
DOTIFAA/CT-86125 -I 

FAA TECHNICAL CENTER 
Atlantic City Airport 
N.J. 08405 

Computer Simulation of a 
Transport Aircraft Seat and 
Occupant(s) in a Crash 
Environment 
Volume I - Technical Report 

Akif O. Bolukbasi 
David H. Laananen 

FINAL REPORT 

August 1986 " 0':, 

This document is available to the U.S. public 
through the National Technical Information 
service, Springfield, Virginia 221 61. 

u.s Deportment of TransportatIOn 

Federal Aviation Admnstration 



imiJ1iiiill 
00013522 

NOTICE 

Thi. document i. dil.e-inated under the sponsorship of 
the Department of Transportation in the interest of 
information exchange. The United States Government 
assumes no liability for the contents or use thereof. 

The United States Government does not endorse product. 
or manufacturers. Trade or manufacturer', name, appear 
herein solely because they are considered es.ential to 
the object of thi, report. 



1. Report No. 

DOT/FAA/CT-86/25-I 
2. Government Accession No. 

Technical Report Document Page 
3. Recipient's Catalog Uo. 

4. Title and Subtitle 

COMPUTER SIMULATION OF A TRANSPORT AIRCRAFT SEAT 
AND OCCUPANT(S} IN A CRASH ENVIRONMENT, VOLUME I ­
TECHNICAL REPORT 

7. Author(s) 

A. O. Bolukbasi and D. H. Laananen 
9. Performing Organization Name and Address 

Simula Inc. 
10016 S. 51st Street 
Phoenix, AZ 85044 
12. Sponsoring Agency Name and Address 

Federal Aviation Administration Technical Center 
Atlantic City Airport, NJ 08405 

15. Supplementary Notes 

FAA Technical Monitor - L. M. Neri, ACT-330 

16. Abstract 

5. Report Oa te 
August 1986 

6. Performinq Organization Code 

8. Perfo""ing Organization Report flo. 

TR-84430 
10. Work Unit No. (TRAIS) 

11. Contract or Grant No. 

DTFA03-83-00036 
13. Type of Report and Period Covered 

FINAL REPORT 
June 1983 - March 1986 

14. Sponsoring Agency Code 

ACT-330 

A mathematical model of a transport aircraft seat, occupants, and restraint system 
has been developed for use in analysis of transport aircraft crashworthiness. Be­
cause of the significant role played by the seat in overall system crashworthiness, 
a finite element model of the seat structure is included. The seat model can 
accommodate large plastic deformations and includes the capability for simulation 
of local buckling of bending members. Because the program has been written for 
use primarily by engineers concerned with the design and analysis of seat and 
restraint systems, an effort has been made to minimize the input data required 
to describe the occupant. This report is Volume I of a two-volume document. 
Volume I discusses development of the mathematical model of the occupants, the 
finite element seat analysis, validation. and organization of the computer 
program. Volume II contains instructions for preparing input data and operating 
the program. 

17. Key Words 

Aircraft 
Computer Simulation 
Crashworthiness 
Restraint Systems 
Seats 

18. Distribution Statement 

Document is available to the U.S. public 
through the National Technical Information 
Service, Springfield, Virginia 22161. 

19. security Classif. (of this report) 

Unclassified 
Form DOT F 1700.7 (8-72) 

20. security Classif. (of this page) 

Unclassified 

21. No. of Pages 22. Price 

136 





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. ~·i. 
Neri acted as Technical Monitor. Under the same contract, computer simulation 
program SOM-TA (Seat/Occupant Simulation Model for Transport Aircraft) was 
developed. 
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EXECUTIVE SUMMARY 

Program SOt 1- TA (Sea tjOccupant t'lodel - Transport Ai rcraft) has been developed 
for use in evaluating the crash\~rthiness of transport aircraft seats and re­
straint systems. It cor;lbines a three-dimensional dynar;,ic mOdel of the hur.lan 
body ~Jith a finite element rliodel uf the seat structure. The program allows 
sir.lulation of one, two, or three passengers of the salile or different sizes. 
It is intended to provide the design engineer a tool with which he can analyze 
the structural el eLlents of the seat as well as eval uate the dynamic response 
of the passengers during a crash. 

The prograLl is doculilented in two voluLles. Volune I discusses development of 
the seat and occupant models. validation, and organization of the computer 
program. Volume II contains instructions for preparing input data and operating 
the pr ogralii. 

The occupant model consi sts of 12 masses that represent the upper and lO~Jer 
torso, neck, head. and b~o segments for each of the arms and leys. An optional 
Ii~del uf the human bod) includes beam elements in the spine and neck. but is 
restricted to t\'Jo-ahlensional [dotion. 

external forces are applied to the occupant by the cushions, floor, and re­
straint systelil. Interface between the occupant and seat is provided by the 
seat bottor,] cushion, back cushion, and an optional headrest. Contact between 
the occupant(s) and the back of the seat row in front can also be simulated. 
The restraint syster,i call consist of a lap belt alone or cOlilbined with a single 
shoulder belt, over either shoulder. or a double-stra~ shoulder harness. Each 
component of the restraint system can be attached to either the seat or the 
aircraft structure. 

The seat structure is I:lodeled using tile finite elerilent method of analysis, 
selected because it is not dependent on ~revious testing, and it has the flex­
ibility to deal with a \1ide range of design concepts. The SOt-l-TA seat analysis 
uses three-diLJensional beam elements. It has the capability to model large 
aisplacerlfents, nonlinear niaterial bellavior, local buckliny, and various end 
release conditions for beam elen~nts. 

The digital corlif.iuter ~r()9rar:l based on the occupant and seat models described 
above has been written entirely in FORTRAN to ensure a high degree of compati­
bility with various computer systems. lJurin~ developr.lent, the program has been 
run on IBM and Uigital computer systems. Output data include occupant segment 
positions, velocities, and accelerations; restraint system and cushion forces; 
injury criteria; ana details of contact between the occupant and the seat in 
front. Seat output includes nodal displacements. element stresses, and forces 
at tile ~oints of attachment to the aircraft structure. 

uynamic tests of transport seats conducted by the Federal Aviation Adr.linistra­
tion Civil Aerol.ledical Institute in 1983 were used in validation of Progranl 
SVII- TA. Three j.iroauction sedt designs and various r,lodifications to the produc­
tion desigtl wer'e tested. The design that was chosen for validation utilized a 
production seat rllodified by incorporating energy-absorption capability in the 
lon~itudinal direction. This seat produced more interesting results for vali­
dation than others becduse it underwent larye defomations \vhile r.laintain"ing 
structural inte~rity in the dynamic test. 

xii 



1.0 INT~ODUCTION 

The aesiyn of crash~/orthy seats and restraint systems for transport ai rcraft 

presents a complex engineeriny problem, the solution 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 r,iust be evaluated to establish those critical to occupant survival. A 

crash~mrthy seat shaul d i ncl ude the capacity to absorb energy through con­

trolled deformation, thus reducing the accompanying loads (reference 1). 

In the initial design phases, it is desirable to evaluate, in some detail, 

existing seats and restraint systems in their surroundings, thus establishing 

existing weaknesses. It is then desirable to make ~odifications and to evalu­

ate the effect of these r:lodifications on improving the performance of the 

system. These evaluations must be conducted for a great many of the possible 

crash environ~~nts, thus constituting a relatively large matrix. Testing is 

costly and is often time consuming since design modifications r,lust be developed 

and fabricated prior to testing. Therefore, an analytical technique, such as 

this effort, is cost effective. 

A nur,lber of one-, two-, and three-dimensional nlathernatical models of the human 

body have been developed for crash survivability analysis. These models vary 

in compl exity and possess from one to forty degrees-of-freedom. The s il~lpl es t 

models have been oeveloped primarily for prediction of injury to a single 

component or subsystem of the body, such as vertebral injury due to the verti­

cal force that 1,Iight be experienced in a crash or the firing of an ejection 

seat. Simulation of the three-dimensional response of the entire body re-

qui res many r,lore degrees-of-freedonl, but permits more general use. flost of 

the three-dimensional models have been developed for use in evaluation of 

automobile interior designs with respect to injuries caused by secondary illl­

pacts, such as the three-dimensional models described in references 2 through 

5. Seats have been represented in a very simple manner because in automobiles 

the role of the seat design in detennininy occupant survival is minir.lal. 

Therefore, a sir,lulation model intended specifically for the aircraft applica­

tion is desired . 
.-

1 



Tile develupment of a three-dir,lensional Inathematical model of a transport air­

craft seat, including passengers, and restraint system is described in this 

report. This model foms the basis for a simulation computer prograr.1 that has 

been written specifically for use in crashworthy design and analysis of trans­

port aircraft seats and restraint systel1lS, Program SOt-i-TAo The program, which 

cOLibines a finite eleflent model of the seat structure with lumped-paral;'Jeter 

Idodels of the aircraft passengers, has been oryanized so as to minimize the 

volume and cOliiplexity of infJut data and to focus on seat and restraint system 

design fJarameters. 

f.'ro~rdnl Sot·j- TA seat and occupant models are based on those presently used in 

Pro\:jrar.l SOh-LA (Seat/Occupant Hodel - Light Aircraft), (reference 6). The 

fJroyralil vias Llouified to allow sirilulation of one, two, or three passengers of 

the saide or different sizes. The capacity of the seat model has been increased 

tu acconll;,odate the more complex transport seat structures. The seat model has 

also LJeen lilodified to sir.:ulate floor-warping conditions. 

In this report, the details of the occupant and seat models are presented, 

alon~ with the results of model validation. Operation of the computer pro­

gral.l ;s described in Volume II, Program SIJI+TA User ~lanual. 

2 
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2.0 OCCUPAIH MODEL 

The SOM-TA mathematical Iilodel 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 occupant(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 links and a h/o-dimensional rl10del with deformable spinal elements are 

included. This chapter provides a discussion of the development of both oc­

cupant models, including details of the approach usea to fonnulate the equa­

tions of motion and the techniques used for their solution. Section 2.1 pre­

sents the three-dimensional model and section 2.2, the two-dimensional model. 

Subsequent sections cover aspects of the equations which apply to both mOdels, 

speci fically the body joint model, the treatment of external forces, and body 

dimensions and properties. 

2.1 THRE E-D Il~E NS 10 NAL OCCU PANT 1·10 DEL 

The three-dimensional mathematical model of Vle aircraft occupant is r.1ade up 

of twelve rigid segments, as shown in figure 1. This number is thought to re­

present the minimum segnents that will pennit accurate, meaningful simulation 

a of three-dimensional response. A greater nUMber of segr.Jents might possibly 

improve the accuracy of simulation but would, in turn, also increase program 

execution cost. Arm and leg segments are included to enable prediction of in­

juries to these extremities. Although leg and arm injuries, in themsel Yes, 

may not be as serious as head or chest injuries, they lOay prevent egr'ess from 

a stricken aircraft and increase the potential Ilazard to the occupants of a 

pos tcrash fi re. 

Each of the body joints, with the exception of the elbOW, knee, and head-neck 

joints, possesses three rotational degrees of freedom. Because of the Ilinge­

type motion of a forearm or lm/er leg relative to an upper ann or thigh, the 

position of each of these segments is described by one additional angular 

3 
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Fi gure 1. Twel ve-segment (three-dimensi onal) 
occupant olodel . 

coordinate, as also is the position of the head relative to the neck. There­

fore, the occupant system possesses a total of 29 degrees-of-freedom. 

2.1.1 Coordinate Systems 

Fi xed at the center of lilass of each of the 12 segments is a right-handed Car­
tesian coordinate system. For segment n (n = 1,2•...• 12) the local coordi­

nate system is denoted by axes (x • y • z ). Positive directions are defined 
n n n 

such that when the body is seated as shown in figure 2. with the torso and head 

4 
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Figure 2. Segment-fixed local coordinate systems. 

5 



upright, the upper arms parallel to the torso, and the elbows and knees bent 

at right angles, positive x is directed forward, Yn to the left, and zn upward.n 

In order to describe a general position of the body, it is necessary to relate 

the orientation of each segment (x ' Yn' zn) to the inertial system (X, Y, Z).n 
The angular relationship between the local, segment-fixed coordinates and the 

inertial system can be expressed by the transformation 

:;; ( 1) 

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 ' Yn' zn) system is initially coinci­
dent with the inertial (X, Y, Z) system, the Euler angles are a series of three 

rotations, which, when performed in the proper sequence, permit the system to 

atta"i'1 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 fo 11 ows : 

1- A positive rotation IjJ about the Z-axis, resu It ing in the primed (x I , 

Y I, Z I) system. 

2. A positive rotation e about the y'-axis result; ng in the double-primed
(x", y", Zll) system. 

3. A positive rotation ¢ about the x"-axis resulting in the fi na1 (x, 
y, z) system. 

6 
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Figure 3. The Euler angles. 

In order to determine the elements of tile transformation matrix [TnJ. it is 

necessary to consider the matrix equations that indicate the three individual 

rotations previously described above. Referring again to these definitions 

of ¢, e, and ~, the following equations are obtained: 

7 



x 
y = 

z 

Xl 

y' = 
z' 

XII 

y" = 

z" 

cos\jJ -sin\jJ 0 

sin\jJ cos\jJ 0 (2) 

o o 1 

cose a s"ine 

0 1 0 

-s i ne 0 cose 

1 0 0 

o coS<jl -sin<jl 

o s in<jl cos ep 

XII 

yll (3) 

Zll 

Ix 

t: (4) 

Writing equations (2) through (4) in abbreviated fonn 

{R} = [\jJJ {r'} 

{r' } = [eJ {r"} 

{r"} = [epJ {r} 

or 

{R} = [\jJ] [8] [¢J {r} (5) 

where {R} represents the components of a vector in the inertial system and {r} 
represents the same vector in the final (x t Yt z) system. Performing the matrix 
multiplications indicated in equation (5)t the elements of the transformation 
matrix in equation (1) are obtained: 

T11
n 

'" cos \jJ n cos en 
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--

n,- T = cos I(J sin e cos</> +sinl(J sin</>13 n n n n n 

n = si n 1!J cos eT21 'n n 

nT = si n I(J sin e + cos I(J cos </>22 sin </>nn n n n 

n = si n I(J sin e cos </> - cos I(J sin </>T23 n n n n n 

n 
= -si n eT31 n 

nT = cos e si n </>32 n n 

n 
= cos e cos </>Tj3 n n 

for n = 1, 2, 3, 4, 6, 8, 10 (6 ) 

The constraint of hinge-type rotation, at the elbows and knees, requires the- use of one additional angular coordinate to define the position of each of the 

foreann and lower leg segments. Referring to figure 4, the angular position 

of the foreann segments (9-= 5,7) is given by 

(7)= 

sin09- a 
o 1 

and the lower leg segments (m = 9, ll) by 

cos a 0 sin a m r.1 

a 1 o (8)= 

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

foreanns (segments 5 and 7) are written as: 

9 



(a) Elbow '" o 
o 

o 

n = 8, 10n = 4, 6 
m = n + 1R, = n + 1 

(b) Knee 

(c) Neck 

Hinge --..... 
joint 

Ball-and­
socket joint 

Upper torso 

Head 

Fi gure 4. Defi ni ti on of angul ar coordi nates 
a for elbows, knees, and neck. 
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Jl, 
T11 = cos \)in cos en sinaJl, - cos \)in sine cosq,n cosaJl,

n 

- sin \)in sinepn cosaJl, 

Jl, 
= sin "'n cos en sina n sin ,I, sin e cos A.. cosT21 0/ ~ - o/n n o/n aJl, 

+ cos \Ii n sin <\> n cos aJl, 

Jl, 
T23 = sin \Ii n cos e n cos aJl, + sin \Ii n sin e n cos <\> n sin aJl, 

sine n sinaJl, - cose cos¢n cosaJl,n 

Jl, 
T33 = - sin en cosaJl, + co~J n cos¢ n sinaJl, (9) 

From equations (6) and (8), the elements of the transformation matrix elements 

for the legs (segments 9 and 11) are obtained: 

m 
T11 = cos \Ii n cos e n si n a m + cos \Ii n sin e n cos ¢ n cos a m 

+ sin \Ii n sin ¢ n cos am 

11 



- cos\\> sin</> sinan n m 

sin 8 n sin a m + cos 8 n cos <P n cos a m 

(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 812 , 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: 

= = ::ql Xl qll 83 q21 \\>8 

= = 8q2 VI q12 = cl>3 q22 8 

=q3 = ZI q13 \lJ4 q23 = 4>8 

= =q4 \)Jl qI4 84 q24 = ag 

12 



=q5 61 q15 = ljl4 q25 = l\Jro 
~, 

q6 = <1> 1 q16 = a5 q26 = 810 

q7 =W2 q17 = W6 q27 = <1>10 

= 6qa 2 q18 = 86 q28 = all 

= <1>q9 2 q19 = <1>6 q29 = 612 

q10 = 1)13 Q20 = a7 (11) 

The above coordinates include the Cartesian coordinates of the mass center of 

segment 1 (Xl' VI' 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
di x A. 

2.1.2 Lagrange's Equations 

The response of the occupant system is described by Lagrange's equations of 
motion, which are written for the 29 generalized coordinates. The equations 
are developed according to 

d aL. aL 
crt (-.-) - aq. = Qj (j=1,2,. .• ,29) (12) 

aq J 
J 

where L is the Lagrangian function 

L = T - V (13) 

t represents time, Q are the generalized forces not derivable from a potentialj
function. (Forces that are derivable from a potential function are obtained 
from L, and T and Vare the system kinetic and potential energies, respectively.) 
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Because the system being treated does not involve any velocity-dependent poten­

tials, equation (12) can be written as 

(j = 1, 2, ..• , 29) (14) 

The system kinetic energy contains both translational and rotational parts: 

121 M [(X )2 + (Y )2 + 6 )2JT ="2 
n=1
I n n n n 

12 
+1 W 2 + W 2 + I W 2)

2 I (Ix Ix zn=1 n n Yn Yn n zn (15) 

where M is the mass of segment n and Ix ' I , and I are mass moments ofn y z 
n n n 

lnertia of segment n with respect to the local coordinate axes (xn' Yn' Zn)' 
assumed to be principal moments of inertia. 

The absolute velocities of the 12 mass segments required for the translational 
kinetic energy must, of course, be written as functions of the generalized co­
ordinates and generalized velocities in order to use equation (14). The angu-
lar velocity components (w , w , W ) seen in equation (15) are parallel to 

xn Yn zn 
the local (xn' Yn' zn) coordinate systems. These angular velocity components 
cannot be used directly in Lagrange's equations because they do not correspond 
to the time derivatives of any set of coordinates that specify the position of 
the segment. They must be written as functions of the generalized coordinates, 
using the generalized angular velocities (~, e, ~ ), which are parallel to -n -n -n 
the axes Z, y~, and x~, respectively. 

An arbi trary angul a r velocity of segment n, W , can be expressed as a funct ion -n 
of the generalized angular velocities according to 

. . . 
W =1jJ +8 +<P (16)-n -n -n -n 
.. . 

Referring to figure 3, IjJ , 8 , and <P do not, in general, fonn a mutually per--n -n -n • 
pendicular vector triad. C~ and i are both perpendicular to 8 but are not nec-
essarily perpendicular to each other.) However, they ean be considered as a 
nonorthogona1 set of components of w s inee thei r vector sum is equal to w. 
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Summing the orthogonal projections of ~ , e , and ¢ on the (x ' Yn' zn) axes - -n -n -n n 
yields the angular velocity components required for the kinetic energy expres-
sion: 

. . . 
W = <P - ~ sin enx n nn 

.• 
W = IjJ cos e sin <P + e cos <P (17)n n n nYn n 

The system potential energy is simply gravitational potential, which is writ­
ten as 

(18) 

where gis the acceleration due to gravity and Z is an arbitrary datum. 
no 

2.1.3 Matrix Equations 

For the purposes of computation, the equations of motion are rewritten in the 

following form: 

[A(q)] {q} = {B(q,q)} + {P(q)} + {R(q,q)} + {Q(q,q)} (19) 

where the elements of the inertia matrix [A] and the vector {B} are derived 
from the kinetic energy derivatives of Lagrange's equations. In other words, 

29 .. 

