
AD-A175 953

, 0oTF,,, -8./,5 -1 Computer Simulation of a
FAATECHNICAL CENTER Transport Aircraft Seat and
Atlantic City Airport
N.J.o 08406Occupant(s) in a Crash

Environment
Volume I - Technical Report
AkMf 0. Bolukbasi
David H. Laananen

FINAL REPORT

August 1986

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

LUJ

U.S Department of Transportation JAN14 1987 7 K
Federal Aviation Administration

-~ A

03 O2•



NOTICE

This document is disseminated 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 uve thereof.

The United States Government does not endorse products
or manufacturers. Trade or manufacturer's names appear
herein solely because they are considered essential to
the object of this report.

V!

_L1

S.,•--
"t*q I

* -~"~%.S ..~ ~ ~ ~ > k



Technical Report Document Page
1. Report No. 2. Government Accession No, 3, Recipient's Catalog NJo.

DOT/FAA/CT-86/25-I ADA4 / 75q53
4. Title and Subtitle 5, Report Date
COMPUTER SIMULATrION OF A TRANSPORT AIRCRAFT SEAT 6.AuoriqOg anzaio Coda

AND OCCUPANT(S) IN A CRASH ENVIRONMENT.VOLUME I - 6. Perforini Organization Coda
TECHNICAL REPORT_______________

8. Performing Organfiation Report N-o,

7. Author(s) TR-84430
A. 0. Bolukbasi and D. H. Laananen 10, Work Unit No. (TRAIS)

9. Performing Organization Name and Address

Simula Inc. 11. Contract or Grant No.

10016 S. 51st Street DTFA03-83-00036
Phoenix, AZ 85044 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address FINAL REPORT

Federal Aviation Administration Technical Center June 1983 - March 1986
Atlantic City Airport, NJ 08405 14. Sponsoring Agency Code

_ _ _ __...._ _ACT-330
15. Supplementary Notes

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

16. Abstract

"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 i8. Distribution Statement

A: Aircraft Document is available to the U.S. public
Computer Simulation through the National Technical information
Crashworthiness Service, Springfield, Virginia 22161.
Restraint Systems
Seats

'- 19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of'Fages 22. Price ,

Unclassified Unclassified 136

Form DOT F 1700.7 (8-72)

h . F., ", "- 6 " ", ý ev %V e, k Z,.,"



FOREWORD

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

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

...

SI I

iii



TABLE OF CONTENTS

Page

EXECUTIVE SUMMARY ..... . . . . . . .... . . . ................... xii

1.0 INTRODUCTION . . .................. . . ......... . ........ 1

2.0 OCCUPANT MODEL .................. ...................... 3

2.1 THREE-DIMENSIONAL OCCUPANT MODEL ......... ........... 3

2.1.1 Coordinate Systems . . . . . . 4

2.1.2 Lagrange's Equations ....... .......... ..... 13

2.1.3 Matrix Equations . .......... ....... .. . 15

2.2 TWO-DIMENSIONAL OCCUPANT MODEL ...... ....... ... . . . 16 I..

2.3 JOINr RESISTANCE .......... . .. ............. . ... .. . 19

2.4 EXTERNAL FORCES . .................... ..... . . .......... . ... 25

2.4.1 Contact Forces ........ ............ . . . 27

2.4.2 Restraint System Forces ........... ........ ... 31

2.5 OCCUPANT DIMENSIONS AND INERTIAL PROPERTIES ...... ..... 35

2.5.1 Body Segment Dimensions ....... ............ 36

2.5.2 Body Segment Weights and Center
of Mass Locations. ...... .............. .... 38

2.5.3 Body Segment Moments of Inertia ......... ...... 40

2.5.4. Body Contact Surfaces ...... ..... ........ 41

2.5.5 Joint Rotation ............................ 42

2.5.6 Body Stiffnesses ....... ....... .. ....... 46 I__

3.0 SEAT MODEL ....................... ................ .. 47

3.1 SOLUTION PROCEDURE ............................... 47

3.2 BEAM ELEMENT FORMULATION ......... ........... ..... 49

3.3 INTERNAL RELEASES IN BEAM ELEMENTS ............... .... 56

v

V K 1.J



TABLE OF CONTENTS (CONTD)

