 22500,

Oklhoma City, OK 73123

(Attn: Richard Southard) (1)

Lockheed-California Co.,
Burbank, CA 91503
(Attn: Gil Wittlin, D 76-12,

HreDonnell Douglas Helicopter,
4645 5. Ash Ave.,

Tempe, AZ 85182

(Attn: Lyndon Landborne;
J.K. Sen) (2)

Piper Aircraft Corp.,
2925 Piper Drive,
Vero Beach, FL 32960

B 63G, PLT A-1) (1)
(Attn: Marion Dees) (1)

McDonnell Douglas Corp.,

3855 Lakewood Drive,

Long Beach, CA Y0846

(Attn: J. Webster; Stratford, CT 06601

John L. Galligher) (2) (Attn: Brain Cormell, MS 52074A;
Pramonik Mukunda, MS 52074) (2)

Sikorsky Aircraft,
North Maint Street,
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