J=1 Ajkqk (20) 

( j = 1, 2, • •., 29) 
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The force vector {PI is derived fror,l the system potential energy according to 

P. (j = 1,2, .. ,,29) (21) 
J 

Both {f{} and {Q} are vectors of general ized 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 section 2.3; {Q} is the vector 

of generalized external forces, discussed in detail in section 2.4. 

2.2 TwO-DIMENSIONAL OCCUPANT MODEL 

In order to achi eve econorlical program sol uti ons for cases ~'1here occupant re­

sponse is expected to 0e symmetrical with respect to the X-Z plane, a two­

dimensional occupant r.lodel option Has included in Program SOM-TA. This tv/o­

dimensional model was configured like the three-dill1ensional model shown in 

figure 1, vJith the 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 

loading 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-dimensional 

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

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

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

either dummies or human cadavers. Therefore, in order to produce the moments 

on the vertebral column that are induced by +G acceleration in Doth human and z 
dum~y occupants, the mass centers of the torso segments, segments 1 and 2, are 

offset fr~n the vertebral column by the dimensions e and e respectively.
2

,
1 

The dir:lension e by vJhich trle center of mass of the head segl;1ent is placed3, 

forward of the neck, is used in both three-diMensional and two-dimensional 

models. 

Development of the equations of l:lotion for the tv'o-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 
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Fi gure 5. E1 even-segment (two-dimensi ona1 ) 
occupant model. 

a local, segment-fixed coordinate system and the inertial system is dependent 
only on the angle e. Transformations, therefore, take the form of equation (3). 

The position of the center of mass of segment 2, with respect to that for seg­
ment 1 and the position of the center of mass of segr:lent 3, relative to seg­
ment 2, depend on the length and curvature of the beam elements in the spine 

and neck, respectively. 
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dimensional occupant model. 
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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 flexure 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 magni tude so that shear deformation is negl igible. 

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 

X2- Xl = 2~2 ~ s};n (S2 ; SI) sin (82; 81) 

z2 - zl = 2~2 ~ s}n (S2; SI) cos (S2; SI) 
(22) 

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 joint 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: 

19 



'"o 

'" o 
o 

C> 

N 

'" 

Figure 7. Position of segment 2 relative 
to segmen t 1. 

Joint 1 - Back, between 12th thoracic and 1st lu~bar vertebrae 

Joint 2 - Torso-neck, between 7th cervical and 1st thoracic vertebrae 

Joint 3 - Right shoulder 

Joint 4 - Right eloow 

Joint 5 - Left shoulder 

Joint 6 - Left el bow 

Joint 7 - Right hip 

Joint 8 - Right knee 
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Joint 9 - Left hip-
Joi nt 10 - Left knee 

Joint 11 - Head-neck, at occipital condyles 

The angular displacement of joint i from its reference position (figure 2) is 

given by 8i o If (irn' jrn' k ) and (in, jn' k ) are triads of unit vectors inrn n 
the local coordinate systems of two adjacent segments connected at joint i, as 
shown in figure 8, the joint angle is given by 

Q. = cos-1 (k ok) (23)
~l m n 

where (k k ) is the scalar product. Considering the geometry of the occu­rn 0 n 
pant model in the reference position, the 8; for the 11 joints are given by 

= cos-1 (k o k )81 1 2 

= cos- 1 (k 0 k )82 2 12 

= cos-1 (k ok)83 2 4 

84 = <X5 

0 = cos -1 (k k )85 2 6 

8 = <X
6 7 

87 = cos-1 (i 1 
o i )

8 

= <X88 9 

-1 ( .89 = cos 'Z.1 o i 10) 

= <Xu810 

= cos-1 (k k ) (24)0811 3 12 
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Fi gure 8. Joint angle S. between segments m and n. 
1 

If at each joint i, a moment r~. and a torsional damper with coefficient J. act 
1 1 

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

joint i undergoes a vi rtual di spl acement oS. is 
1 

o~v - -
11
I ( ~1. 0 8.. + J . s. 0 Sl' ) (25)

1 1 1 1i =1 

Since the S. are functions of the generalized coordinates q.. the vi rtual di s­
1 J

placelllents oS. can be expressed in terms of corresponding virtual displacements
1 

of the qj' In general t such an expression woul d taKe the form 

29 aSi 
(i=1, 2, •..• 11) (26)I -aq. OqJ'

j =1 J 
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where the partial derivatives 08./oq. are functions of the generalized coordi-
1 J 

nates. Substituting into equation (25) gives 

11 29 
oW = - I I (27)

i =1 j=1 

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

o W = 
29
I R. 0q. (28)

j=l J J 

where Rj are the generalized forces acting on the system. As seen in equation 
(19), the generalized forces are treated as two distinct types: joint 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) beconEs, more specifically 

29 
oW = I R. oq. (29)

j=1 J J 

and, from equation (27) , R. can be written
J 

11 • 08 iR - - I (r.1. + J., (3 i) oq. (j=1, 2, ••• , 29) (30)
J 1i =1 J 

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 dumn~ joint,
l 

the resisting torque M. is constant throughout the normal range of joint mo-
l 

tion and increases rapidly along a third-order curve to a higher value at the 
limiting displacement 8S.' as shown in figure 9. The normal values MD. are 

, 1 

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

position, Hittl the exception of the torso joints, which will support a 2-G load. 

In addition to t~., a small viscous damping tenn wit~l constant J. is included 
1 1 

for energy dissipation. 

The resistance of each human joint consists of up to three tenns. The primary 

resisting force during nonnal joint rotation is a viscous damping tenn with 

constant coefficient J .. In a manner similar to the case of the dummy, a re-
1 

sisting torque is applied at the limit of the joint range of motion, as shown 

in fi 9 ure 10( a). An additi onal tem used to s imul ate muscl e tone is the mo­

ment r'l l 
, 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 lO(b)). 

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 

freed~ll, rather than the 11 and 29 presented here, respectively. 
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Figure 10. Human joint resisting torques: (a) displacernent­
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2.4 EXTERNAL FORCES 

The vector of generalized external forces {O} is developed in a Manner similar 

to that discussed in the previous section for the joint resistance vector. 

Equati ons presented in UJi s secti on i ncl ude summati ons whose upper 1ini ts are 

correct for the three-dimensional model, \lith 12 segments and 29 degrees-of­

freeaom. The approacn for tile tvJo-dimensional model is the same, except for 

the use of 11 segments and 11 degrees-of-freedom. 

The resultant external force F. acting
-1 

on segment is given by 

F. =F 
X

.1.-
-1 1 

+F y. 
1 

J +F 
Zi 

k (31) 

where F .' F .' and F are components in the inertial (X, Y, Z) system. They Z.X- 1 1 1 
absolute position of the point P. on segment i, where the resultant force acts,

1 
can be represented by 
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( 32) 

As the resultant force applied to each segment i undergoes a virtual displace­

IfJent or p,' having components (oX p,' oY p,' oZp)' the virtual work 
1 1 1 1 

on the system 

done by the Ei is 

(33) 

Writing the virtual displacement components in terms of the generalized coor­

di na tes qj: 

axp,29 
1

oXp. = I a-q. oq.J 
1 j=l J 

ayp.29 
oY p. = aq-1 oq, (34)I . J

1 j=l J 

azp,29 
olp. = l: aq.-1 

oqj 
1 j=l J 

results in 

Us; ng equd t ion (28) 

29 
oW = I Q. oq. 

j=l J J 
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yields the components of the generalized external force vector: 

12 
OJ. = .L (36) 

1 =1 

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 exerted 
by the cushi ons and floor, ill ustrated oj n 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 

~- axi s passes through both hip joints. The force of the back clJshion 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 De simulated, eight surfaces on each seat back are defined by user 

input. If contact occurs between ar occupant and a seat back, forces are 

computed in the same manner as for cushions. 

Each of the forces mentioned above acts no~~al 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 Illultiplied by the normal force. It 

is applied in a direction opposite to the tangential component of relative ve­
locity 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 limit. (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 
0 ....FB FB Back

1 , 2 : 
cushion "" 0 

0 
....FB Headrest 03 : 

FS 1 , FS 2 , Seat '"00 

FS 3 : cushion 

FF 1 , FF 2 : Floor 

Figure 11. External forces of cushions and floor. 

All contact forces are calculated by first detennining 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
trated in figure 12. Xp and Zp are coordinates of the center of the contact 

surface of segment 1, and R1 is the radius of the contact surface in the (xl ­
zl) plane. (Although this contact surface is an ellipsoid, cross-sections 

parallel to the (xl - zl) plane are circular. The dimensions of the contact 
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Figure 12. Seat cushion defiection. 

surfaces will be discussed in section 2.5.) The position of the seat pan is 

defined by its height Zs above the origin of the aircraft coordinate system and 

the angle e that it makes with the aircraft (X VA) plane. The unloadeds A -
thickness of the seat cushion is t , and the loaded thickness under segment 1 

e 
is t. Summing the dimensions in the ZA direction gives 

(37) 

Sol ving equation (37) for ttle cushion thickness, 

(38) 

The deflection of the seat cushion is then 

6 = t - t (39) 
c e 

and the force, which is assumed to act normal to the plane of the seat pan and 
pass through the center of curvature of the contact surface, is calculated from 

deflection according to 
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be 
F = A( e c - 1) ( 40) 
c 

To each nonnal force, a damping tenn is applied 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 = 2 8m + a K (41) 

For a multidegree-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 sol ution. It was assumed for the formulation in 
SOM-TA that the damping ratio, ~, was constant for all defonnation 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 a is a constant for the system. 

The procedure used in SO~i-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
tennined from input data. The slope of the exponential load/deflection curve 
at deflection 0c is 

b<\
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 =_0 

2K o (44) 
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The constant, a, and the current gradient of the cushion load-defiection 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, a restraint system 
consisting of a lap belt dnd 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 shoHn 

in figure 13. The locations of the anchor points Ai' AZ' and A3 are determined 
by user input along with the webbing properties. The buckle B for a single 
shoulaer belt is located according to an input parameter which specifies the 

distance from the appropriate point, in this case AI' 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 wi til the thigh surfaces . 

•.. .. 
o 
o 
GO 
o 

Figure 13. Restraint system configuration variables. 
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The ellipsoidal surfaces are described by 

(45) 

for the lower torso, where 

=al RI 

=bl LH 

cI = R1 

and 

(46) 

for the upper torso, where 

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. Fi rst, the belt loads are calculated from the displacelllents of 
the torso segn~nts, 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
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 length in a straight line from an anchor point (AI or 
A2) to the outermost point on the hip contact surface (C 1 or C2) 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 (0), 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 shaul d 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 +Fj +Fk (47) 
- x y z 

where F ' F ' and F are components in the local, segment-fixed coordinate x y z 
system. 

To find the point on the segment where F is normal to the surface, consider 
fi rst the equation of an ell ipsoid: 

(48) 

which may also be expressed in functional form as 

(49 ) 

~ where the ellipsoid can be regarded as the level surface f=O of the function. 
At any point (x, y, z) on the surface, the gradient of f is normal to the sur­
face. The gradient is given by 
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( 50) 

and at the point of application of the resultant force, grad f is collinear 
with F. Making use of the proportionality between the c~nponents of the two 
vectors, 

2F = Cy/b (51)y 

2F = Cz/cz 

where C is an arbitrary constant. Solving equation (51) for the coordinates 
(x, y, z) and substituting into equation (48) 

2222 2 2 
Fxa ) _1 + (Fy b ) _1 + (FzC ) _1 _ 1 (52) ( C a2 C b2 C c2 -

(53)c{r + (¥Y + (F{r = I 
which leads to 

(54) 

the point of application of f is then 

x = Fxa2/ C 

y = F b2/Cy 

2z = Fzc /C 
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wi th 
C = - ~ F 2a2 + F 2b2 + F 2c2 (55 )x y z 

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 component of the re­
sultant force, or 

x > 0 of F < 01 X 

y > 0 if F y < 0 (56) 

z > 0 if F < 0 z 

The capability of the belt's point of application of resultant belt loads to 
move relative to the torso surfaces allows simulation of the "su bmarining" 
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 abdorren. It is assumed that, for each segment, aline connecting the 
joints is a principal axis, so that the required moments of inertia are all 
principal moments. For each torso el~~nt, of the two-dimensional model, the 
center of mass may, in general, be offset from the spine as shown in figure 6. 
Morrents of inertia are then moments witll 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 "s tandard" 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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Nost of the dimensions and inertial properties used in SOM-TA were taken from 
references 8 and 9, but because fewer segments are used in the mathematical 
model, some properties needed to be combined. That is, in the model, the 
hands are combined with the lower arms, the feet with the lower legs, and the 
mid torso wi th the lower torso. The di stance from the wri st pivot to the mass 
center of the hand was added to the lower 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 cases, effective "link lengths" between joint centers, rather than 
standard anthropometric dimensions based on external measurements. These 
lengths, for the standard 50th-percentile occupants, are presented in table 1. 

For segments other than the torso segment, the distance of the mass center of 
segment n from the end nearest the body reference point (m 1) is P n. The di s­
tance between the mass center and the far end is given by 

P = L P (57)n n n 

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 su rface ell"j psoids for the graphics di splay. However, the center of 
mass distances, PI and P2, and the spinal length, S, are used and 

( 58) 

Also, the seated height is equal to 

( 59) 
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Fi gure 14. Program SOM- TA body segment dimensi ons. 

37 



TABLE 1. BODY SEGMENT LENGTHS (I N.) 

Segment 

5Oth-Percenti le 
Ai rc rewmem be r 
(reference 8) 

Part 572 
IAImmy 

(reference 9) 

Lower Torso, L1 9.44 10.5 

Upper Torso, 

r~eck , N 

L2 13.1 

5.10 

11. 5 

4.88(2) 

Head, L3 
8.50 (l) 8.35(2) 

Upper Ann, 

Lowe r Arm, 

L4 
L5 

11. 6 

14.8(3) 

11.3 

13.3(3) 

Upper Leg, 

Lower Leg, 

Spine, S 

L8 
L9 

17.1 

18.4(3) 

12.4(3) 

16.5 

18.0(3) 

10.85(3) 

Seated I-e i ght 37.0(3) 36.0(3) 

( 1) Sea 1ed from mani ki n drawi ng. 
(2) Scaled from Part 572 drawing. 
(3) Calculated. 

where R1 is the radius of the pelvic contact ellipsoid in the midsagittal plane, 
N is the neck length, and L3 is the head segment length (z-direction, approxi­
mately menton to top of head, in anthropometric tenns). 

2.5.2 Body Segment Weights 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 1 and e2, by which 
the torso n~ss centers are offset from the spine were determined to be 0.20 
and 0.70 in., respectively, based on simulation of vertical (+G ) tests. Az 
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TABLE 2. BODY SEGMENT WEIGHTS AND CENTER OF MASS LOCATIONS 

Segment 

Lower Torso 

Upper Torso 

Neck 

Head 

w Upper Arm 
IQ 

Lower Arm 
(including 
hand) 

Upper Leg 

Lower Leg 
(including 
foot) 

TOTAL 

We igh t (1 b) 

50th-Percentile 
Ai rcre\'tmember 
(reference 8) 

31.3 

55.0 

2.34 

9.35 

8.78(2.) 

8.34(2) 

43.4(2) 

21. 2(2) 

179.7 

Part 572 
Dummy 

(reference 9) 

28.6 

42.0 

1.98 

10.1 

9.70(2) 

9.70(2) 

43.4(2) 

19.0(2) 

164.5 

Center of t-1ass 

50th-Percentile 
Ai rcre\'tmember 
(reference 8) 

2.50(1) 

7.60(1) 

1.93 

5.57 

6.02 

7.07 (1) 

8.46 

9.06(1) 

Location (in.) 

Part 572 
Dummy 

(reference 9) 

4.17(1) 

6.55(1) 

2.44 

5.05 

4.72 

6.26(1) 

8.35 

11.0(1) 

(1 ) Ca1cu1ated. 
(2) Combined weight for two appendages. 



value of 1.17 in. for the corresponding dimension for the head, e3, 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 detennined using ap­
proximations to segment geometry. The torso and head segments were approxima­
ted by ellipsoids. Assigning appropriate anthropometric dimensions to the el­
lipsoid axes, ratios L/l and I/I were calculated for unit mass. Thesey y 
ratios, multiplied by the I from reference 8 or 9, gave values of Ix and Iy z 
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
i nde rs. 

.-.., 
TABLE 3. BODY SEGMENT MOMENTS OF INERTIA (lb-in.-sec2) 

Iy 

50t h- Pe rcent i 1e Part 572 
Ai rcrewmember Dummy

Ix ISegment (reference 8) (reference 9) z 

Lower To rso 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 fi9ure 15. The dimensions of these surfaces, listed in table 4, 

were obtained from anthropometric 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 Identification 
IX> 
N 

l. Lower Torso '"0 

2. Upper Torso 0 

3. Head 0 

4. Right Upper Arm N 
IX> 

5. Right Forearm 
6. Left Upper Arm 
7. Left Forearm 
8. Right Thigh 
9. Right Lower Leg 
10. Left Thigh 
1l. 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 Shoulder Joint 
20. Right Elbow 
21. Left Elbow 
22. Right Hand 
23. Left Hand 
24. Neck 
25. Right Shoulder 
26. Left Shoulder15 

14 

Figure 15. Occupant contact surfaces 
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TABLE 4. BODY CONTACT SURFACE RADII (IN.) 

Contact 
Surface 

5Oth-Percenti le 
Aircrewmember 

(scaled from manikin) 

Lower Torso 4.00 

Upper Torso 

Neck(!) 

5.00 

2.00 

Head(2) 3.75 

Upper Arm 2.10 

Lower Arm 1.65 

Upper Leg 3.28 

Lower Leg 

Hi P(3) 

2.23 

3.56 

Shoul der( 4) 2.00 

Foot 1.60 

(scaled 

Part 572 
OJmrny 

from drawing) 

4.50 

4.50 

2.00 

3.44 

1.95 

1.85 

3.10 

2.30 

3.56 

2.00 

1. 60 

(1) Neck circumference divided by 2n. 
(2) Head length (anterior-posterior). 
(3) Hip breadth (sitting)/2 - hip link length (LH). 
(4) Shoulder breadth/2 - shoulder link length (LS)' 

2.5.5 Joint Rotation 

The results of several studies on the limits of human joint motion have been 

published. Two of these studies, in particular, were examined for applicabil-

i ty to the occupant model. Fi rst of all, Dempster's (reference 10) data on 

link lengths and inertial properties were used, as discussed in preceding sec­

tions, so it was considered appropriate to include his joint data here. Glan­

ville and Kreezer (reference 11) presented 1imits of joint motion for both 

voluntary and forces rotation; their results appear, along with Dempster's, in 

table 5. Definitions of the various joint motions are illustrated in figure 17. 

Also included in table 5 are the rotations required for the Part 572 anthropo­

rforphic dummy. 