3.4 MATERIAL NONLINEARITIES ..................... . . . 57

3.5 LOCAL BUCKLING OF BEAM ELEMENTS . . . ............ 59

4.0 SIMULATION COMPUTER PROGRAM. .. .. . ... ....... .. 63

4.1 PROGRAM INPUT . . . . . . . . . . . . . . . . . . . . . . . 65

4.1.1 Simulation Cooitrol Information .......... . . . 65

4.1.2 Cushion Description. . . . . . . . . . . . . . ... 65

4.1.3 Restraint Systemi Description . . . . . . . . . . . . 65

4.1.4 Crash Conditions ...... .................. .... 66

4.1.5 Occupant Description . . ............... 66

4.1.6 Seat Design Information. . . ............. 67

4.1.7 Seat Back Contact Surfaces . . . . . . . . . . .. 68

4.2 OCCUPANT INITIAL POSITION . . . . . . . . . . . . . . .. 69

4.3 PROGRAM SOLUTION PROCEDURE ............... 79

4.3.1 Setup of Equations of Motion . ......... . . 79

4.3.2 Solution of Equations of Motion ....... ......... 79

4.4 PROGRAM OUTPUT ........ ...................... .... 81

4.4.1 Impact Prediction. . . . . . ..... .. ...... 81

4.4.2 Injury Criteria. . . . . ............ . . 82

4.4.2.1 Head Injury . .... ....... . . . . . . 82

4.4.2.2 Thoracic Injury . . . .............. 83

4.4.2.3 Vertebral Injury ............ . . . .. 83

4.4.2.4. Leg Injury ....... ................ .... 85

5.0 I.HODEL VALIDATION ................................. ..... 86

5.1 Uescription of Seat Structure ............. ............ 86

5.2 Dynamiic Test Conditions .... .......... ....... 91

vi
I



TABLE OF CONTENTS (CONTD)

5.3 SOM-TA Simulation Results . . . . . . . . . . . . . .. . 91

6.0 CONCLUSIONS ......... ........................... 113

7.0 REFERENCES .................. ............ 114

APPENDIX A - OCCUPANT SEGMENT POSITION:
THR-E-DIMENSIONAL MODEL. . . . ........... . . A-i

APPENDIX B - OCCUPANT SEGMENT POSITION:
TWO-DIMENSIONAL MODEL. . .................. B-1

APPENDIX C -DISTRIBUTION LIST. .................. . C-I

vI

vii



LIST OF ILLUSTRATIONS

Figure ?age

I Twelve-segment (three-dimensional) occupant model 4

2 Segment-fixed local coordinate systems. . . . . . . . . . 5

3 The Euler angles ........ ..... ...................... 7

4 Definition of angular coordinates
for elbows, knees, and neck ........ ............ 10

5 Eleven-segment (two-dimensional) occupant model . . . . .. 17

6 Generalized coordinates for
two-dimensional occupant model. . . .............. 18

7 Position of segment 2 relative to segment I ........ 20

8 Joint angle i between segments m and n . . . . . . . . .. 22

9 Dummy joint resisting torque. . . ........... . .. 24

10 Human joint resisting torques:
(a) displacement-l imiting moment and(bW muscular resistance....... ... . . . . . . . . . . 25

11 External forces of cushions and floor ........... ..... 28

12 Seat cushion deflection ................... 29

13 Restraint system configuration variables ........... . 31

14 Program SOM-TA body segment dimensions ........... ..... 37

15 Occupant contact surfaces ..... ............ . . 41

16 Body contact surface dimensions .... .............. . 43

17 Notion diagrams ........................ ... 45

18 Elastic three-dimensional beam stiffness matrix ....... 51

19 Three-dimensional beam element coordinate system and cross-
section geometry ........ ... ...................... 55

20 Trilinear stress-strain relation ........ .............. 58

21 Moment capability versus curvature
of a thin-walled circular tube. . . . ............. 59

22 Circular tube cross section defined
by eight thin-walled plate segments ....... ............ 61

viii



LIST OF ILLUSTRATIONS (CONTD)