42 



- Head 

Upper 
torso 

Front 

.- Side 

'" o 
o 

o 

'" ex> 

.. Chest -..l 
breadth 

Shoulder 
.- width 
= 2 (L + R )

S IS 

Upper 
extremity 

Lower 
extremity 

Lower 
torso 

Figure 16. Body contact surface dimensions. 
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TABLE 5. RANGE OF JOINT ROTATION 

Measured Rotation - Deg 

Human 

Body 
Component 
Motion - Symbol Motion Description 

Glanville(ll) 
and Kreezer 

Volunta ry Forced Demp s te r ( 10) 
Pa rt 572 

Dummy 

Head - Wi th 
Respect to 
Torso 

A 
B 
C 
D 

[X)rs iflexi on 
Ventri fl exi on 
La tera1 Fl exi on 
Rotation 

61 
60 
41 
78 

77 
76 
63 
63 

-
-
-
-

60 
60 
40 
70 

.po 
~ 

Upper Arm -
At Shoul der 

Forearm - At 
Elbow 

E 
F 
G 

H 

Abduction (Coronal 
Flexion 
Hyperextens ion 

Flexion 

Plane) 130 
180 

58 

141 

137 
185 

69 

146 

134 
188 
61 

142 

135 
180 

60 

135 

Thigh 
Hi P 

- At I 
J 
K 
L 
M 
N 

Fl exi on 
Hyperexte ns i on 
Medi al Rotation 
Lateral Rotation 
Adduct ion 
Abduction 

102 
45 
-
-
-

71 

112 
54 
-
-
-

79 

113 
-

39 
34 
31* 
53* 

120 
45 
50 
50 
10 
50 

Lower Leg 
At Knee 

- P Fl exi on 125 138 125 135 

Long Axi s 
Torso 

of Q 
R 
S 
T 

Flexion 
Hyperexte ns i on 
La tera1 Fl exi on 
Rotation 

-
-
-
-

-
-
-
-

-
-
-
-

40 
30 
35 
35 

*Transverse plane. 

) ) ) 



o 
o 

o 

'"<X> 

N M 

-

Figure 17. ~Iotion diagrams. 

All of ttle rotations possible in the mathematical model are included in table 5 

and figure 17, but some are, naturally, Iolore important than others in detemin­

ing pennissible ranges of motion for the model. For the head, ventriflexion 

(8) is certainly the most important component of motion for frontal impact. 

Dorsifiexion (A) ~ay 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 (0) will have an in­

significant effect on model response. Therefore, the limiting rotation BS. 
1 

(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 all of the other 

angles, flexion is the most significant c(xTiponent for the type of motion that 

can usually be expected to take place in a crash environment. Therefore, the 

limiting 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 gO-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 BS which is thus given by 

BS = 120° - 90° = 30°. 7 
7 

TABLE 6. JOINT LIMITING ANGLES 

Angle - BSJoint Location (deg) i 

1 Back 40 
2 Neck 60 

3, 5 

4, 6 
7, 9 
8, 10 

Shaul der 
[I bow 

Hi P 
Knee 

180 

142 

30 
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 r~ODEL 

The seat structure is model ed usi n9 the finite el ement l1lethod of analysi s. 

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 concept~. The 
specific finite element formulation used in the program is based on the \JRECKER 

II program. developed at the ITT Research Institute (reference 12). 

Program SC»1- TA seat analysis uses three-dimensi anal beam el ements. It has the 
capability to model large displacements, nonlinear material behavior, local 

buckling, and various 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 uni axi al 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 benaing 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 sol ution procedure is based on formulation of equations of quasi-static 

equ i1i bri urn for the fini te el ement model in an incremental form accordi ng to 

(60 ) 

where ~T = Tangent stiffness matrix 

~ 1 = The vector of external appl ied loads at HI th sol ution time 
1+ step. 
T~ = The vector of internal forces associated with element deforma­

1 
. .th 1 t· t' ttlOns at 1 so u lOn lme s ep. 
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th 
u. = Displacements/rotations at i solution time step.

1 

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 

loads on the seat structure. The mass of the seat structure is neglected, 

since in most simulations it \'/i11 be a small percentage of the total occupant 

weight, and the seat structure is assur.led to be in a quasi-static equilibrium 

with the applied external forces j:'E. 

The tangential stiffness matrix K depends on the state of stress of the seatr 
structure and varies with time during the simulation. Therefore, it must be 

recomputed, asselilbled and inverted at selected time steps during the solution. 

The major computational effort is the inversion of ~T' which requires r~B2 multi­

plications where 8 is the semibandwidth and N is the number of degrees of free­

dom. 
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3.2 8EAM ELEMENT FORMULATION 

Large displacement formulation separates the beam element displacenent field 
into rigid body rotation and translation and small element distortion relative 
to the current position of the element coordinate system. After the rigid body 
motion is removed, it is possible to use the classical small deformation finite 
element formulations. Consequently, extremely large rotations and translations 
can be accommodated with accuracy depending on the size of the elements relative 
to the deformed curvature of the structure. 

The beam element is based on the conventional small-deflection fonnulation in­
vol vi ng cubi c di spl acement fi el ds for transverse di spl acements and 1i near di s­
placements for axial and torsional displacements. 

From the pri nci pl e of vi rtual work, the general form of the beam el ement tan­
gent stiffness matrix (reference 12) is given by 

K = f OT C D dV (6l)
-T V 

where ~T = Element tangent stiffness matrix 

D = r~trix that relates element strains to nodal dis­
pl acements 

C = Constitutive matrix that relates stresses and strains. 
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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. 

Where A = area of cross section 

E = modulus of elasticity 

I =moment of inertia 

G = modulus of rigidity 

J = torsion constant 

L = length of member 

(M ), (M ) =moment about x, (y), (z) at node i~1x . ' y.
1 Zi1 

(F ) , ( F ) = force in x, (y), (z) direction atFx. ' y
1 1 

z·
1 node i 

(8 ) , (8 ) = rotation about x, (y), (z) axis atex ' y. z. 
1 1 1 node i 

(vy .), (w .) = x, (y), (z) component of displacementux . ' z 
1 1 1 at node i 

For nonlinear materials the constitutive matrix C is given by 

C = t.a (62)
- M. 

where t.a = incremental stress 

t.E = incremental strain. 

Using the cubic shape functions for the transverse displacements and linear 
shape functions for axial and torsional displacements in matrix 0 it can be 
shown that (reference 12) 
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fi gure 18. Elastic three-dimensional beam stiffness matrix. 



K-T 

Q, 

=.L JQ,4 
0 

aQ,2 -B M2z

o f2 
z 2 

ByM2 

2 
-oxf 2 

o f2 
y 2 

-BzM I 

0z f 3 

-<\f3 

o f2 
z 1 

ByM1 

-oxf3 

0yf3 

2 
-oxf 1 

d 

o f2 
y 1 (63) 

where Q, =element length 

f1 = 6x 2Q, 

f 2 = 6x - 4Q, 

a = J b.a dA 
A b.E 

= J y b.a dA = J z b.a dABy
A b.E ' Bz A b.E 

b.a 2 b.a0 = J yz b.E dA, o = J y 11 dA,x y A EA 

0 = J / b.a dA 
z A b.E (64) 

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
gration is piecewise linear through the depth and linear along the length. 
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Once the element stiffness matrices have been evaluated, it is necessary to 

assemble each matri x to some global system. To accamp1 ish thi s, an e1 ement 
coordinate system (~, y,~) 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 (x, y, ~) with respect to the global axes at any time 
is established by the components of three vectors e , e2, e which remain fixed

1 3 
along the eleltlent axes (x, y, z), respectively, as the element translates and 
rotates. If these three uni t vectors e , e2, e form the col umns of a 3 x 3

1 3 
matrix f, then any vector v can be transformed from element to global coordinate 
system by the following time dependent transformation: 

(65) 

For beam elements (figure 19), the x-axis is defined by a line connecting the 

end points of the beam, and the y-axi s, by aline norlllal to the x-axi sand 
lying in a plane containing both the coordinate reference point and x-axis. 
The remaining z-axis is detennined as a normal to x- and y-axes by the 
righthand rule. 

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 
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 transformatin~ for the beam end, consistent with 

the beam kinematic assumptions, can be written as: 

-
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u. 
1 

1 0 0 0 -(z -n z )cg +(y -
n 
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cg 

v. 
1 = 010 z n 0 0 

w. 
1 

o 0 1 -y n 0 0 

..-.....,u 
n 

i 

v 
n·1 

w 
n. (66)1 

BX 
i 

By. 
1 

BZ • 
1 

~ihere u. , v. , w. = Displacements at the shear center in be am 1oc a1 x, y,1 1 1 
and z directions. 

u v w = Displacements at the node point in beam local x, y,n n n 
i i i and Z directions. 

B B B = Cross-section rotati ons about beam local x,Y,andzx v z 
i 

oJ 

i i axes. 

=Yn' z 
n 

Oi stance be tween the shear center and the node point 
(see figure 19b). 

Di stance bet~"een the shear center and the centroid.Yc9 ' 
Z
c9 

= 
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Fi gure 19. Three-dimensi onal beam el ement coordi nate 
system and eros s-secti on geometry. 
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3.3 INTERNAL RELEASES IN BEAM ELHIENTS 

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 release, the original beam element stiff­
ness matrix is modified as follows: 

~ 6.e = Fe (67) 

where ~ = Element stiffness matrix 

~ = Element end displacements/rotations 

Ie = Element end forces/moments 

Rewriting equation (67) as 

lfF F fFR] (68) 

.!SRF ~R 

where 6.F = Fixed end displacements 

6. R = Released end displacements 

FF = Fixed end forces/moments 

From equa t ion (68) 

(69) 

(70) 

Solving for 6R from equation (70) and substituting into equation (69) 

[ ~F - -4R ~~ ~F] L1= =FF 
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The modified beam element stiffness matrix K * is then given by:,-
-€ 

,-1 o - ~R ~R ~F (71 )K * = 
-€ o o 

3.4 MATERIAL NONLINEARITIES 

Nonlinear material formulation for bear.l elements is based on uniaxial elastic 

plastic stress-strain law. 

The computational al gorithm is based on the \'/ork of Hartzman and Hutchinson, 

(reference 14), as specialized for small strain and plane stress condition~. 

The current stress state at a point on the cross section of the beam is estab­

lished as follows: let the prior stress state of the point under consideration 

be a 0 and a small incranent in strain fran the prior state to the current x 
state by /J.£. First a tentative, current stress state, a is calculated as 

x x 
though the strain increment were compl etely el astic. 

(72 ) 

where E = Modulus of Elasticity 

Y= Poisson1s ratio 

An effective stress a = a is used to deterr.line whether plastic flow has taken 
e x 

place during the strain increr.lent. If a is less than the prior effective 
e 

stress a 0 at which yielding occurred, elemental loads are decreasing and the 
e 

tentative stress calculated a is the correct value of the current stress a . x x 
If a is greater than the prior effective stress a 0, at which yielding oc-e e 
curred, tentative stresses calculated must be modified to account for the 
plastic behavior. Hartzman and Hutchinson (reference 14) have shown that the 

true value of the current effective stress will be:-
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(J 0 + 
= e (73 ) 

(Je 

1 + 

HI. = (E)(Epi)where i = 1,2
1 E - E .pl 

and E . = Plastic modulus (figure 20)
Pl 
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 

(74 ) 

where 

3.5 LOCAL BUCKLING OF BEAM ELEr'1ENTS 

Local buckling is one of the failure modes of thin-walled tubes, typically used 

in light aircraft seats, when subjected to axial compressive and/or bending 
loads. Evaluation of the results of dynamic tests of seat-occupant syster,ls 

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 
buckling model for thin-walled tubes was incorporated into the program. 

Local buckling is traditionally expressed in te~lS of a moment-bending curva­

ture diagram as shown in figure 21. 
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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 
fo rces. 

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

(75) 

where 0.4 < K < 1.2 (recommended values)c 
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, a as a function of material and geometry, can be takenl , 

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 defonnation. 

To account for plasticity as well as cross-sectional properties, an empirical 
relation, equation (76) was used in the program to predict the local-buckling 
stress 

Oy.4 E (tiD)} 
a L = Mi nimum (76) 

{ 
a 
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where °L = local buckling stress 

= compressive yield stress y ° 
t = wall thickness of the tube 

0 = 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 (fig-

ure 22). The tangent stiffness matrix for nonlinear beam elements is then com­

puted by eval uati ng the integral s given in equation (66) over the pl ate 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 el ements. These stresses are then compared 

with the local buckling stress, 0L' computed from equation (76) for each beam 

element. If any of the compressive stresses at the segment end points exceed 

0L' the deformation of the cross section is modeled by modifying the radial 

location of that segnent end point using the following expression 

z 
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o 

points of 
N 

segments '" 

Figure 22. Circular tube cross section defined 
by eight thin-walled plate segments. 

*For rectangular tubes the diameter of a circumscribing circular tube is used. 
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~ 
L )KR. = 0 R. ( 77) 

1+1 0 HI ' 

where R, = radial location of the Gaussian station at time 
step i 

0L = local buckling stress 

0i+l =compressive stress at the segment end point at time step i+l 

K= 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 PROGRAH 

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. 

The elements of the program can be considered in terms of three general opera­
tions: 

• Input and initialization 

• Sol ution 

• 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 
the loop, the current aircraft displacement, velocity, and acceleration com­
ponents are calculated. The equations of motion for the occupant are set up 
and solved. If a finite element seat model is being used, the forces applied 
to the seat, such as the cushion forces, are provided to the seat routines for 
computation of seat displacements. At time increments equal to a predeter­
mined print interval, the output variables requested by the user are stored 
for pri nti ng after completion of the sol ution. 

-
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- 4.1 PROGRAH 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. Q:cupant 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 selection of system of units (51 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 back 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 
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by input of points on the curve. The force is computed by linear interpola­
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 
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 s"ingle shoulder belt, 
which may pass over either the left or the right shoulder, an input parameter 
locates the buckle by the length of webbing between the buckle and the lap belt 
anchor point. This length may be zero if the buckle attaches directly to a 
rigid anchor point. 

4.1.4 Crash Conditions 

The aircraft crash conditions are defined by the initial velocity and attitude 
and the acceleration as a function of time. Six components of velocity are 
required: three translational in the aircraft coordinate systen (V ' Vy , V )x zA A A 
and the yaw, pitch, and roll rates (¢A' eA, $A)' Each of the six acceleration 
components, which define the acceleration of the aircraft coordinate system, 
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
though many of the higher frequency oscillations observed in the actual pulse 
probably contribute little to the overall response of the occupant, the use of 
a large number of points reduces the effect of the investigator1s subjectivity 
in the approximation. 

4.1.5 Occupant Description 

Because it has been assumed that the principal user of this program is inter­
ested primarily in the seat or restraint system, a minimum of information is 
required to describe the occupants. Data for standard human and dummy occu­
pants, as described in section 2.5, are stored within the program. Additional 
data must be provided for nonstandard occupants. 
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Figure 24. Piecewise approximation to aircraft 
acceleration co~ponent. 

4.1.6 ~eat Design Infonnation 

The input data required to describe the seat consist of nodal coordinates, 
material properties, cross-section geometries, element locations, and attach­
ment conditions, as described earlier. For possible use in restraint syste~ 

analyses where detailed seat response may not be important or seat design 
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unknown, a rigid seat l:lOdel can be selected. Input data for the rigid seat 

option consist only of locations of the seat pan and seat back. 

4.1.7 Seat 8ack Contact Surfaces 

If contact bet\veen the occupants and the back of the seat row in front of 

t,lem is to be sirilulated, input data are required to define the dimensions of 

the surfaces illustrated in figure 25. Additional data are then required 

to specify Ule force-deformation characteristics of these surfaces, \'/hich 

represent cushion, tray table, and armrest surfaces. 

Figure 25. Seat back contact surfaces. 
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4.2 OCCUPAIH INITIAL POSITION 

The i niti al positi on of the ai rcraft occupant is computed fran the input pa­

rameters shown in figure 25. The occupant is seated at Y-coordinate of the 

mid-plane (plane of symmetry) for each occupant as specified in the input 

data. The angular coordinates \ (i = 1, 2, 3, 4) define the rotation of 

segments 1-4 relative to the ZA axis and, because of the symmetry condition. 

segment 6 is parallel to segment 4. Positive angles are shown in figure 26 

although Y1 and Y
Z 

are usually negative, considering the torso to be approxi­

mately parallel to an aft~"iard-sloping seat back. The angle Y describes the5 
position of the foreanms relative to the upper arms, and is the initial value 

of a5 and a 7. The distance X is the initial X-coordinate of the heels (theH 
i nferi or ends of segments 9 and 11). The procedure desc ri bed below cons i sts 

of seating the occupant in such a position that static equilibrium is achieved 

arlJong the forces exerted by the seat cushion, floor, and either the restraint 

systen or the back cushion. 

The first step in detennining the initial position for the three-dimensional 

occupant involves calculating the Euler angles for the torso, head, and arm 

segments, since this procedure does not require consideration of the forces 

due to the cushions and floor. Because the input parameters ill ustrated in 

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. 

For an aircraft in level flight with .:ero pitch, roll, and yaw, it is assumed 

that the aircraft coordinate axes (XA, YA, ZA) are parallel to the fixed co­

orainate axes (X, Y, Z) at the initial time (t = 0). A general orientation of 

the aircraft reference frame is obtained by the same sequence of rotations 

defi ned in secti on 2.1.1 for the body segments. Defi ni ng the rotati ons 

YawIf A: 

eA: Pi tch 

Roll<!> A: -
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Figure 26. Initial position input parameters. 

tile orientation of the aircraft relative to the inertial system is described 

by the coordinate transfon:lation 

x 

Y ::: A (78) 

z 
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where the elements of [A] are-

= cos t\J A sin eA sin epA - sin IjJ A cos ep AA12 

= sin IjJA sin eA sin epA + cos IjJ A cos ep AA22 

= sin IjJA sin eA cos epA - cos IjJA sin epAA23 

= -s in eAA31 

= cos eA sin epAA32 

= cos eA cos ep A (79)A33 

The rotation of body segment n relative to the aircraft, remembering that the 

symmetry condition requires that Yn is parallel to VA' is described by 

cos Y n J sin Y n 

(80) a 1 o= 

-s in Yn 0 cos Yn 

Combining equations (78) and (80) results in the angular relationship between 

the local coordinate system of segment n and the inertial system expressed by 

the following transfonnation, which is a function of the input Y and the air­n.- craft pitch, roll, and yaw: 
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where [BnJ is given by 

XX nn 

an (81) Yn = Yn 

Z znn 

cos Yn a sin Yn 

[BnJ = A (82)a 1 a 

so that its elements are 

n 
= AU sin Yn + A13 cos Yn B13 

n 
= A21 cosY - A23 sinYB21 n n 

n = A21 Sln Y + A23 cos YB23 n n 

n 
cos Yn - A33 sin Yn B31 = A31 

B~3 = A31 sin Yn + A33 cos Yn (83) 

Comparison of equation (81) with equation (1) points out that the transforma­
tion matrices [TnJ and [Bn] are equivalent. Because [TnJ is a function of 
Euler angles for segment n, equating the elements of [Tn] and [BnJ through 
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·- n = 1, 2, 3, 4, 6, 8, 10 (84) 

permits calculation of the initial values of the generalized coordinates from 

input parametersY and ~A' and<\>A. The procedure as used in Programn eA, 
SOM-TA is outlined below. 

First en is detennined as follows: 

n n nT31 =B 31 0r -sine = n B31 

which gives 

. -1 ( Bn )8 =sln -31 (85)
n 

The cosine is then found by 

cos en = cos [sin-1 (-B~I)J 

so that \jJ n can be determined: 

gives 

(86 ) 

and, for determination of <\>n' 

gives 

(87) 

Equations (85) through (87) are used for segments 1, 2, 3, and 4; the symmetry 

requirement provides the Euler angles for segnent 6, which are equal to those 
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for segment 4. At this point the generalized coordinates q4 through q20 have 
been determined. The next step involves seating the occupant and calculating 

Xl' Yl , and Zl (ql' q2' and q3) from static equilibrium.* 

Because the problem of seating the occupant is statically indeterminate, cer­
tain simplifying assumptions are made. The first assumption, which is approxi­
mately correct for typical seating positions, is that 15 percent of the occu­
pant's weight is supported by the floor. In other words, 85 percent is sup­
ported by the seat cushion and, depending on the aircraft attitude, the re­
straint system or the back cushion. 

A first approximation to the initial position is made for the assumption of 

level flight (e A = ~A = $A = 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 di scussed in the preceding paragraph. Summing 
fo rces gi ves 

FX : A 
FB cos eB - FS sin eS = 0 

(88) 

Fz: FB sin eB + FS co s es = W' 
A 

which can be sol ved for the cushion forces: 

(89) 

Dimensional considerations permit the coordinates of point P to be written as 
functions of the thicknesses t s and t Bof the compressed seat and back cushions, 
respectively. 

*Note that the computation of Euler angles is required only for the three­
dimensional occupant model. For the two-dimensional model, the corresponding
generalized coordinates are obtained directly from input data. 
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Fi gure 27. Forces acting on occupant 

torso (level flight). 

(90 ) 

which can be solved for X and Zp to givep 

(91) 

where -
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Si nce the force-defonna ti on characteri sti cs of the cus hi ons are known from 
input data, the compressed thicknesses t s and t B can be calculated from equa­
tion (89). These values, when used in equation (91), give the coordinates 
of point P for the first approximation of level flight. The equilibrium 
(zero-load) lengths of the lap belt and shoulder belt(s) are calculated for 
the body in this position. 

Next, the aircraft 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
ion, and the analysis will be the same as that described above for level flight, 
except that the WI vector in figure 27 will have a component in the XAdirection. 

Nose-down pitch, on the other hand, will tend to load the restraint system. 
An iterative procedure is used to detennine the correct position for this case. 
Referring to figure 28, summing forces gives a set of transcendental equations 

FX: 
A 

WI sin eA - FS sin es - FL cos eL = 0 

(92) 

FZ: 
A 

_WI cos eA + FS cos es - FLsi n eL = a 

where eL is the angle between the floor and the projection of the lap belt on 

the X - ZA plane. An initial estimate to eL is made using the body positionA 
calculated by equation (91) for the level flight assumption. The angle is 
defined according to 

The forces in the seat cushion FS and the lap belt FL are determined using 
this value of e L in equation (92). From the input force-deformation charac­
teristics for the seat cushion and lap belt, the defonnations Os and 0L are 
calculated. These deformations are used to determine new values of Xp and Zp; 
this procedure amounts to permitting the body to further compress the seat 
cushion and slide forward into the lap belt. Following through the procedure, 
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Figure 28. Forces dcting on occupant torso 
(nose-down attitude). 

the new length for one side of the lap belt is 

(94 )LL = l Le + \5 L 

where LLe is the equilibrium length. The new value of Xp is given by 

.../- I

I I 

(95 ) 

where LH is one-half the hip breadth and Y is the V-coordinate of the rightp 
hip in the aircraft system. The new value of Zp is computed for ttle new cush­
ion thickness t using equation (90), whicll is repeated here for continuity:s 
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The new occupant position, detemined by equations (95) and (90) is used in 

equati on (93) to recal cul ate the 1ap bel t angl eeL' and the procedure is re­

peated until two consecutive values of Xp differ by less than 5 percent. The 

coordi na tes of the mass cen ter of segment I (Xl' YI' Zl) are then cal cul a ted 

from Xp' Yp ' and Zp. 

At this point ttle general ized coordinates for the upper body have been deter­

(.lined. The final task will be to detennine the coordinates for the legs. Re­

ferring to figure 29, the angles Y8 and e can be found from simple geometric
K 

relationships among the dimensions shown. The Euler angles '¥8' e8' and ¢8 are 

obtained fran Y by using equations (85) through (87), and the corresponding
8 

coordi nates for seglnent 10, by symmetry. The knee angl es are given by 

rn = 9, 11 (96 ) 

to co]plete the initialization of the generalized coordinates. 
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Figure 29. Leg position. 
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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) 

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 equations is solved for the generalized accelerations by first 
combining the vectors on the right-hand side: 

[A] (q} = {B '} (97) 

where {B I } = {B} + {P} + {R} + {Q} 

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

na ti on. 

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

form 

79 



. . . 
q.
J 

= f. 
J 

(t, ql' q2' ••. , qN' ql' q2' ••• , qN) .-.... 

(98). . 
( t=O) (t=O) = q . j = 1, 2J ••• , NqJ = qjO qj JO 

where N, the number of degrees of freedom, is 12 for the two-dimensional model 

and 29 for the three-dimensional model. 

These equations can be rewritten as 2N first-order equations having the general 

form 

. 
q. = y. (99)

J J 

Numerical integration of this set of equations is accomplished, using the 
Adams-Moulton predictor-corrector method with a variable step size. This 
method uses the difference equations 

(p) h
Yj,n+l = Yj,n + 24 (55fj ,n - 59fj ,n_1 + 37fj ,n_2 -9f j ,n_3) (100) 

as the predictor and 

y(c) - Y + .!!..- (9f(P) + 19f. - 5f. 1 + f. 2) (101)j,n+1 - j,n 24 J,n+l J,n J,n- J,n-

as the corrector. Starting values are provided by the classical fourth-order 
Runge-Kutta method. Input data includes upper and lower error bounds for the 
solution. Error bounds for each variable are calculated and compared at each 
step with the difference between the predicted value y(p) and the corrected 
value yjc). If this difference exceeds the upper boun~ for any j, the step 
size is halved. If this difference is less than the minimum error bound for 
all j and for three successive steps, the step size is doubled. Halving the 
step size is accomplished by interpolation of past data, whereas doubling is 
effected by alternate selection of past data. The solution can be run with a 
fixed step size by making the upper and lower error bounds prohibitively large 
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- and small, respectively, or by using equal values for the maximum and minimum 
step size which are also included among input data. 

4.4 PROGRAM OUTPUT 

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, \'/hich 
are simply sorted during the solution at predetermined print intervals as 
follows: 

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

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

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

4. Restraint system loads. 

5. Cushion loads. 

6. Aircraft displacement, velocity, and acceleration. 

7. Injury criteri a. 

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 accelerations and cushion loads. 

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

4.4.1 Impact Prediction 

,~ For prediction of impact between the occupant and the seat in front, 26 sur­
faces are defined on the body. These surfaces were illustrated in figure 15, 
and their dimensions discussed in section 2.5. 
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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 progra~. 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 detennine the potential 
for injury to four regions of the body: head, vertebral col umn, thorax, and 

legs. Each of these is discussed in the remainder of this chapter. 

4.4.2.1 Head I~jury. An accepted 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 

(102 ) 

where a = acceleration in Gas 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 (HIe) contained in Federal r1otor Vehicle Safety 
Standard 208 is calculated according to 
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- 2.5 

adt)HIC =max (t : t (103) 
2 1 

where a is the resultant head acceleration in Gand t and t 2 are any two1 
points in 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 II ••• 

shall not exceed 60 Gexcept for intervals whose cumulative duration is not 
more than 3 msec, II where the acceleration is the resultant measured at the 
center of gravity. This acceleration is printed by S<J-l-TA. Previously, FMV5S 
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 51 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.-lb in flexion 
(forward bending) and 500 in.-lb ft-lb in extension (rearward bending), re­
spect ively. 

The dynamic response index (DRI) is also computed by SOM-TA as a measure of 
the probability of spinal injury due to a vertical acceleration parallel to 
the spine (reference 22). 

In this model, the response of the body to acceleration parallel to the spine 
is modeled by a single lumped-mass, damped-spring system as shown in figure 30, 
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r - - - - --, m = mass (lb-sec 2/in. ) 
I 

"-

'" 0 = deflection (in. ) (T) 

0 

1';; = damping ratio 0 

m k = stiffness (lb/in. ) 0

=rL = <0Z accelera'1ion input <'4 

(in./sec ) 
k 

2 
W 0 n max*ORI = g 

W = natural frequency of n the analog = {k7rn 
(rad/sec) 

*Oynamic Response Index g = 386 in./sec2 

Figure 30. ~lodel used for prediction of spinal 
i nju ry (from re ference 22). 

or, in other wo rds, the total body mass that acts on the vertebral col umn to 

cause deformation is represented by the single mass. In general, the motion 

of the system shown in figure 29 obeys the relationship 

.. 
= Z (104 ) 

The solution, the deflection 6, is representative of the defomation of the 

spine, and the last term of the left-hand side of equation (104), divided by 

the gravitational acceleration, is the DR!. The properties used in the model 

were derived fran tests involving human subjects and cadavers. For example, 

the spri n9 sti ffness k wa s detenni ned from tests of human cadaver vertebral 

segments; daulpi ng ratios \/ere determined fran measurements of mechanical im­

pedance of human subjects during vi~ratioll and impact. The acceleration input, 

i, is the component of seat pan acceleration parallel to the vertebral column. 

Equation (9Y) is solved for 6 simultaneously with the occupant equations of 

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

DR I = W 
26/ g (105 ) 

n 
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4.4.2.4 Leg Injury 

FI'fvSS 208 specifi es a 1imi t of 2,250 1b for the axi al compressive load in each 
femur. This tolerance level is based primarily on the work of Patrick, Kroell, 
and 11ertz (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 real-world accidents. 

If simulation of contact between the occupants and the seat back is requested, 
S()I-TA prints (and plots) the time variation of the axial load in each femur. 
The time and impact velocity for each such contact is also printed, along with 
identification of seat back surface . 

.-

-
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5.0 MODEL VALIDATION 

Dynamic tests of transport seats conducted by the FAA Civil Aeromedical Insti­
tute (CAMI) in 1983 for Simula were used in validation of Program SOM-TA. 
Three producti on seat des i gns and various 1110 dif i cati ons to the production de­
signs were tested. The design that was chosen for validation utilized a produc­

tion seat modified by incorporating energy-absorption capability in the longi­
tudinal direction. This seat produced more interesting results for validation 

than others because it underwent large deformations while maintaining structural 
integrity in the dynamic test. 

5.1 Description of Seat Structure 

Figure 31 shows the basic production seat. The seat pan assembly is built 
around aluminum front and rear tubes which are connected by four aluninum 
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

taches with one bol t. Three of the supports have canti levered rear extensions 
which provide a pivot and anchor point for the aml rests and seat backs. The 

seat cushions rest on perforated aluminum sheets which are riveted to the front 
tube 1n front~ and wrapped around a small aluminum tube which slips in between 

the cantilevered extensions in the rear. 

The leg assembly consists of front and rear legs of fanned stainless steel 
sheet, which are connected diagonally by a square aluminum tube. The front 
legs cradle and bolt to the front tube, while the rear legs are held to the 
rear tube by steel straps which are wrapped around the tube and bolted to the 
legs. Each rear leg is connected to the diagonal tube by a steel fitting which 
is riveted to the leg and the tube, and is also bolted to the steel strap. 
The seat pan and leg assembly are shown in figure 32. 

The rear legs are attached to the floor track by a fitting consisting of two 
studs and a lever-operated plunger. The plunger moves in and out of the track 

and is in front bf the fitting. The fitting is attached to the leg by a single 
bolt and is shown ill figure 33. 
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Figure 31. Production transport aircraft seat. 

,.~ 

Figure 32. Seat pan and leg assembly of the production 
transport aircraft seat. 
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Figure 33. Rear track fitting of a production 
d i rcraft sea t. 

The front legs are attached to the track by a single stud which is 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 

alur,,.inum 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 bol ted to the forged al umi num supports. Both the back and bottom 

cushions are fabricated of plastic foam. The back cushion is contoured for 

comfort while the bottom cushion is flat on top but curved on the bottom to con­

form to the performated al urninum seat pan. Each seat has a food tray mOIJnted 
on its back, and the seat back has an adjustable reclining mechanims. The 
two middle armrests can pivot LIp flush with the seat backs. 

-
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Figure 34. Front track fitting of a production
aircraft seat. 

The production seat design was modified at Simula to provide lon~itudinal 

energy-absorbing capability by replacing the diagonal brace with a compressive 
inversion tube energy absorber. A sketch of the seat kinematics using the 
compress ive energy absorber 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 released 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, 
the window-side energy absorber is required to stroke at twice the load of 
the aisle-side energy absorber, and thus uses two inversion tubes. The ~'rindow­

side and aisle-side energy absorbers begin to stroke at 2800 lb and 1400 lb, 
respect ively. 

The track fittings were also modified to provide release about pitch and roll- axes. Both front and rear track fittings had three studs and were locked in 
both positions. The modified track fitting is shown in figure 37. 
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Figure 35. Modified transport aircraft seat 
before and after stroking. -
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Figure 36. Modified transport aircraft seat 
energy absorbers. 
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figure 37. Modified transport aircraft 
trac:< fittings. 

5.2 Dynamic Test Conditions 

The seat design was tested at CAf~I in the forward-facing co~figuration witt) a 

9-G, 50 ft/sec. sled deceleration (figure 38). Three 50th-percentile anttlro­

pomorphic dummies were used to simul ate the seat occupants (figure 39). Si x­

axis load cells were placed under the seat legs to measure the seat redctions 

exertea on the floor. Lap Del t forces \~ere al so measured on both sides of tne 

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 

\~arping conditions. The aisle side of the seat \'Ias pitched down 10 degrees 

(figure 4U) and the ~,indow side of tne seat was rolled outwards 10 degrees 

(figure 41). 

5.3 SOM-TA Si~ulation Results 

The finite element mod~ of the seat structure illustrated in figure 42 con­

si sts of 26 nodes and 33 bedlll el ements. The compl ete input data 1i sti n9 is 

presented in figure 43. 

The compressive energy absorbers were model ed Hi th beams 21 and 24 between 

nodes 9-12 and 18-21, respectively. The ends of the energy absorbers \~re .-
lI)odeled as pin-socket joints by using the appropriate beam end release codes. 
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Figure 30. Sled deceleration, CAMI-modified transport 
aircraft seat Test A83-085. 
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Figure 39. Modified transport aircraft seat and dummies prior 
to CAtolI Test A83-085 (before floor wa rpi ng). 
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Figure 40. Modified transport aircraft seat and dummies prior to CAMI 
Test A83-085, aisle-side view (after floor warping). 
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Figure 41. Modified transport aircraft seat and dummies prior to eArH 
Test A83-085, window-side view (after floor warping). 
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PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME = 0.0000 SEC. 

28 

Figure 42. Program SOM- TA finite element model of the modi fied 
transport aircraft seat (before floor warping). 
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of CAMI Test A83-085. 
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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 non1 i near force-aefl ecti on characteri stics of the energy absorbers were 

modeled using a fictitious material property data for the corresponding axial 

stress and tangent modulus. All other bear.) elements made of 4130 steel and 

2024-T3 aluminum were f:lodeled as elastic bear.ls. 

Tile floor \'Iarping condition of 10 degrees pitch on the aisle side was sihlu­

1ated by enforcing a dowm'lard displacement of 2.68 in. at node 9. Trac:< fi t­

ting design already provided release for floor warping about the roll axis. 

The three 50th-percentile duml7lies were modeled using standard (two-dimensional) 

occupants, with occupant segl7lent data parameters available in the progr~n. 

The data set in figure 43 requests all occupant output data for the center oc­

cupant. 

As evidenced lIy the post-test view in figure 44, Ule seat did not experience 

any failures in the dynaMic test. The floor defomation prior to the test did 

not affect the perfOl1llanCe of the seat, due to the re1 eases provided by the 

track fittings. 

The predicted occupant and seat positions from SOM-TA simulations are shovm in 

figures 45 and 46, respectively. The occupant chest contacts the kne2s at about 

ZOO msec. Program SO!"I- TA does model the interacti on between the chest and the 

knees using an exponential force-deflection relationship and a viscous damper. 

Prograr:l SOH-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 acce1 erations 

have peaks around 200 msec, an indication of the contact bet~~en the occupants' 

Crlest and knees. 

-
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Figure 44. Modified transport aircraft seat and 
dwnmies after CAMI Test A83-085. 
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PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT IMODIFIED) 

TIME = 0.0000 SEC. 

PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME = 0.0400 SEC. 

-
PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME =0.0800 SEC. 

PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME = O. 1200 SEC. 

Fi gure 45. Program SO~1-TA-predicted occupant positions for modified 
transport aircraft seat (CNlI Test A83-085). 
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PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MOOIFIEO] 

TIME ~ 0.1600 SEC. 

PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MOOIFIEO) 

TIME = 0.2000 SEC. 

PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED] 

TIME = 0.2400 SEC. 

PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME = 0.3000 SEC. 

Figure 45 (contd). Program SOI1-TA-predicted occupant positions for r.lOdified 
transport aircraft seat (CAMI Test A83-085). 

104 



PROGRAM SOM-TA 

TRANSPORT AIRCRAFT SEAT (MODIFIED) 

TIME = 0.3000 SEC. 

28 

_. 
Figure 46. Program SOM-TA-predicted seat displacements for modified 

transport aircraft seat (CAMI Test A83-085). 
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Figure 49. Modified transport aircraft seat, CAMI Test 
A83-U85, pelvic (resultant) acceleration. 
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Figure 51. r'lodified transport aircraft seat. CA~lI Test AH3-085. 
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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: 

THREE-DIMENSIONAL MODEL 
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- Referring to figure A-I, and using P = L - P the absolute position of the n n n 
mass center of each body segment is yiven below. The elements of the trans­
formation matrices [Tn] are functions of the generalized coordlnates, as given 
by equations (6), (9), and (lO). 

Segment I: 

(Xl' VI' Zl)' the coordinates of the reference point on the body are the gen­
eralized coordinates (ql' q2' q3)· 

Segment 2: 
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Figure A-I. Body segment lengths and mass center 
locations for three-dimensional mOdel. 
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APPENDIX B 

OCCUPANT SEGMENT POSITION: 

TWO-DIMENSIONAL MODEL 





Referring to figure 6, the absolute position of the mass center of each body- segment is given below. L and LHare the lateral distances from the mid­s 
saggital plane to the shoulder and hip joints, respectively. 