W=; Figure Page

23 Program flow chart ..... ...................... . 64

24 Piecewise approximation to aircraft
acceleration component. . . . . . . . . . . . ....... 67

25 Seat back contact suriaces ..................... ..... 68

26 Initial position input parameters .... ............. .... 70

27 Forces acting on occupant torso (level flight) ........... 75

28 Forces acting on occupant torso (nose-down attitude). . . . 77

29 Leg position. . .............. . . . . . ....... 78

30 Model used for prediction of spinal

injury (from reference 22) .......... ........... ..... 84

31 Production transport aircraft seat ................ ..... 87

32 Seat pan and leg assembly of the
production transport aircraft seat ............. . . . 87

33 Rear track fitting of a production aircraft seat ..... .... 88

34 Front track fitting of a production aircraft seat ........ 89

35 Modified transport aircraft seat
before and after stroking ..... ............... . . 90

36 Modified transport aircraft seat energy absorbers 90

37 ilodified transport aircraft track fittings ..... ......... 91

38 Sled deceleration, CAMI-modified
transport aircraft seat Test A83-085. .......... ..... 92

39 Modified transport aircraft seat and
dummies prior to NAMI Test A83-085
(before floor warping) ........... ..... ............ 93

40 Modified transport aircraft seat and
dummies prior to CAMI Test A83-085,
aisle-side view (after floor warping) ............. ..... 94

41 Modified transport aircraft seat and
dummies prior to CAIII Test A83-085,

S lk window-side view (after floor warping) ...............

42 Program SLAi-TA finite element model of
the modified transpurt aircraft seat
(before floor warping) .... .............. ......... 96

ix

S.. . ..... . • • . .,," .. . ,. . . . .. . . . .•;•• . ..' .:.. . ..... '.. . , •, . ...- • . --... -. ,• ... ;...AZ.;



LIT OF ILLUSTRATIONS (CONTD)

Figure Page

43 Input data listing for simulation of
CAMI Test A83-085 .............. . . . . . . . 97

44 Modified transport aircraft seat and
dummies after CAMI Test A83-085 . ............. . 102

45 Program SOM-TA-predicted occupant
positions for modified transport
aircraft seat (GAMI Test A83-085) ............ . . . . . 103

46 Program SOM-TA-predicted seat
displacements for modified transport
aircraft seat (CAMI Test A83-085) . . . . . . . . . . . . . 105

47 Modified transport aircraft seat, CAII Test
A83-U85, head (resultant) acceleration. . . . . . . . . . . 106

48 Modified transport aircraft seat, CAMI Test
A83-085, chest (resultant) acceleration . ...... ....... 107

* 49 Modified transport aircraft seat, CAMI Test
A83-085, pelvic (resultant) acceleration•........ . .. 108

50 Modified transport aircraft seat, CAMI Test
A83-085, center occupant right lap belt load ..... ....... 109

S51 Modified transport aircraft seat, CAMI Test
A83-085, center occupant left lap belt load . . . . . . . . 110

52 Mlodified transport aircraft seat, CAMI Test
83-085, left (underside) rear leg vertical reaction .... 111i

53 Ilodified transport aircraft seat, CAMI Test
A83-085, left (underside) front leg vertical reaction . . . 112

x

0: i. *&J I S ".I- I



LIST Of TABLES

Table Page

I Body Segment Lengths (Inches) .... .............. ..... 38
I.,.

2 Body Segment Weights And Center Of Mass Locations 39

3 Body Segment Moments Of Inertia (Lb-In.-Sec2) ...... ..... 40

4 Body Contract Surface Radii (Inches). ..... ........... 42

5 Range Of Joint Rotation ..... ................. ... 44

6 Joint Limiting Angles . . . . . . . . . ................ 46

xii
A,

®. '

%'.

xi i

%..4



EXLCUTIVE SUMMARY

Prugrami SOI-TA (Seat/Occupant Nodel - Transport Aircraft) has been developed
for use in evaluating the crashworthiness of transport aircraft seats and re- 71-i

straint systems. It comibines a three-dimensional dynaric inoael of the human
buOdy with e finite element model of the seat structure. The program allows
simulation of one, two, or three passengers of the same or different sizes.
"It is intended to provide the design engineer a tool with which he can analyze F"
the sltuctural eleimients of the seat as well as evaluate the dynamic response
of the passengers during a crash.