Segment I: 

(Xl' VI' Zl)' the coordinates of the reference point on the body. Xl and Zl 
are the generalized coordinates ql and q2' 

Segment 2: 

S (cos 8 I - cos 82)
X2 = Xl - el cos 8I + + e2 cos 82-82 81 

V = Yl2 

S (sin8 2 - sin 8 1) 

- Z2 = ZI + e1 sin 81 + - e2 sin 82-82 81 

Segment 3: 

S (sin 82 - sin 81) 
Z3 = Zl + e1 sin 8 1 + 8 - 8 + p 2 cos 822 1 
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Segment 4: 

y = Y - L4 1 s 

Segment 5: 

y = Y - LSIs 

S (sin 6 - sin 6 ) 
Zs = ZI + e1 sin + 2 1 + p cos e1 -6 2 26 2 1 

Segment 6: 

X = X6 4 

Y6 = YI + Ls 

Z6 = Z4 

Segment 7: 

X7 = Xs 
Y7 = VI + Ls 

Z7 = Zs 
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Segment 8: 

X = Xl - PISin 61 + Pa cos 6a a 

Ya = Y1 - LH 

Za =Zl - PI cos - P8 sin 661 a 

Segment 9: 

X9 = Xl -PI sin 61 + La cos 6 - P9 sin 69a 

Yg = Y1 - LH 

Z9 =ZI - PI cos 61 - LS sin 6S - Pg cos 09 

Segment 10: 

X = XlO a 
= Y1 + LiYlO 

ZlO = Zs 

Segment 11: 

Xn = Xg 

Y =Y +LU 1 H 

Zn = Z9 
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	EXECUTIVE SUMMARY 
	1-TA (SeatjOccupant t'lodel -Transport Ai rcraft) has been developed for use in evaluating the crash\~rthiness of transport aircraft seats and re­straint systems. It cor;lbines a three-dimensional dynar;,ic mOdel of the hur.lan body ~Jith a finite element rliodel uf the seat structure. The program allows sir.lulation of one, two, or three passengers of the salile or different sizes. 
	Program SOt 

	It is intended to provide the design engineer a tool with which he can analyze the structural el eLlents of the seat as well as eval uate the dynamic response of the passengers during a crash. 
	The prograLl is doculilented in two voluLles. Volune I discusses development of the seat and occupant models. validation, and organization of the computer program. Volume II contains instructions for preparing input data and operating the progralii. 
	The occupant model consi sts of 12 masses that represent the upper and lO~Jer 
	torso, neck, head. and b~o segments for each of the arms and leys. An optional 
	Ii~del uf the human bod) includes beam elements in the spine and neck. but is 
	restricted to t\'Jo-ahlensional [dotion. 
	external forces are applied to the occupant by the cushions, floor, and re­
	straint systelil. Interface between the occupant and seat is provided by the 
	seat bottor,] cushion, back cushion, and an optional headrest. Contact between 
	the occupant(s) and the back of the seat row in front can also be simulated. 
	The restraint syster,i call consist of a lap belt alone or cOlilbined with a single 
	shoulder belt, over either shoulder. or a double-stra~ shoulder harness. Each 
	component of the restraint system can be attached to either the seat or the 
	aircraft structure. 
	The seat structure is I:lodeled using tile finite elerilent method of analysis, 
	selected because it is not dependent on ~revious testing, and it has the flex­
	ibility to deal with a \1ide range of design concepts. The SOt-l-TA seat analysis 
	uses three-diLJensional beam elements. It has the capability to model large 
	aisplacerlfents, nonlinear niaterial bellavior, local buckliny, and various end 
	release conditions for beam elen~nts. 
	The digital corlif.iuter ~r()9rar:l based on the occupant and seat models described 
	above has been written entirely in FORTRAN to ensure a high degree of compati­
	bility with various computer systems. lJurin~ developr.lent, the program has been 
	run on IBM and Uigital computer systems. Output data include occupant segment 
	positions, velocities, and accelerations; restraint system and cushion forces; 
	injury criteria; ana details of contact between the occupant and the seat in 
	front. Seat output includes nodal displacements. element stresses, and forces 
	at tile ~oints of attachment to the aircraft structure. 
	uynamic tests of transport seats conducted by the Federal Aviation Adr.linistra­
	tion Civil Aerol.ledical Institute in 1983 were used in validation of Progranl 
	SVII-TA. Three j.iroauction sedt designs and various r,lodifications to the produc­
	tion desigtl wer'e tested. The design that was chosen for validation utilized a 
	production seat rllodified by incorporating energy-absorption capability in the 
	lon~itudinal direction. This seat produced more interesting results for vali­
	dation than others becduse it underwent larye defomations \vhile r.laintain"ing 
	inte~rity in the dynamic test. 
	structural 

	1.0 INT~ODUCTION 
	1.0 INT~ODUCTION 
	The aesiyn of crash~/orthy seats and restraint systems for transport ai rcraft presents a complex engineeriny problem, the solution 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 condi­tions r,iust be evaluated to establish those critical to occupant survival. A crash~mrthy seat shaul d i ncl ude the capacity to absorb energy through con­trolled deformation, thus reducing the accompanying 
	In the initial design phases, it is desirable to evaluate, in some detail, existing seats and restraint systems in their surroundings, thus establishing existing weaknesses. It is then desirable to make ~odifications and to evalu­ate the effect of these r:lodifications on improving the performance of the system. These evaluations must be conducted for a great many of the possible environ~~nts, thus constituting a relatively large matrix. Testing is costly and is often time consuming since design modificatio
	crash 

	A nur,lber of one-, two-, and three-dimensional nlathernatical models of the human body have been developed for crash survivability analysis. These models vary 
	in compl exity and possess from one to forty degrees-of-freedom. The s il~lpl es t models have been oeveloped primarily for prediction of injury to a single component or subsystem of the body, such as vertebral injury due to the verti­cal force that 1,Iight be experienced in a crash or the firing of an ejection 
	seat. Simulation of the three-dimensional response of the entire body re
	-

	qui res many r,lore degrees-of-freedonl, but permits more general use. flost of 
	the three-dimensional models have been developed for use in evaluation of 
	automobile interior designs with respect to injuries caused by secondary illl­
	pacts, such as the three-dimensional models described in references 2 through 
	5. Seats have been represented in a very simple manner because in automobiles the role of the seat design in detennininy occupant survival is minir.lal. Therefore, a sir,lulation model intended specifically for the aircraft applica­
	tion is desired . 
	.
	-
	1 
	Tile develupment of a three-dir,lensional Inathematical model of a transport air­craft seat, including passengers, and restraint system is described in this report. This model foms the basis for a simulation computer prograr.1 that has been written specifically for use in crashworthy design and analysis of trans­port aircraft seats and restraint systel1lS, Program SOt-i-TAo The program, which cOLibines a finite eleflent model of the seat structure with lumped-paral;'Jeter Idodels of the aircraft passengers,
	f.'ro~rdnl Sot·j-TA seat and occupant models are based on those presently used in Pro\:jrar.l SOh-LA (Seat/Occupant Hodel -Light Aircraft), (reference 6). The fJroyralil vias Llouified to allow sirilulation of one, two, or three passengers of the saide or different sizes. The capacity of the seat model has been increased tu acconll;,odate the more complex transport seat structures. The seat model has also LJeen lilodified to sir.:ulate floor-warping conditions. 
	In this report, the details of the occupant and seat models are presented, 
	alon~ with the results of model validation. Operation of the computer pro­
	gral.l ;s described in Volume II, Program SIJI+TA User ~lanual. 
	-
	._ 
	_ 

	2.0 OCCUPAIH MODEL 
	2.0 OCCUPAIH MODEL 
	The SOM-TA mathematical Iilodel 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 occupant(s) and seat can be predicted for any given set of aircraft impact conditions, including the initial velocity, attitude and the input acce
	As mentioned previously, both a three-dimensional occupant model consisting of rigid links and a h/o-dimensional rl10del with deformable spinal elements are included. This chapter provides a discussion of the development of both oc­cupant models, including details of the approach usea to fonnulate the equa­tions of motion and the techniques used for their solution. Section 2.1 pre­sents the three-dimensional model and section 2.2, the two-dimensional model. Subsequent sections cover aspects of the equations
	2.1 THRE E-D Il~E NS 10 NAL OCCU PANT 1·10 DEL 
	2.1 THRE E-D Il~E NS 10 NAL OCCU PANT 1·10 DEL 
	The three-dimensional mathematical model of Vle aircraft occupant is r.1ade up of twelve rigid segments, as shown in figure 1. This number is thought to re­present the minimum segnents that will pennit accurate, meaningful simulation a of three-dimensional response. A greater nUMber of segr.Jents might possibly improve the accuracy of simulation but would, in turn, also increase program execution cost. Arm and leg segments are included to enable prediction of in­juries to these extremities. Although leg and
	Each of the body joints, with the exception of the elbOW, knee, and head-neck 
	joints, possesses three rotational degrees of freedom. Because of the Ilinge­
	type motion of a forearm or lm/er leg relative to an upper ann or thigh, the 
	position of each of these segments is described by one additional angular 
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	Fi gure 1. Twel ve-segment (three-dimensi onal) occupant olodel . 
	coordinate, as also is the position of the head relative to the neck. There­fore, the occupant system possesses a total of 29 degrees-of-freedom. 

	2.1.1 Coordinate Systems 
	2.1.1 Coordinate Systems 
	Fi xed at the center of lilass of each of the 12 segments is a right-handed Car­tesian coordinate system. For segment n (n = 1,2•...• 12) the local coordi­nate system is denoted by axes (x • y • z ). Positive directions are defined 
	nnn 
	such that when the body is seated as shown in figure 2. with the torso and head 
	N 
	o 
	M o o 
	~ 
	o 
	Figure 2. Segment-fixed local coordinate systems. 
	5 
	upright, the upper arms parallel to the torso, and the elbows and knees bent at right angles, positive x is directed forward, Yn to the left, and zn upward.
	n 
	In order to describe a general position of the body, it is necessary to relate the orientation of each segment (x ' Yn' zn) to the inertial system (X, Y, Z).
	n The angular relationship between the local, segment-fixed coordinates and the 
	inertial system can be expressed by the transformation 
	Figure
	:;; 
	( 1) 
	Figure

	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 co­ordinates. Assuming that the local (x' Yn' zn) system is initially coinci­dent with the inertial (X, Y, Z) system, the Euler angles are a series of three rotations, which, when performed in the pr
	n

	1-A positive rotation IjJ about the Z-axis, resu Iting in the primed (x I, YI, ZI) system. 
	2. 
	2. 
	2. 
	A positive rotation e about the y'-axis result; ng in the double-primed(x", y", Zll) system. 

	3. 
	3. 
	A positive rotation ¢ about the x"-axis resulting in the fi na1 (x, y, z) system. 
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	Figure 3. The Euler angles. 
	In order to determine the elements of tile transformation matrix [TnJ. it is necessary to consider the matrix equations that indicate the three individual 
	rotations previously described above. Referring again to these definitions of ¢, e, and ~, the following equations are obtained: 
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	Writing equations (2) through (4) in abbreviated fonn 
	{R} = [\jJJ {r'} {r' } = [eJ {r"} {r"} = [epJ {r} 
	or 
	{R} = [\jJ] [8] [¢J {r} (5) 
	where {R} represents the components of a vector in the inertial system and {r} represents the same vector in the final (x t Yt z) system. Performing the matrix multiplications indicated in equation (5)t the elements of the transformation matrix in equation (1) are obtained: 
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	The constraint of hinge-type rotation, at the elbows and knees, requires the
	use of one additional angular coordinate to define the position of each of the foreann and lower leg segments. Referring to figure 4, the angular position of the foreann segments (9-= 5,7) is given by 
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	Figure
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	and the lower leg segments (m = 9, ll) by 
	Figure
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	FrOOl equations (6) and (7), the elements of the transformation matrix for the 
	foreanns (segments 5 and 7) are written as: 
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	Fi gure 4. Defi ni ti on of angul ar coordi nates a for elbows, knees, and neck. 
	Jl, T= cos \)in cos en sinaJl, -cos \)in sine cosq,n cosaJl,
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	From equations (6) and (8), the elements of the transformation matrix elements for the legs (segments 9 and 11) are obtained: 
	m T11 = cos \Ii n cosensina m+cos \Ii nsinencos¢n cosam 
	+ sin \Ii n sin¢n cosam 
	Figure
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	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 8, as illustrated in figure 4. 
	12 

	Having developed the relationships expressed in the equations (1) through (10), the position of the occupant can be described by the following set of generalized coordinates: 
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	The above coordinates include the Cartesian coordinates of the mass center of 
	segment 1 (Xl' VI' 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
	di x A. 

	2.1.2 Lagrange's Equations 
	2.1.2 Lagrange's Equations 
	The response of the occupant system is described by Lagrange's equations of 
	motion, which are written for the 29 generalized coordinates. The equations 
	are developed according to 
	d aL. aL 
	crt (-.-) -aq. = Q
	j 
	(j=1,2,. .• ,29) 
	(12) 

	aq J 
	J 
	where L is the Lagrangian function 
	L=T-V (13) 
	t represents time, Q are the generalized forces not derivable from a potential
	j
	function. (Forces that are derivable from a potential function are obtained from L, and T and Vare the system kinetic and potential energies, respectively.) 
	Because the system being treated does not involve any velocity-dependent poten­tials, equation (12) can be written as 
	(j = 1, 2,..• , 29) (14) 
	The system kinetic energy contains both translational and rotational parts: 
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	where M is the mass of segment n and Ix ' I , and I are mass moments of
	n yz 
	nn n 
	lnertia of segment n with respect to the local coordinate axes (x' Yn' Zn)' 
	n

	assumed to be principal moments of inertia. 
	The absolute velocities of the 12 mass segments required for the translational kinetic energy must, of course, be written as functions of the generalized co­ordinates and generalized velocities in order to use equation (14). The angular velocity components (w , w , W ) seen in equation (15) are parallel to 
	-

	xYnn the local (x' Yn' zn) coordinate systems. These angular velocity components cannot be used directly in Lagrange's equations because they do not correspond to the time derivatives of any set of coordinates that specify the position of the segment. They must be written as functions of the generalized coordinates, using the generalized angular velocities (~, e, ~ ), which are parallel to 
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	An arbi trary angul ar velocity of segment n, 

	-n of the generalized angular velocities according to 
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	Referring to figure 3, IjJ , 8 , and <P do not, in general, fonn a mutually per
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	pendicular vector triad. C~ and i are both perpendicular to 8 but are not necessarily perpendicular to each other.) However, they ean be considered as a nonorthogona1 set of components of w sinee thei r vector sum is equal to w. 
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	Summing the orthogonal projections of ~ ,e, and ¢ on the (x ' Yn' zn) axes 
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	yields the angular velocity components required for the kinetic energy expression: 
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	The system potential energy is simply gravitational potential, which is writ­ten as 
	(18) 
	where gis the acceleration due to gravity and Z is an arbitrary datum. 
	no 

	2.1.3 Matrix Equations 
	2.1.3 Matrix Equations 
	For the purposes of computation, the equations of motion are rewritten in the 
	following form: 
	[A(q)] {q} = {B(q,q)} + {P(q)} + {R(q,q)} + {Q(q,q)} (19) 
	where the elements of the inertia matrix [A] and the vector {B} are derived 
	from the kinetic energy derivatives of Lagrange's equations. In other words, 
	29 .. J=1 Ajkqk (20) 
	(j = 1, 2, ••., 29) 15 
	(j = 1, 2, ••., 29) 15 
	The force vector {PI is derived fror,l the system potential energy according to 

	P. (j = 1,2, .. ,,29) (21) J 
	Both {f{} and {Q} are vectors of general ized 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 section 2.3; {Q} is the vector of generalized external forces, discussed in detail in section 2.4. 
	2.2 TwO-DIMENSIONAL OCCUPANT MODEL 
	2.2 TwO-DIMENSIONAL OCCUPANT MODEL 
	In order to achi eve econorlical program sol uti ons for cases ~'1here occupant re­sponse is expected to 0e symmetrical with respect to the X-Z plane, a two­dimensional occupant r.lodel option Has included in Program SOM-TA. This tv/o­dimensional model was configured like the three-dill1ensional model shown in figure 1, vJith the 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 velocit
	z 
	occupant model produced less bending of the torso than observed in tests with 
	either dummies or human cadavers. Therefore, in order to produce the moments 
	on the vertebral column that are induced by +G acceleration in Doth human and 
	z dum~y occupants, the mass centers of the torso segments, segments 1 and 2, are 
	offset fr~n the vertebral column by the dimensions e and e respectively.
	2
	2
	,

	1 The dir:lension e by vJhich trle center of mass of the head segl;1ent is placed
	forward of the neck, is used in both three-diMensional and two-dimensional models. 
	3
	, 

	Development of the equations of l:lotion for the tv'o-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 
	NECK ELEMENT .., 0 ... 0 0 ... 0 ... ex> ® z S SEGMENT MASS CENTER o JOINT G).@ ® 
	Fi gure 5. E1 even-segment (two-dimensi ona1 ) occupant model. 
	a local, segment-fixed coordinate system and the inertial system is dependent only on the angle e. Transformations, therefore, take the form of equation (3). The position of the center of mass of segment 2, with respect to that for seg­ment 1 and the position of the center of mass of segr:lent 3, relative to seg­ment 2, depend on the length and curvature of the beam elements in the spine 
	and neck, respectively. 
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	Fi gure 6. General i zed coordi nates for two­dimensional occupant model. 
	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 s
	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 
	X-Xl = 2~2 ~ s};n (S2 ; SI) sin (8; ) 
	2
	2
	8
	1

	= 2~2 ~ s}n (S2; SI) cos (S2; SI) 
	z2 -zl 
	(22) 

	Positions of the mass centers for the eleven body segments of the two-dimensional model are presented in appendix B. 

	2.3 JOINT RESISTANCE 
	2.3 JOINT RESISTANCE 
	The form of the joint 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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	Figure 7. Position of segment 2 relative to segmen t 1. 
	lu~bar vertebrae Joint 2 -Torso-neck, between 7th cervical and 1st thoracic vertebrae Joint 3 -Right shoulder Joint 4 -Right eloow Joint 5 -Left shoulder Joint 6 -Left el bow Joint 7 -Right hip Joint 8 -Right knee 
	Joint 1 -Back, between 12th thoracic and 1st 

	Joint 9 -Left hip
	-
	Joi nt 10 -Left knee Joint 11 -Head-neck, at occipital condyles 
	The angular displacement of joint i from its reference position (figure 2) is o If (irn' jrn' k ) and (in, jn' k ) are triads of unit vectors in
	given by 8
	i 

	rn n 
	the local coordinate systems of two adjacent segments connected at joint i, as shown in figure 8, the joint angle is given by 
	Q. = cos-(k ok) (23)
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	~l mn where (k k) is the scalar product. Considering the geometry of the occu­
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	pant model in the reference position, the 8; for the 11 joints are given by 
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	Fi gure 8. Joint angle S. between segments m and n. 
	1 
	If at each joint i, a moment r~. and a torsional damper with coefficient J. act 
	11 
	to resist motion of the joint, then the virtual work done on the system as each joint i undergoes a vi rtual di spl acement oS. is 
	1 
	o~v --I (~1. 0 8.. +J. s. Sl' ) (25)
	11
	0

	11 11
	i =1 Since the S. are functions of the generalized coordinates q.. the vi rtual di s­
	1 
	J
	placelllents oS. can be expressed in terms of corresponding virtual displacements
	1 
	t such an expression woul d taKe the form 
	of the qj' In general 

	29 aSi 
	(i=1, 2, •..• 11) (26)
	-aq. OqJ'
	I 

	j =1 J 
	where the partial derivatives 08./oq. are functions of the generalized coordi
	-

	1 J nates. Substituting into equation (25) gives 
	11 29 oW =-II (27)
	i =1 j=1 
	Changing the order of summation, equation (27) can be written in the general form 
	o W= I R.0q. (28)j=l
	29
	J J 

	where Rare the generalized forces acting on the system. As seen in equation (19), the generalized forces are treated as two distinct types: joint resist­ance forces and external forces. Since the joint resistance terms are being treated here, the generalized joint forces referred to as Rwill be consid­ered alone. Equation (28) beconEs, more specifically 
	j 
	j 

	29 oW = R. oq. (29)j=1
	I 
	J 
	J 

	and, from equation (27) , R. can be written
	J 
	11 •08
	i

	R --(r.1. + J.(j=1, 2, ••• , 29) (30)
	I 
	, 
	(3 i) oq. 

	J1
	i =1 
	J 
	As mentioned earlier in this section, the type of occupant is determined by the relative contributions of M and J, to the Rterms. For the dumn~ joint,
	j 

	l 
	the resisting torque M. is constant throughout the normal range of joint mo-
	l 
	tion and increases rapidly along a third-order curve to a higher value at the limiting displacement 8.' as shown in figure 9. The normal values MD. are 
	S

	,1 
	set equal to those resulting from the joint-tightening procedure of SAE Recommended Practice, Anthropomorphic Test Device for Dynamic Testing -SAE J963. That is, the body joints will just support a I-G load in the reference (seated) 
	-
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	Figure 9. Dummy joint resisting torque. 
	position, Hittl the exception of the torso joints, which will support a 2-G load. In addition to t~., a small viscous damping tenn wit~l constant J. is included 
	11 
	for energy dissipation. 
	The resistance of each human joint consists of up to three tenns. The primary resisting force during nonnal joint rotation is a viscous damping tenn with constant coefficient J .. In a manner similar to the case of the dummy, a re
	-

	1 
	sisting torque is applied at the limit of the joint range of motion, as shown in fi 9ure 10( a). An additi onal tem used to s imul ate muscl e tone is the mo­ment r'l, which drops to zero after a small angular displacement from the ini­tial position, provided that the crash deceleration is sufficient to overcome it (figure lO(b)). 
	l 

	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 
	freed~ll, rather than the 11 and 29 presented here, respectively. 
	24 
	•..-i 
	:8 
	MS. 
	1. 
	OJ :J 
	0' 
	l-l 
	0 
	~ 
	tJ'> 
	r:: 
	•..-i 
	~ 
	Ul •..-i Ul 
	OJ 
	P::: 
	-
	-
	:8 
	o 
	'"

	OJ :J 
	o 

	o
	0' l-l 
	0 
	~ 
	<Xl 
	'"

	tJ'> M. 
	H

	r:: 
	1.
	•..-i 
	~ 
	Ul •..-i 
	Ul 
	OJ 
	l-l 
	'0 
	OJ 
	'0 '0 
	~ 
	6S . 
	1. 
	Angular displacement -6. Displacement from initial 
	1. position -(6. -B. )
	1. 1. 
	o 
	(a) (b) 
	Figure 10. Human joint resisting torques: (a) displacernent­limiting moment and (b) muscular resistance. 
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	2.4 EXTERNAL FORCES 
	2.4 EXTERNAL FORCES 
	The vector of generalized external forces {O} is developed in a Manner similar to that discussed in the previous section for the joint resistance vector. Equati ons presented in UJi s secti on i ncl ude summati ons whose upper 1ini ts are correct for the three-dimensional model, \lith 12 segments and 29 degrees-of­
	freeaom. 
	freeaom. 
	freeaom. 
	The approacn for tile tvJo-dimensional 
	model 
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	except for 

	the 
	the 
	use 
	of 11 segments and 11 
	degrees-of-freedom. 

	The 
	The 
	resultant external 
	force F. acting-1 
	on 
	segment 
	is given by 
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	where F.' F .' and F are components in the inertial (X, Y, Z) system. The
	y 
	Z
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	X
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	absolute position of the point P. on segment i, where the resultant force acts,
	1 
	can be represented by 
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	Writing the virtual displacement components in terms of the generalized coor­di na tes qj: 
	axp,
	29 
	1
	oXp. = I a-oq.1 j=l 
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	29 oY. = aq-oq, (34)
	p
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	azp,
	29 olp. l: aq.-oqj 
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	1 j=l 
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	results in 
	Us; ng equd t ion (28) 
	29 oW = I Q. oq. j=l
	J J 

	yields the components of the generalized external force vector: 
	12 
	OJ. = .L 
	(36) 

	1 =1 
	The external forces acting on the body segments can be characterized as either contact forces or restraint forces. These forces are discussed in further de­tail in the sections following. 
	2.4.1 Contact Forces 
	2.4.1 Contact Forces 
	The contact forces applied to the occupant in all cases are those forces exerted by the cushi ons and floor, ill ustrated oj n 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 
	~-axi s passes through both hip joints. The force of the back clJshion 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 De simulated, eight surfaces on each seat back are defined by user input. If contact occurs between a
	Each of the forces mentioned above acts no~~al to the surface applying the force, or, in other words, its direction is determined by the plane of the sur­face, 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 Illultiplied by the normal force. It is applied in a direction opposite to the tangential component of relative ve­locity between the occupant segment and the appr
	-the force is reduced sinusoidally when the magnitude of the tangential veloc­ity drops below a predetermined limit. (A limiting value of 1 ft/sec has pro­duced satisfactory results in SOM-TA and is thus used by the program.) 
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	Figure 11. External forces of cushions and floor. 
	All contact forces are calculated by first detennining 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 penetra­tion of the abdomino-pelvic segment (segment 1) into the cushion are illus­trated in figure 12. Xand Zp are coordinates of the center of the contact surface of segment 1, and Ris the radius of the contact surfa
	p 
	1 

	parallel to the (xl -zl) plane are circular. The dimensions of the contact 
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	Figure 12. Seat cushion defiection. 
	surfaces will be discussed in section 2.5.) The position of the seat pan is defined by its height Zs above the origin of the aircraft coordinate system and the angle e that it makes with the aircraft (X VA) plane. The unloaded
	s Athickness of the seat cushion is t , and the loaded thickness under segment 1 
	-

	e 
	is t. Summing the dimensions in the ZA direction gives 
	(37) 
	Sol ving equation (37) for ttle cushion thickness, 
	(38) 
	The deflection of the seat cushion is then 
	6 
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	= t 
	-t 
	(39) 
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	and the 
	and the 
	force, 
	which is assumed 
	to act normal 
	to 
	the plane of the seat 
	pan and 


	pass through the center of curvature of the contact surface, is calculated from deflection according to 
	29 
	be F =A( e c-1) (40) 
	c 
	To each nonnal force, a damping tenn is applied 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 multidegree-of-freedom system there will be a discrete damping coeffi­cient associated with each characteristic mode. In a continuous system there will be an infinite number of coefficients, although several modes will gener­ally dominate the dynamic sol ution. It was assumed for the formulation in SOM-TA that the damping ratio, ~, was constant for all defonnation modes of interest. This assumption greatly simplifies the solution of equation (41) because the damping coefficient is not dependent on the
	(41) can then be simplified to 
	C = 2Ka (42) 
	where the stiffness K is the gradient of the cushion force-deflection curve, 
	and a is a constant for the system. 
	The procedure used in SO~i-TA to calculate the current value of the damping co­efficient is based on the curent value of K, and the constant, a, which is de­tennined from input data. The slope of the exponential load/deflection curve at deflection 0c is 
	b<\
	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 =_0 2K (44) 
	o 

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

	2.4.2 Restraint System Forces 
	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 re­straint 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, a restraint system consisting of a lap belt dnd 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 shoHn in figure 13. The locations of the anchor points Ai' A' and Aare determined by user input along with the webbing properties. The buckle B for a single shoulaer belt is located according to an inpu
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	Figure 13. Restraint system configuration variables. 
	Figure 13. Restraint system configuration variables. 
	The ellipsoidal surfaces are described by 

	(45) 
	for the lower torso, where 
	=
	a
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	l 
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	c
	c
	I 
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	and 
	(46) 
	for the upper torso, where 
	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. Fi rst, the belt loads are calculated from the displacelllents of segn~nts, and the resultant force on each segment is then applied at the point along the arc of contact between the belt and the ellipsoidal sur­face where the force is normal to the surface. 
	the torso 

	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 length in a straight line from an anchor point (AI or A) to the outermost point on the hip contact surface (C or C) 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 (A) 
	2
	1 
	2
	3

	to a point of tangency on the top of the shoulder contact surface (0), 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 shaul d 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 +Fj +Fk (47) 
	-xy z 
	where F ' F ' and F are components in the local, segment-fixed coordinate 
	xy z 
	system. 
	To find the point on the segment where F is normal to the surface, consider 
	fi rst the equation of an ell ipsoid: 
	Figure
	(48) 
	which may also be expressed in functional form as 
	(49 ) 
	~ where the ellipsoid can be regarded as the level surface f=O of the function. At any point (x, y, z) on the surface, the gradient of f is normal to the sur­face. The gradient is given by 
	33 
	( 50) 
	and at the point of application of the resultant force, grad f is collinear c~nponents of the two vectors, 
	with F. Making use of the proportionality between the 
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	F = Cy/b (51)
	y 
	2
	F = Cz/c
	z 
	where C is an arbitrary constant. Solving equation (51) for the coordinates (x, y, z) and substituting into equation (48) 
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	wi th C =-~ F 22 + F 2b2 + F 22 
	a
	c
	(55)

	xy z 
	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 component of the re­sultant force, or 
	x >0 of F <0
	1X 
	y >0 if F <0 (56) 
	y 

	z>0 ifF < 0 
	z 
	The capability of the belt's point of application of resultant belt loads to move relative to the torso surfaces allows simulation of the "su bmarining" under the lap belt. 



	2.5 OCCUPANT DIMENSIONS AND INERTIAL PROPERTIES 
	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 re­quired are the axial and flexural stiffnesses and damping coefficients for both vertebral elements, as well as compliance characteristics for the chest and abdorren. It is assumed that, for each segment, aline connecting the joints is a principal axis, so that the required moments of inertia are all principal moments. For each torso el~~nt, of the two-dimensi
	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 
	35 
	Nost of the dimensions and inertial properties used in SOM-TA were taken from references 8 and 9, but because fewer segments are used in the mathematical model, some properties needed to be combined. That is, in the model, the hands are combined with the lower arms, the feet with the lower legs, and the mid torso wi th the lower torso. The di stance from the wri st pivot to the mass center of the hand was added to the lower 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 
	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 cases, effective "link lengths" between joint centers, rather than standard anthropometric dimensions based on external measurements. These lengths, for the standard 50th-percentile occupants, are presented in table 1. 
	For segments other than the 
	For segments other than the 
	For segments other than the 
	torso segment, 
	the distance of the 
	mass 
	center of 

	segment 
	segment 
	n from 
	the end 
	nearest the body reference point (m 1) is P n. 
	The di s­

	tance 
	tance 
	between the 
	mass 
	center and the far end 
	is given by 


	P =L P (57)
	nnn 
	Note that the lengths of the torso segments, Land L, are not used in the two-dimensional model shown in figure 5 although they are used to generate contact su rface ell"j psoids for the graphics di splay. However, the center of mass distances, PI and P, and the spinal length, S, are used and 
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	Fi gure 14. Program SOM-TA body segment dimensi ons. 37 
	TABLE 
	TABLE 
	TABLE 
	1. 
	BODY 
	SEGMENT 
	LENGTHS 
	(I N.) 

	Segment 
	Segment 
	5Oth-Percenti le Ai rc rewmem be r (reference 8) 
	Part 572 IAImmy (reference 9) 

	Lower Torso, 
	Lower Torso, 
	L1 
	9.44 
	10.5 

	Upper Torso, r~eck , N 
	Upper Torso, r~eck , N 
	L2 
	13.1 5.10 
	11. 5 4.88(2) 

	Head, 
	Head, 
	L3 
	8.50 (l) 
	8.35(2) 

	Upper Ann, Lowe r Arm, 
	Upper Ann, Lowe r Arm, 
	L4 L5 
	11. 6 14.8(3) 
	11.3 13.3(3) 

	Upper Leg, Lower Leg, Spine, S 
	Upper Leg, Lower Leg, Spine, S 
	L8 L9 
	17.1 18.4(3) 12.4(3) 
	16.5 18.0(3) 10.85(3) 

	Seated I-e i ght 
	Seated I-e i ght 
	37.0(3) 
	36.0(3) 

	( 1) Sea 1ed from mani ki n drawi ng. (2) Scaled from Part 572 drawing. (3) Calculated. 
	( 1) Sea 1ed from mani ki n drawi ng. (2) Scaled from Part 572 drawing. (3) Calculated. 

	where Ris the radius of the pelvic contact ellipsoid in the midsagittal plane, N is the neck length, and Lis the head segment length (z-direction, approxi­mately menton to top of head, in anthropometric tenns). 
	where Ris the radius of the pelvic contact ellipsoid in the midsagittal plane, N is the neck length, and Lis the head segment length (z-direction, approxi­mately menton to top of head, in anthropometric tenns). 
	1 
	3 




	2.5.2 Body Segment Weights and Center of Mass Locations 
	2.5.2 Body Segment Weights and Center of Mass Locations 
	Body segment weights and axial locations of centers of mass for the two stan­dard occupants are presented in table 2. The dimensions eand e, by which n~ss centers are offset from the spine were determined to be 0.20 and 0.70 in., respectively, based on simulation of vertical (+G ) tests. A
	1 
	2
	the torso 

	z 
	') 
	") 
	) 

	TABLE 2. BODY SEGMENT WEIGHTS AND CENTER OF MASS LOCATIONS 
	Segment 
	Lower Torso 
	Upper Torso 
	Neck 
	Head 
	w Upper Arm 
	IQ 
	Lower Arm 
	(including 
	hand) 
	Upper Leg 
	Lower Leg 
	(including 
	foot) 
	TOTAL 
	We ight (1b) 
	50th-Percentile Ai rcre\'tmember (reference 8) 
	31.3 
	55.0 2.34 9.35 
	8.78(2.) 
	8.34(2) 43.4(2) 
	21. 2(2) 
	179.7 
	Part 572 Dummy (reference 9) 28.6 42.0 1.98 10.1 9.70(2) 
	9.70(2) 43.4(2) 
	19.0(2) 
	164.5 
	Center of t-1ass 50th-Percentile Ai rcre\'tmember (reference 8) 2.50(1) 7.60(1) 
	1.93 5.57 6.02 
	7.07 (1) 8.46 
	9.06(1) 
	Location (in.) Part 572 Dummy (reference 9) 4.17(1) 6.55(1) 
	2.44 5.05 4.72 
	6.26(1) 8.35 
	11.0(1) 
	(1) Ca1cu1ated. 
	(2) Combined weight for two appendages. 
	value of 1.17 in. for the corresponding dimension for the head, e, is based on Part 572 dummy drawings. 
	3


	2.5.3 Body Segment Moments of Inertia 
	2.5.3 Body Segment Moments of Inertia 
	Body segment moments of inertia are presented in table 3. As indicated, mo­ments 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 detennined using ap­proximations to segment geometry. The torso and head segments were approxima­ted by ellipsoids. Assigning appropriate anthropometric dimensions to the el­lipsoid axes, ratios L/l and I/I were calculated fo
	yy ratios, multiplied by the I from reference 8 or 9, gave values of Ix and I
	yz for the torso and head segments. The identical procedure was used for the ex­tremities, except that these segments were approximated by solid circular cyl­i nde rs. 
	.-.., 
	TABLE 3. BODY SEGMENT MOMENTS OF INERTIA (lb-in.-sec) 
	2

	I
	I
	y 

	50t h-Pe rcent i 1e Part 572 Ai rcrewmember Dummy
	Ix 
	I

	Segment (reference 8) (reference 9) z 
	Lower To rso 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 (includinghand) 0.105 0.254 0.185 0.195 
	Upper Leg 0.212 1.41 1.22 0.873 
	Lower Leg (includingfoot) 1. 28 1.17 0.994 0.505 

	2.5.4 Body Contact Surfaces 
	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 fi9ure 15. The dimensions of these surfaces, listed in table 4, were obtained from anthropometric 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 deta
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	12. 
	12. 
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	Right Knee 

	13. 
	13. 
	Left Knee 

	14. 
	14. 
	Right Foot 

	15. 
	15. 
	Left Foot 

	16. 
	16. 
	Right Hip 

	17. 
	17. 
	Left Hip 

	18. 
	18. 
	Right Shoulder Joint 

	19. 
	19. 
	Left Shoulder Joint 

	20. 
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	Left Elbow 
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	Left Hand 

	24. 
	24. 
	Neck 

	25. 
	25. 
	Right Shoulder 

	26. 
	26. 
	Left Shoulder


	15 14 
	Figure 15. Occupant contact surfaces 
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	TABLE 4. BODY CONTACT SURFACE RADII (IN.) 
	Contact Surface 
	Contact Surface 
	Contact Surface 
	5Oth-Percenti le Aircrewmember (scaled from manikin) 

	Lower Torso 
	Lower Torso 
	4.00 

	Upper Torso Neck(!) 
	Upper Torso Neck(!) 
	5.00 2.00 

	Head(2) 
	Head(2) 
	3.75 

	Upper Arm 
	Upper Arm 
	2.10 

	Lower Arm 
	Lower Arm 
	1.65 

	Upper Leg 
	Upper Leg 
	3.28 

	Lower Leg Hi P(3) 
	Lower Leg Hi P(3) 
	2.23 3.56 

	Shoul der( 4) 
	Shoul der( 4) 
	2.00 

	Foot 
	Foot 
	1.60 


	(scaled 
	Part 572 
	OJmrny 
	from drawing) 4.50 4.50 2.00 3.44 1.95 1.85 3.10 2.30 3.56 2.00 1. 60 
	(1) 
	(1) 
	(1) 
	Neck circumference divided by 2n. 

	(2) 
	(2) 
	Head length (anterior-posterior). 

	(3) 
	(3) 
	Hip breadth (sitting)/2 -hip link length (L). 
	H


	(4) 
	(4) 
	Shoulder breadth/2 -shoulder link length (L)' 
	S




	2.5.5 Joint Rotation 
	2.5.5 Joint Rotation 
	The results of several studies on the limits of human joint motion have been published. Two of these studies, in particular, were examined for applicabili ty to the occupant model. Fi rst of all, Dempster's (reference 10) data on link lengths and inertial properties were used, as discussed in preceding sec­tions, so it was considered appropriate to include his joint data here. Glan­ville and Kreezer (reference 11) presented 1imits of joint motion for both voluntary and forces rotation; their results appear,
	-

	table 5. 
	table 5. 
	table 5. 
	Definitions of the 
	various joint motions 
	are 
	illustrated in figure 17. 