The program.i is documented in two voluh,es. Volur.ie I discusses development of
the seat and occupant wodels, validation, and organization of the computer
prograii;. Volume ]I contains instructions for preparing input data and operating
the program.

The occupant model consists of 12 masses that represent the upper and lower
torso, neck, head, and two segments for each of the arms and legs. An optional
ioodel Of the humian body includes beami elements in the spine and neck, but is
restricted to two-dimensional motion.

Lxternal forces are applied to the occupant by the cushions, floor, and re-
straint system. Interface between the occupant and seat is provided by the
seat button cushion, back cushion, and an optional headrest. Contact between
tie occupant(s) and the back of the seat row in front can also be sinulated.
The restraint system can consiist of a lap belt alone or combined with a single
shoulder belt, ovei' either shoulder, or' a double-strap shoulder harness. Each
cowlIonent of the restraint system can be attached to either tile seat or the
aircraft structure.

The seat structure is modeled using the finite elerment method of analysis,
selected because it is not dependent on previous testing, and it has the flex-
ibility to deal with a wide range of design concepts. The SOJ-TA seat analysis
uses three-dii.iensional beam elenments. It has the capability to model large
displace,,ents, nonlinear material behavior, local buckling, and various end
release conditions for beam elements. tt

The digital cui,iputer pruyrar- based on the occupant arid seat moedls described

above has been• written entirely -in FORTRAN tn ensure a high degree of compati-
bil i ty wi th various computer systems. During development, the program has been
run on I13k and bigi tal computer systems. Output data include occupant segment
positions, velocities, and accelerations; restraint system and cushion forces;
injury criteria; anu details of contact between the occupant and the seat in
front. Seat output includes nodal displacements, element stresses, and forces
at the points of attachment to the aircraft structure.

Dynamic tesLs of transpert seats conducted by the Federal Aviation Adiiinistra-
tion Livil Aeroitedical Institute in 1983 were used in validation of Programn
Sui -]A. Thiree pro'uuction seat designs and various i.modifications to the produc-
tioun desgyi were tested. The design that was chosen for validation utilized a
production seat in,,ditled by incorporating energy-absorption capability in the
longitudinal cirection. This seat produced more interesting results for vali-
dation than others because it underwent larye deforniations while maintaining qa..:,
structural intLeyrity in the dyndmi c test.

xii
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1.0 INTRODUCTION

The design of crashworthy seats and restraint systems for transport aircraft

presents a ccomplex engineering problem, the solution of which can be greatly
Sicied by sufficiently rigorous analytical techniques. The crdsh environment

can vary widely fromr one accident to another, so a great number of condi-

tiotis must be evaluated to establish those critical to occupant survival. A

crashworthy seat should include the capacity to absorb energy through con-

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

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

existing seats and restraint systems in their surroundings, thus establishing
existiny weaknesses. it is then desirable to make modifications and to evalu-

V

"ate the effect of these iaodifications on improving the performance of the

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

crash environrunts, thus constituting a relatively large matrix. Testing is

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

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

this effort, is cost effective.

A nulaber of one-, two-, and three-dimensional mathematical models of the human

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

in ccmiplexity and possess from one to forty degrees-of-freedom. The simplest

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

coiponent ur subsystse of the body, such as vertebral injury due to the verti-

cdl force that i.ight be experienced in a crash or the firing of an ejection

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

quires many iiore degrees-of-freedomi, 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 im-

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

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

the role of the seat design in deter;rininy occupant survivel is minimal
Therefore, a siiiulation model intended specifically for the aircraft applica-

4* tiun is desired.
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The development of a three-dimensional mathenatical model of a transport air- -

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

report. This model forms the basis for a simulation computer program that has

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

port aircraft seats and restraint systems, Program SOI.-TA. The program, which

coi.ibines a finite element model of the seat structure with lumped-parameter

i.iodels of the aircraft passengers, has been organized so as to minimize the

volume and cowplexity of innput data and to focus on seat and restraint system

design parameters.