	Also 
	Also 
	included 
	in table 5 are 
	the rotations 
	required 
	for the Part 572 anthropo­

	rforphic dummy. 
	rforphic dummy. 
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	Head 
	Upper torso Front .-Side 
	Figure
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	'" 
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	.. Chest -..l 
	breadth 
	Shoulder .-width 
	(L + R)
	=
	2 

	S IS 
	Figure
	Upper extremity 
	Lower extremity 
	Lower torso 
	Figure
	Figure
	Figure 16. Body contact surface dimensions. 
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	TABLE 
	TABLE 
	TABLE 
	5. 
	RANGE 
	OF 
	JOINT 
	ROTATION 

	TR
	Measured 
	Rotation 
	-Deg 

	TR
	Human 

	Body Component Motion -
	Body Component Motion -
	Symbol 
	Motion 
	Description 
	Glanville(ll) and Kreezer Volunta ry Forced 
	Demp s te r ( 10) 
	Pa rt 572 Dummy 

	Head -Wi th Respect to Torso 
	Head -Wi th Respect to Torso 
	A B C D 
	[X)rs iflexi on Ventri fl exi on La tera1 Fl exi on Rotation 
	61 60 41 78 
	77 76 63 63 
	----
	60 60 40 70 

	.po ~ 
	.po ~ 
	Upper Arm -At Shoul der Forearm -At Elbow 
	E F G H 
	Abduction (Coronal Flexion Hyperextens ion Flexion 
	Plane) 
	130 180 58 141 
	137 185 69 146 
	134 188 61 142 
	135 180 60 135 

	TR
	Thigh Hi P 
	-At 
	I J K L M N 
	Fl exi on Hyperexte ns i on Medi al Rotation Lateral Rotation Adduct ion Abduction 
	102 45 ---71 
	112 54 ---79 
	113 -39 34 31* 53* 
	120 45 50 50 10 50 

	TR
	Lower Leg At Knee 
	-
	P 
	Fl exi on 
	125 
	138 
	125 
	135 

	TR
	Long Axi s Torso 
	of 
	Q R S T 
	Flexion Hyperexte ns i on La tera1 Fl exi on Rotation 
	----
	----
	----
	40 30 35 35 

	TR
	*Transverse plane. 
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	Figure 17. ~Iotion diagrams. 
	All of ttle rotations possible in the mathematical model are included in table 5 and figure 17, but some are, naturally, Iolore important than others in detemin­ing pennissible ranges of motion for the model. For the head, ventriflexion 
	(8) is certainly the most important component of motion for frontal impact. Dorsifiexion (A) ~ay also be important for frontal impact, but the angles re­ported are sufficiently close to those for ventriflexion to be considered the 
	45 
	same. Laterial flexion (C) is certainly less important since a pure lateral impact of an aircraft would be rare indeed, and rotation (0) will have an in­significant effect on model response. Therefore, the limiting rotation B. 
	S

	1 
	(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 all of the other angles, flexion is the most significant c(xTiponent for the type of motion that can usually be expected to take place in a crash environment. Therefore, the limiting angles were all taken as the limits for voluntary flexion. Note that, for the hip joint, the reference position of
	S 
	S 

	7 
	TABLE 6. JOINT LIMITING ANGLES Angle -B
	S

	Joint 
	Joint 
	Joint 
	Location 
	(deg) 
	i 

	1 
	1 
	Back 
	40 

	2 
	2 
	Neck 
	60 

	3, 5 4, 6 7, 9 8, 10 
	3, 5 4, 6 7, 9 8, 10 
	Shaul der [I bow Hi P Knee 
	180 142 30 125 



	2.5.6 Body Stiffnesses 
	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 abdo­men and chest are used to soften the input force-deflection values for the lap belt and shoulder belt, respectively. 
	3.0 SEAT r~ODEL 
	3.0 SEAT r~ODEL 
	The seat structure is model ed usi n9 the finite el ement l1lethod of analysi s. 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 concept~. The specific finite element formulation used in the program is based on the \JRECKER II program. developed at the ITT Research Institute (reference 12). 
	Program SC»1-TA seat analysis uses three-dimensi anal beam el ements. It has the 
	capability to model large displacements, nonlinear material behavior, local 
	buckling, and various 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 uni axi al 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 benaing 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 
	3.1 SOLUTION PROCEDURE 
	The sol ution procedure is based on formulation of equations of quasi-static equ i1i bri urn for the fini te el ement model in an incremental form accordi ng to 
	Figure
	(60 ) 
	~T = Tangent stiffness matrix ~ 1 = The vector of external appl ied loads at HI th sol ution time 
	where 

	1+ 
	step. T~ = The vector of internal forces associated with element deforma­
	1 
	. .th 1t· t' t
	tlOnsat soulOn lmesep. 
	1 

	th 
	u. = Displacements/rotations at i solution time step.
	1 
	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 loads on the seat structure. The mass of the seat structure is neglected, since in most simulations it \'/i11 be a small percentage of the total occupant weight, and the seat structure is assur.led to be in a quasi-static equilibrium with the applied external forces j:'E. 
	The tangential stiffness matrix K depends on the state of stress of the seat
	r 
	structure and varies with time during the simulation. Therefore, it must be recomputed, asselilbled and inverted at selected time steps during the solution. The major computational effort is the inversion of ~T' which requires r~B2 multi­plications where 8 is the semibandwidth and N is the number of degrees of free­dom. 


	3.2 8EAM ELEMENT FORMULATION 
	3.2 8EAM ELEMENT FORMULATION 
	Large displacement formulation separates the beam element displacenent field into rigid body rotation and translation and small element distortion relative to the current position of the element coordinate system. After the rigid body motion is removed, it is possible to use the classical small deformation finite element formulations. Consequently, extremely large rotations and translations can be accommodated with accuracy depending on the size of the elements relative 
	to the deformed curvature of the structure. 
	The beam element is based on the conventional small-deflection fonnulation in­
	vol vi ng cubi c di spl acement fi el ds for transverse di spl acements and 1i near di s­
	placements for axial and torsional displacements. 
	From the pri nci pl e of vi rtual work, the general form of the beam el ement tan­gent stiffness matrix (reference 12) is given by 
	K= f OT CD dV (6l)
	-T V 
	where ~T = Element tangent stiffness matrix 
	D = r~trix that relates element strains to nodal dis­pl acements 
	C = Constitutive matrix that relates stresses and strains. 
	49 
	For linear elastic beams, the form of the equation given in equation (61) re­sults in the classical 12 x 12 elastic beam stiffness matrix shown in figure 18. 
	-

	Where A =area of cross section 
	E = modulus of elasticity 
	I =moment of inertia 
	G =modulus of rigidity 
	J = torsion constant 
	L = length of member 
	(M),(M ) =moment about x, (y), (z) at node i
	~1x .' 
	y.

	Zi
	1 

	1 
	(F ) , ( F ) =force in x, (y), (z) direction at
	Fx. ' y
	1 1 node i 
	z·
	1 

	(8 ) , (8 ) = rotation about x, (y), (z) axis at
	ex' y. z. 
	1 1 1 nodei (v.), (w .) = x, (y), (z) component of displacement
	y 

	ux.' z 
	1 1 1 at nodei 
	For nonlinear materials the constitutive matrix C is given by 
	C = t.a 
	(62)
	-M. where t.a = incremental stress 
	t.E = incremental strain. 
	Using the cubic shape functions for the transverse displacements and linear 
	shape functions for axial and torsional displacements in matrix 0 it can be 
	shown that (reference 12) 
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	fi gure 18. Elastic three-dimensional beam stiffness matrix. 
	K-T 
	K-T 
	K-T 
	Q, =.L JQ,4 0 
	aQ,2 
	-BM2zo f2 z 2 
	ByM2 2 -oxf 2 o f2 y 2 
	-BzM I 0z f3 -<\f3 o f2 z 1 
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	d 

	TR
	o f2 y 1 
	(63) 


	where Q, =element length f1 = 6x 2Q, f2 =6x-4Q, 
	Figure
	a = J b.a dA Ab.E 
	=J y b.a dA =J z b.a dA
	b.E 'zA b.E 
	By
	A 
	B

	b.a 2 b.a
	0 =J yz b.EdA,o = J y 11 dA,
	x yAE
	A 0 =J / b.a dA 
	z A b.E 
	(64) 
	The integrals defined in equations (63) and (64) are calculated numerically through the cross section and along the length of the beam element. The inte­gration is piecewise linear through the depth and linear along the length. 
	Once the element stiffness matrices have been evaluated, it is necessary to assemble each matri x to some global system. To accamp1 ish thi s, an e1 ement coordinate system (~, y,~) is attached to each beam element and serves to define the rigid body rotation and translation of the element. The orien­tation of element axes (x, y, ~) with respect to the global axes at any time is established by the components of three vectors e , e, e which remain fixed
	2

	13 
	along the eleltlent axes (x, y, z), respectively, as the element translates and rotates. If these three uni t vectors e , e, e form the col umns of a 3 x 3
	2

	13 matrix f, then any vector v can be transformed from element to global coordinate 
	system by the following time dependent transformation: 
	(65) 
	For beam elements (figure 19), the x-axis is defined by a line connecting the end points of the beam, and the y-axi s, by aline norlllal to the x-axi sand 
	lying in a plane containing both the coordinate reference point and x-axis. 
	The remaining z-axis is detennined as a normal to x-and y-axes by the 
	righthand rule. 
	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 
	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 transformatin~ for the beam end, consistent with 
	the beam kinematic assumptions, can be written as: 
	-
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	~ihere u. , v., w. = Displacements at the shear center in be am 1oc a1 x, y,
	111 
	and z directions. u vw = Displacements at the node point in beam local x, y,
	nnn i i i and Z directions. 
	BB B Cross-section rotati ons about beam local x,Y,andz
	= 

	x vz i i axes. 
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	z Oi stance be tween the shear center and the node point (see figure 19b). 
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	b) Cross-section geometry 
	Fi gure 19. Three-dimensi onal beam el ement coordi nate system and eros s-section geometry. 
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	3.3 INTERNAL RELEASES IN BEAM ELHIENTS 
	3.3 INTERNAL RELEASES IN BEAM ELHIENTS 
	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 release, the original beam element stiff­ness matrix is modified as follows: 
	~ 6.= Fe ~ = Element stiffness matrix 
	e 
	(67) 
	where 

	~ = Element end displacements/rotations Ie = Element end forces/moments Rewriting equation (67) as 
	fFF fFR] .!SRF ~R 
	l
	(68) 

	where 6.= Fixed end displacements 
	F 

	6. = Released end displacements 
	R 

	FF = Fixed end forces/moments From equa t ion (68) 
	(69) 
	(70) 
	Solving for 6from equation (70) and substituting into equation (69) 
	R 

	[ ~F --4R ~~ ~F] L1= =FF 
	The modified beam element stiffness matrix K * is then given by:
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	Figure

	o 
	-~R~R ~F 
	(71 )
	K* = 
	-€ 
	oo 
	3.4 MATERIAL NONLINEARITIES 
	3.4 MATERIAL NONLINEARITIES 
	Nonlinear material formulation for bear.l elements is based on uniaxial elastic plastic stress-strain law. 
	The computational al gorithm is based on the \'/ork of Hartzman and Hutchinson, (reference 14), as specialized for small strain and plane stress condition~. The current stress state at a point on the cross section of the beam is estab­lished as follows: let the prior stress state of the point under consideration be a 0 and a small incranent in strain fran the prior state to the current 
	x 
	state by /J.£. First a tentative, current stress state, a is calculated as 
	xx 
	though the strain increment were compl etely el astic. 
	Figure
	(72 ) 
	where E =Modulus of Elasticity 
	Y= Poisson1s ratio 
	An effective stress a = a is used to deterr.line whether plastic flow has taken 
	ex place during the strain increr.lent. If a is less than the prior effective 
	e stress a 0 at which yielding occurred, elemental loads are decreasing and the 
	e tentative stress calculated a is the correct value of the current stress a. 
	xx If a is greater than the prior effective stress a 0, at which yielding oc
	-

	ee curred, tentative stresses calculated must be modified to account for the 
	plastic behavior. Hartzman and Hutchinson (reference 14) have shown that the 
	true value of the current effective stress will be:
	-
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	Figure
	Figure 20. Trilinear stress-strain relation. 58 
	Figure 20. Trilinear stress-strain relation. 58 
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	1 E-E.
	pl and E . =Plastic modulus (figure 20)
	Pl G =Shear modulus 
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	(Je r----------------....., 
	The current state of stress is then given by 
	(74 ) 
	where 
	3.5 LOCAL BUCKLING OF BEAM ELEr'1ENTS 
	3.5 LOCAL BUCKLING OF BEAM ELEr'1ENTS 
	Local buckling is one of the failure modes of thin-walled tubes, typically used in light aircraft seats, when subjected to axial compressive and/or bending loads. Evaluation of the results of dynamic tests of seat-occupant syster,ls 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 buckling model for thin-walled tubes was incorporated into the program. 
	te~lS of a moment-bending curva­ture diagram as shown in figure 21. 
	Local buckling is traditionally expressed in 

	IV> 
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	o o 
	Initial '" 
	o 


	~~ 
	~~ 
	~~ 
	co 

	Ovalized 
	Curvature change -e 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 redistrib­ute themselves, it was proposed in reference 15 that the reduced bending rigid­ity is most strongly related to the loss of lateral moment arm of the axial fo rces. 
	For a circular tube under uniform compression the stress, a , at which local buckling starts is given in reference 16 as 
	l

	(75) 
	where 0.4 < K < 1.2 (recommended values)
	c 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, a as a function of material and geometry, can be taken
	l
	l
	, 

	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 indi­cated 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 defonnation. 
	To account for plasticity as well as cross-sectional properties, an empirical 
	relation, equation (76) was used in the program to predict the local-buckling 
	stress 
	Oy.4 E (tiD)} 
	a L = Mi nimum (76) { 
	a 
	-,,"""-" 
	where = local buckling stress = compressive yield stress 
	°L 

	y 
	° 
	t = wall thickness of the tube 0 = 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 (figure 22). The tangent stiffness matrix for nonlinear beam elements is then com­puted by eval uati ng the integral s given in equation (66) over the pl ate 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 el ements. These stresses are then compared with the local buckling stress, 0L' computed from equation (76) for each beam element. If any of the compressive stresses at the segment end points exceed 0L' the deformation of the cross section is modeled by modifying the radial location of that segnent end point using the following expression 
	z 
	o 
	r ---K)f---~~---Kllo\--"""Y 
	Figure 22. Circular tube cross section defined by eight thin-walled plate segments. 
	Figure 22. Circular tube cross section defined by eight thin-walled plate segments. 
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	e diameter of a circumscribing circular tube is used. 
	*For rectangular tubes th
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	L )K
	~ 

	R.=R. (77) 
	0 

	1+1 HI ' 
	0

	where R, = radial location of the Gaussian station at time step i 
	0L = local buckling stress 0i+l =compressive stress at the segment end point at time step i+l K= 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. 
	4.0 SIMULATION COMPUTER PROGRAH 
	4.0 SIMULATION COMPUTER PROGRAH 
	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 compatibil­ity with various digital computer systems. During development, the program has been run on IBM and Digital computer systems. 
	The elements of the program can be considered in terms of three general opera­tions: 
	• 
	• 
	• 
	Input and initialization 

	• 
	• 
	Sol ution 

	• 
	• 
	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 de­scribing the occupant and crash conditions are read first. Finally, the seat data, either simple dimensions describing a rigid seat model or detailed de­sign data for the finite element seat analysis, are provided. Based on the input data, the values of constants, such as occupant dimensions and proper­ties are calculated, and the initial position of the oc
	The solution loop is entered for the first time with the aircraft initial 
	velocity and the occupant initial position. At each subsequent entrance to the loop, the current aircraft displacement, velocity, and acceleration com­ponents are calculated. The equations of motion for the occupant are set up and solved. If a finite element seat model is being used, the forces applied 
	to the seat, such as the cushion forces, are provided to the seat routines for computation of seat displacements. At time increments equal to a predeter­mined print interval, the output variables requested by the user are stored 
	for pri nti ng after completion of the sol ution. 
	-
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	-4.1 PROGRAH INPUT 
	Input data are read by the program in the following six blocks: 
	1. 
	1. 
	1. 
	Simulation and output control information 

	2. 
	2. 
	Cushion properties 

	3. 
	3. 
	Restraint system description 

	4. 
	4. 
	Crash conditions 

	5. 
	5. 
	Q:cupant description 

	6. 
	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 selection of system of units (51 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 identi­fication of desired output, are provided here. 
	,.-. 

	4.1.2 Cushion Description 
	Cushion load-deflection characteristics are described by an exponential func­tion, whose coefficients are provided as input data. The equilibrium (zero load) thickness for both the seat and back cushions are also given. The cush­ion 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 force­elongation curve is approximated by three linear segments, which are described 
	.-
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	by input of points on the curve. The force is computed by linear interpola­tion 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 of rectangular coordinates in the aircraft reference system. For a double­strap 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 s"ingle shoulder belt, which may pass over either the left or the right shoulder, an input parameter locates the buckle by the length of webbing between the buckle and the lap belt anchor point. This length may be zero if the 
	4.1.4 Crash Conditions 
	4.1.4 Crash Conditions 
	The aircraft crash conditions are defined by the initial velocity and attitude and the acceleration as a function of time. Six components of velocity are required: three translational in the aircraft coordinate systen (V ' V, V )
	y

	xz
	AAA and the yaw, pitch, and roll rates (¢A' e, $A)' Each of the six acceleration components, which define the acceleration of the aircraft coordinate system, is described by sixteen points in time and acceleration. An example of an ap­proximation to an actual acceleration pulse is illustrated in figure 24. Al­though many of the higher frequency oscillations observed in the actual pulse probably contribute little to the overall response of the occupant, the use of a large number of points reduces the effect 
	A


	4.1.5 Occupant Description 
	4.1.5 Occupant Description 
	Because it has been assumed that the principal user of this program is inter­
	ested primarily in the seat or restraint system, a minimum of information is 
	required to describe the occupants. Data for standard human and dummy occu­
	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 ~eat Design Infonnation 
	The input data required to describe the seat consist of nodal coordinates, material properties, cross-section geometries, element locations, and attach­
	Figure
	syste~ analyses where detailed seat response may not be important or seat design 
	ment conditions, as described earlier. For possible use in restraint 
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	unknown, a rigid seat l:lOdel can be selected. Input data for the rigid seat option consist only of locations of the seat pan and seat back. 

	4.1.7 Seat 8ack Contact Surfaces 
	4.1.7 Seat 8ack Contact Surfaces 
	If contact bet\veen the occupants and the back of the seat row in front of t,lem is to be sirilulated, input data are required to define the dimensions of the surfaces illustrated in figure 25. Additional data are then required to specify Ule force-deformation characteristics of these surfaces, \'/hich represent cushion, tray table, and armrest surfaces. 
	Figure 25. Seat back contact surfaces. 
	4.2 OCCUPAIH INITIAL POSITION 
	4.2 OCCUPAIH INITIAL POSITION 
	4.2 OCCUPAIH INITIAL POSITION 
	The i niti al positi on of the ai rcraft occupant is computed fran the input pa­rameters shown in figure 25. The occupant is seated at Y-coordinate of the mid-plane (plane of symmetry) for each occupant as specified in the input data. The angular coordinates \ (i = 1, 2, 3, 4) define the rotation of segments 1-4 relative to the ZA axis and, because of the symmetry condition. segment 6 is parallel to segment 4. Positive angles are shown in figure 26 although Yand Yare usually negative, considering the torso 
	1 
	Z 

	5 position of the foreanms relative to the upper arms, and is the initial value 
	of a5 and a. The distance X is the initial X-coordinate of the heels (the
	7

	H i nferi or ends of segments 9 and 11). The procedure desc ri bed below cons i sts of seating the occupant in such a position that static equilibrium is achieved arlJong the forces exerted by the seat cushion, floor, and either the restraint systen or the back cushion. 
	The first step in detennining the initial position for the three-dimensional occupant involves calculating the Euler angles for the torso, head, and arm segments, since this procedure does not require consideration of the forces due to the cushions and floor. Because the input parameters ill ustrated in figure ,5 define the position of the occupant in the aircraft coordinate sys­tem, the orientation of the aircraft must be described in the inertial system. For an aircraft in level flight with .:ero pitch, r
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	Figure 26. Initial position input parameters. 
	Figure 26. Initial position input parameters. 


	tile orientation of the aircraft relative to the inertial system is described by the coordinate transfon:lation 
	Figure
	x Y ::: 
	A (78) z 
	Figure
	where the elements of [A] are
	-
	Figure
	= cos t\J A sin eA sin epA -sin IjJA cos ep A
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	= sin IjJA sin esin epA + cos IjJAcos ep A
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	22 = sin IjJA sin ecos epA -cos IjJA sin epA
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	23 = -s in eA
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	31 = cos esin 
	A
	A 
	epA

	32 = cos eA cos ep A (79)
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	A

	The rotation of body segment n relative to the aircraft, remembering that the symmetry condition requires that Yn is parallel to VA' is described by 
	cos Y n J sin Y n 
	(80) 
	o
	a 
	1 

	= 
	-sin Yn 0 cos Yn 
	Combining equations (78) and (80) results in the angular relationship between the local coordinate system of segment n and the inertial system expressed by 
	the following transfonnation, which is a function of the input Y and the air­
	n
	craft pitch, roll, and yaw: 
	.-
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	where [BnJ is given by 
	X
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	so that its elements are 
	Figure
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	B~3 = Asin Yn + Acos Yn (83) 
	31 
	33 

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

	n= 1,2, 3,4,6,8, 10 (84) 
	·-

	permits calculation of the initial values of the generalized coordinates from input parametersY and ~A' and<\>A. The procedure as used in Program
	n ASOM-TA is outlined below. 
	e
	, 

	First en is detennined as follows: 
	nn n
	T=B 0r -sine = 
	31 
	31 

	n 31 which gives 
	B

	.-1( Bn)
	8 =sln -31 (85)
	n 
	The cosine is then found by cos en = cos [sin-(-B~I)J so that \jJ n can be determined: 
	1 

	gives 
	(86) 
	and, for determination of <\>n' 
	gives 
	(87) 
	Equations (85) through (87) are used for segments 1, 2, 3, and 4; the symmetry requirement provides the Euler angles for segnent 6, which are equal to those 
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	for segment 4. At this point the generalized coordinates q4 through q20 have been determined. The next step involves seating the occupant and calculating Xl' Y, and Zl (ql' q2' and q3) from static equilibrium.* 
	l 

	Because the problem of seating the occupant is statically indeterminate, cer­tain simplifying assumptions are made. The first assumption, which is approxi­mately correct for typical seating positions, is that 15 percent of the occu­pant's weight is supported by the floor. In other words, 85 percent is sup­ported by the seat cushion and, depending on the aircraft attitude, the re­straint system or the back cushion. 
	A first approximation to the initial position is made for the assumption of 
	level flight (e = ~A =$A = 0). The cushion forces act on the body as shown 
	A 

	in figure 27, where it is assumed that 15 percent of the occupant weight is 
	supported by the floor, as di scussed in the preceding paragraph. Summing 
	fo rces gi ves 
	FX : A 
	FX : A 
	FX : A 
	FB cos eB 
	-

	FS sin eS = 0 

	TR
	(88) 

	Fz: 
	Fz: 
	FB sin eB + FS co s es = W' 

	A 
	A 


	which can be sol ved for the cushion forces: 
	Figure
	(89) 
	Dimensional considerations permit the coordinates of point P to be written as functions of the thicknesses tand tof the compressed seat and back cushions, respectively. 
	s 
	B

	on of Euler angles is required only for the three­dimensional occupant model. For the two-dimensional model, the correspondinggeneralized coordinates are obtained directly from input data. 
	*Note that the computati
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	Fi gure 27. Forces acting on occupant torso (level flight). 
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	which can be solved for X and Zp to give
	p 
	(91) 
	Figure

	where 
	-
	Figure
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	Si nce the force-defonna ti on characteri sti cs of the cus hi ons are known from input data, the compressed thicknesses t and t can be calculated from equa­tion (89). These values, when used in equation (91), give the coordinates of point P for the first approximation of level flight. The equilibrium (zero-load) lengths of the lap belt and shoulder belt(s) are calculated for the body in this position. 
	s 
	B 

	Next, the aircraft is rotated to the attitude specified by the input conditions of pitch, roll, and yaw. Nose-up pitch will tend to load the back cush­ion, and the analysis will be the same as that described above for level flight, except that the WI vector in figure 27 will have a component in the Xdirection. 
	-
	A

	Nose-down pitch, on the other hand, will tend to load the restraint system. An iterative procedure is used to detennine the correct position for this case. Referring to figure 28, summing forces gives a set of transcendental equations 
	FX: A 
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	FLsi n eL = 
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	where eis the angle between the floor and the projection of the lap belt on the X -ZA plane. An initial estimate to eL is made using the body position
	L 

	A calculated by equation (91) for the level flight assumption. The angle is 
	defined according to 
	The forces in the seat cushion Fand the lap belt Fare determined using this value of e L in equation (92). From the input force-deformation charac­teristics for the seat cushion and lap belt, the defonnations Os and 0L are calculated. These deformations are used to determine new values of Xand Zp; this procedure amounts to permitting the body to further compress the seat cushion and slide forward into the lap belt. Following through the procedure, 
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	Figure 28. Forces dcting on occupant torso (nose-down attitude). 
	the new length for one side of the lap belt is 
	(94 )
	LL =l Le + \5 L 
	where LLe is the equilibrium length. The new value of Xis given by 
	p 

	.../-II I 
	(95 ) 
	where Lis one-half the hip breadth and Y is the V-coordinate of the right
	H 

	p 
	hip in the aircraft system. The new value of Zp is computed for ttle new cush­ion thickness t using equation (90), whicll is repeated here for continuity:
	s 
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	Figure
	The new occupant position, detemined by equations (95) and (90) is used in equati on (93) to recal cul ate the 1ap bel t angl eeL' and the procedure is re­peated until two consecutive values of Xdiffer by less than 5 percent. The coordi na tes of the mass cen ter of segment I (Xl' YI' Zl) are then cal cul ated from X' Y' and Zp. 
	p 
	p
	p 

	At this point ttle general ized coordinates for the upper body have been deter­(.lined. The final task will be to detennine the coordinates for the legs. Re­ferring to figure 29, the angles Y8 and e can be found from simple geometric
	K 
	relationships among the dimensions shown. The Euler angles '¥8' e8' and ¢8 are obtained fran Y by using equations (85) through (87), and the corresponding
	8 
	coordi nates for seglnent 10, by symmetry. The knee angl es are given by 
	rn = 9, 11 (96 ) 
	Figure

	to co]plete the initialization of the generalized coordinates. 
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	Figure 29. Leg position. 
	Figure 29. Leg position. 
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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) 
	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 equations is solved for the generalized accelerations by first combining the vectors on the right-hand side: 
	[A] (q} = {B '} (97) 
	where {BI } = {B}+{P} +{R} + {Q} 
	.. 
	and solving for {q} using Crout decomposition followed by Forsythe-Moler elimina ti on. 
	-

	The resulting set of N second-order differential equations have the general 
	-. 
	form 
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	.. 
	(98)
	.. 
	(t=O) (t=O) = q . j = 1, 2J ••• , N
	qJ =qjO qj 
	JO 
	where N, the number of degrees of freedom, is 12 for the two-dimensional model and 29 for the three-dimensional model. 
	These equations can be rewritten as 2N first-order equations having the general form 
	. 
	q. = y. (99)
	JJ 
	Numerical integration of this set of equations is accomplished, using the 
	Adams-Moulton predictor-corrector method with a variable step size. This 
	method uses the difference equations 
	(p) h
	Yj,n+l = Yj,n + 24 (55f,n -59f,n_1 + 37f,n_2 -9f,n_3) (100) 
	j 
	j 
	j 
	j 

	as the predictor and 
	y(c) -Y + .!!..-(9f(P) + 19f. -5f. 1 + f. 2) (101)
	j,n+1 -j,n 24 J,n+l J,n J,n-J,n
	-

	as the corrector. Starting values are provided by the classical fourth-order Runge-Kutta method. Input data includes upper and lower error bounds for the solution. Error bounds for each variable are calculated and compared at each step with the difference between the predicted value y(p) and the corrected value yjc). If this difference exceeds the upper boun~ for any j, the step size is halved. If this difference is less than the minimum error bound for all j and for three successive steps, the step size is
	80 
	-
	and small, respectively, or by using equal values for the maximum and minimum step size which are also included among input data. 
	4.4 PROGRAM OUTPUT 
	Output data consist of ten blocks of information that are selected for print­ing by user input. The data include time histories of the variables, \'/hich are simply sorted during the solution at predetermined print intervals as follows: 
	1. 
	1. 
	1. 
	Occupant segment positions in the aircraft coordinate system (X, Y, Z, pitch, and roll). 

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

	3. 
	3. 
	Occupant segment accelerations in the segment-fixed coordinate sys­tems (x, y, z, and resultants). 

	4. 
	4. 
	Restraint system loads. 

	5. 
	5. 
	Cushion loads. 

	6. 
	6. 
	Aircraft displacement, velocity, and acceleration. 

	7. 
	7. 
	Injury criteri a. 

	8. 
	8. 
	Details of contact between the occupant and the seat in front. 

	9. 
	9. 
	Seat structure nodal forces. 

	10. 
	10. 
	Seat structure element stresses. 


	Printer plots are provided for occupant segment accelerations, restraint sys­tem loads, and cushion loads. The option of two different filters is also provided for the occupant segment accelerations and cushion loads. 
	Two of the above blocks of output data will be discussed in further detail. 
	4.4.1 Impact Prediction 
	,~ For prediction of impact between the occupant and the seat in front, 26 sur­faces are defined on the body. These surfaces were illustrated in figure 15, and their dimensions discussed in section 2.5. 
	81 
	The distance between each of these occupant contact surfaces and the surfaces of the seat in front is calculated during execution of the progra~. When con­tact 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 detennine the potential 
	for injury to four regions of the body: head, vertebral col umn, thorax, and 
	legs. Each of these is discussed in the remainder of this chapter. 
	4.4.2.1 I~jury. An accepted 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 
	Head 

	(102 ) 
	where a = acceleration in Gas 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 (HIe) contained in Federal r1otor Vehicle Safety Standard 208 is calculated according to 
	2.5 
	-

	adt)
	HIC =max (t : t 
	(103) 

	21 
	where a is the resultant head acceleration in Gand t and tare any two
	2 

	1 points in 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. 
	II••• shall not exceed 60 Gexcept for intervals whose cumulative duration is not II where the acceleration is the resultant measured at the center of gravity. This acceleration is printed by S<J-l-TA. Previously, FMV5S 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
	FMVSS 208 currently specifies as acceptable an acceleration pulse which 
	more than 3 msec, 

	previously, and the limit of 1000 was the same as that for the head. SOM-TA also prints this 51 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 pub­lished tolerable bending moments for the neck such as 1700 in.-lb in flexion (forward bending) and 500 in.-lb ft-lb in extension (rearward
	The dynamic response index (DRI) is also computed by SOM-TA as a measure of the probability of spinal injury due to a vertical acceleration parallel to the spine (reference 22). 
	In this model, the response of the body to acceleration parallel to the spine is modeled by a single lumped-mass, damped-spring system as shown in figure 30, 
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	Figure 30. ~lodel used for prediction of spinal i nju ry (from re ference 22). 
	or, in other wo rds, the total body mass that acts on the vertebral col umn to 
	cause deformation is represented by the single mass. In general, the motion 
	of the system shown in figure 29 obeys the relationship 
	Figure
	.. 
	= Z (104 ) 
	The solution, the deflection 6, is representative of the defomation of the spine, and the last term of the left-hand side of equation (104), divided by the gravitational acceleration, is the DR!. The properties used in the model were derived fran tests involving human subjects and cadavers. For example, the spri n9 sti ffness k wa s detenni ned from tests of human cadaver vertebral segments; daulpi ng ratios \/ere determined fran measurements of mechanical im­pedance of human subjects during vi~ratioll and 
	Equation (9Y) is solved for 6 simultaneously with the occupant equations of motion, using the constants r, = 0.224 and w = 52.9 rad/sec. The DRI is then 
	n 
	calculated at each step by 
	DRI =W 6/g (105 ) 
	2

	n 
	4.4.2.4 Leg Injury 
	FI'fvSS 208 specifi es a 1imi t of 2,250 1b for the axi al compressive load in each femur. This tolerance level is based primarily on the work of Patrick, Kroell, and 11ertz (references 23 and 24), who tested embalmed human cadavers in full­scale 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 (refer­ence 25) demonstrated that the poor c
	If simulation of contact between the occupants and the seat back is requested, S()I-TA prints (and plots) the time variation of the axial load in each femur. The time and impact velocity for each such contact is also printed, along with 
	identification of seat back surface . 
	.
	-

	-
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	5.0 MODEL VALIDATION 
	Dynamic tests of transport seats conducted by the FAA Civil Aeromedical Insti­tute (CAMI) in 1983 for Simula were used in validation of Program SOM-TA. difications to the production de­signs were tested. The design that was chosen for validation utilized a produc­tion seat modified by incorporating energy-absorption capability in the longi­tudinal direction. This seat produced more interesting results for validation than others because it underwent large deformations while maintaining structural integrity i
	Three production seat designs and various 
	1110

	5.1 Description of Seat Structure 
	Figure 31 shows the basic production seat. The seat pan assembly is built around aluminum front and rear tubes which are connected by four aluninum 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
	taches with one bol t. Three of the supports have canti levered rear extensions 
	which provide a pivot and anchor point for the aml rests and seat backs. The 
	seat cushions rest on perforated aluminum sheets which are riveted to the front 
	tube 1n front~ and wrapped around a small aluminum tube which slips in between 
	the cantilevered extensions in the rear. 
	The leg assembly consists of front and rear legs of fanned stainless steel 
	sheet, which are connected diagonally by a square aluminum tube. The front 
	legs cradle and bolt to the front tube, while the rear legs are held to the 
	rear tube by steel straps which are wrapped around the tube and bolted to the 
	legs. Each rear leg is connected to the diagonal tube by a steel fitting which 
	is riveted to the leg and the tube, and is also bolted to the steel strap. 
	The seat pan and leg assembly are shown in figure 32. 
	The rear legs are attached to the floor track by a fitting consisting of two 
	studs and 
	studs and 
	studs and 
	a 
	lever-operated plunger. 
	The plunger 
	moves 
	in and 
	out 
	of the track 

	and is in 
	and is in 
	front bf the fitting. 
	The 
	fitting is attache
	d to 
	the le
	g by 
	a 
	single 

	bolt and 
	bolt and 
	is shown ill figure 33. 


	Figure 31. Production transport aircraft seat. 
	,.~ 
	Figure 32. Seat pan and leg assembly of the production transport aircraft seat. 
	87 
	Figure 33. Rear track fitting of a production d i rcraft sea t. 
	The front legs are attached to the track by a single stud which is 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 alur,,.inum 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 bol ted to the forged al umi num supports. Both the back and bottom cushions are fabricated of plastic foam. The back cushion is contoured for comfort while the bottom cushion is flat on top but curved on the bottom to con­form to the performated al urninum seat pan. Each seat has a food tray mOIJnted on its back, and the seat back has an adjustable reclining mechanims. The two middle armrests can pivot LIp flush with
	-
	Figure 34. Front track fitting of a productionaircraft seat. 
	lon~itudinal energy-absorbing capability by replacing the diagonal brace with a compressive inversion tube energy absorber. A sketch of the seat kinematics using the compress ive energy absorber 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 released to act as a linkage. 
	The production seat design was modified at Simula to provide 

	The energy absorbers used are shown in figure 36. Both employ the load atten­uation method of inverting an aluminum tube. Due to the asymmetry of the seat, the window-side energy absorber is required to stroke at twice the load of ~'rindow­side and aisle-side energy absorbers begin to stroke at 2800 lb and 1400 lb, respect ively. 
	the aisle-side energy absorber, and thus uses two inversion tubes. The 

	The track fittings were also modified to provide release about pitch and roll
	-
	axes. Both front and rear track fittings had three studs and were locked in both positions. The modified track fitting is shown in figure 37. 
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	Figure 35. Modified transport aircraft seat before and after stroking. 
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	Aisle side 
	;;; 
	g o 
	Window side 
	Figure 36. Modified transport aircraft seat energy absorbers. 
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	figure 37. Modified transport aircraft trac:< fittings. 
	5.2 Dynamic Test Conditions 
	The seat design was tested at CAf~I in the forward-facing co~figuration witt) a 
	9-G, 50 ft/sec. sled deceleration (figure 38). Three 50th-percentile anttlro­
	pomorphic dummies were used to simul ate the seat occupants (figure 39). Si x­
	axis load cells were placed under the seat legs to measure the seat redctions 
	exertea on the floor. Lap Del t forces \~ere al so measured on both sides of tne 
	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 
	\~arping conditions. The aisle side of the seat \'Ias pitched down 10 degrees (figure 4U) and the ~,indow side of tne seat was rolled outwards 10 degrees (figure 41). 
	5.3 SOM-TA Si~ulation Results 
	The finite element mod~ of the seat structure illustrated in figure 42 con­si sts of 26 nodes and 33 bedlll el ements. The compl ete input data 1i sti n9 is presented in figure 43. 
	The compressive energy absorbers were model ed Hi th beams 21 and 24 between nodes 9-12 and 18-21, respectively. The ends of the energy absorbers \~re 
	.
	-

	lI)odeled as pin-socket joints by using the appropriate beam end release codes. 
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	Figure 39. Modified transport aircraft seat and dummies prior to CAtolI Test A83-085 (before floor wa rpi ng). 
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	Figure 40. Modified transport aircraft seat and dummies prior to CAMI Test A83-085, aisle-side view (after floor warping). 
	Figure 41. Modified transport aircraft seat and dummies prior to eArH Test A83-085, window-side view (after floor warping). 
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	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME = 0.0000 SEC. 
	28 
	Figure
	Figure 42. Program SOM-TA finite element model of the modi fied transport aircraft seat (before floor warping). 
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	Figure 43 (contd). Input data 1isting for simulation of CAMI Test A83-085. 
	Figure 43 (contd). Input data 1isting for simulation of CAMI Test A83-085. 
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	Figure 43 (contd). Input data listing for simulation of CAMI Test A83-085. 
	The non1 i near force-aefl ecti on characteri stics of the energy absorbers were modeled using a fictitious material property data for the corresponding axial stress and tangent modulus. All other bear.) elements made of 4130 steel and 2024-T3 aluminum were f:lodeled as elastic bear.ls. 
	Tile floor \'Iarping condition of 10 degrees pitch on the aisle side was sihlu­1ated by enforcing a dowm'lard displacement of 2.68 in. at node 9. Trac:< fi t­ting design already provided release for floor warping about the roll axis. 
	The three 50th-percentile duml7lies were modeled using standard (two-dimensional) occupants, with occupant segl7lent data parameters available in the progr~n. The data set in figure 43 requests all occupant output data for the center oc­cupant. 
	As evidenced lIy the post-test view in figure 44, Ule seat did not experience any failures in the dynaMic test. The floor defomation prior to the test did not affect the perfOl1llanCe of the seat, due to the re1 eases provided by the track fittings. 
	The predicted occupant and seat positions from SOM-TA simulations are shovm in figures 45 and 46, respectively. The occupant chest contacts the kne2s at about ZOO msec. Program SO!"I-TA does model the interacti on between the chest and the knees using an exponential force-deflection relationship and a viscous damper. 
	Prograr:l SOH-TA predictions for the center occupant head, chest, and pelvis ac­celerations, lap belt forces, and left-seat leg reactions are compared with the measured test data in figure 47 through figure 53. OCcupant acce1 erations have peaks around 200 msec, an indication of the contact bet~~en the occupants' Crlest and knees. 
	-
	101 
	Figure 44. Modified transport aircraft seat and dwnmies after CAMI Test A83-085. 
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT IMODIFIED) TIME = 0.0000 SEC. 
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME = 0.0400 SEC. 
	Figure
	Figure
	-
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME =0.0800 SEC. PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME = O. 1200 SEC. 
	Fi gure 45. Program SO~1-TA-predicted occupant positions for modified transport aircraft seat (CNlI Test A83-085). 
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	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MOOIFIEO] ~ 0.1600 SEC. 
	TIME 

	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MOOIFIEO) TIME = 0.2000 SEC. 
	Figure
	Figure
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED] TIME = 0.2400 SEC. 
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME = 0.3000 SEC. 
	Figure
	Figure
	Figure 45 (contd). Program SOI1-TA-predicted occupant positions for r.lOdified transport aircraft seat (CAMI Test A83-085). 
	PROGRAM SOM-TA TRANSPORT AIRCRAFT SEAT (MODIFIED) TIME = 0.3000 SEC. 
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	Figure
	_. 
	Figure 46. Program SOM-TA-predicted seat displacements for modified transport aircraft seat (CAMI Test A83-085). 
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	Fi gure 47. 
	Fi gure 47. 
	Modified transport aircraft seat, CAMI Test A83-U85, head (resultant) acceleration. 
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	Figure 49. 
	Modified transport aircraft seat, CAMI Test A83-U85, pelvic (resultant) acceleration. 
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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 en­vironment. 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: THREE-DIMENSIONAL MODEL 
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	Referring to figure A-I, and using P = L -P the absolute position of the 
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	mass center of each body segment is yiven below. The elements of the trans­formation matrices [Tn] are functions of the generalized coordlnates, as given by equations (6), (9), and (lO). 
	Segment I: 
	(Xl' VI' Zl)' the coordinates of the reference point on the body are the gen­eralized coordinates (ql' q2' q3)· 
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