Progrdil SUMi-T/\ seat anfd occupant models are based on those presently used in
Program SOh-LA (Seat/Occupant Nodel - Light Aircraft), (reference 6). The
program was iilouified to allow simulation of one, two, or three passengers of

the sai,,e or different sizes. The capacity of the seat model has been increased

tu accommodate the more complex transport seat structures. The seat model has
'Y'

also been iodifiud to siriulate floor-warping conditions.

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

along with the results of model validation. Operation of the computer pro-

graii is described in Volume II, Program SUM-TA User Manual.

PN
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2.0 OCCUPANT MODEL

The SOM-TA mathematical model includes a lumped-parameter representation of

the aircraft occupant(s) and a finite element characterization of the seat.

Interface between the seat and its occupant is provided by seat cushions and a

restraint system, which consists of a lap belt and, if desired, a single-strap

or double-strap shoulder harness. The response of the occ,,pant(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 two-dimensional model with deformable spinal elements are

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

cupant models, including details of the approach used to formulate the equa-

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

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

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

specifically the body joint model, the treatment of external forces, and body

dimensions and properties.

2.1 THREE-DIMENSIONAL OCCUPANT MODEL

The three-dimensional mathematical model of the aircraft occupant is made up

of twelve rigid segments, as shown in figure 1. This number is thought to re- Ki,
present the minimum segrients that will permit accurate, meaningful simulation

a of three-dimensional response. A greater number of segments might possibly

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

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

juries to these extremiities. Although leg and arm injuries, in themselves,

may not be as serious as head or chest injuries, they may prevent egress from

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

postcrash fire.

Each of the body joints, with the exception of the elbow, knee, arid head-neck

joints, possesses three rotational degrees of freedom. Because of the hinge-

type motion of a forearm or lower leg relative to an upper amn or thigh, the

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

3
,Ci.
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Figure 1. Twelvye-segment (three-dimensional)
occupant 'iodel.

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

S~ Fixed at the center of mass 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 denotedJ by axes ( yn, Y Zn)' Positive directions are defined
such that when the body is seated as shown in figure 2, with the torso and head !

44
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upright, the upper arms parallel to the torso, and the elbows and knees bent

at right angles, positive xn is directed forward, yn to the left, and zn upward.

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

the orientation of each segment (xn, Yn' zn) to the inertial system (X, Y, Z).

The angular relationship between the local, segment-fixed coordinates and the

inertial system can be expressed by the transformationX Xn
n Tn

YI [Tn Yn (1)

Zi Ln Zn

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

at~tain any orientation and uniquely define that position. The particular set

of Euler angles selected for use here is illustrated in figure 3 and defined

as follows:

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

2. A positive rotation 0 about the y'-axis resulting in the double-primed
(x" y 1, P ) system.

3. A positive rotation @ about the x"-axis resulting in the final (x,
y, z) system.

U'.
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Figure 3. The Euler angles.

In order to determine the elements of the transformation matrix [Tn,~ it i s

- ~necessary to consider the matrix equations that indicate the three individual

rotations previously described above. Referring again to these definitions

of C~ , and djthe following equations are obtained:

kk4
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f cosx -sin 01 (

Y sin* cosýp 0 yo (2)

0 0 1 z0

y ' 0 1 0 y "I (3)

7' -si ne 0 cos ez11

Y -} 0 cos4 -sine 1 (4)
Z1 L 0 sint4 cos4 z

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

{R} = [i] {r' I

{r'} = [o] {r"}

{r"} [¢] {r}

or

{R} [4'] [0] [ 0] {r} (5)

where {R} represents the components of a vector in the inertial system and {r}
represents the same vector in the final (x, y, z) system. Performing the matrix

multiplications indicated in equation (5), the elements of the transformation
matrix in equation (1) are obtained:

n

T = Cos q) Cos On

Tn

T12 = Cos lpn sin on sin n - sin 1n COS n

B

;w I
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T1 n sin 0 n COS 1n + sin ) sin4 nT13 OSn nin Cn

T., n sin Cos 8

n
T 22 sin n sin On sin n + cosipn cos 0n

nT23  sinn sin e cos n - cos° sinnT2 ikn n s nn

nT3 1 = -sin On

T3 2 n = cos O n sin ln

T3 3 n cose Cos 0 n

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

The constraint of hinge-type rotation, at the elbows and knees, require3 the
use of one additional angular coordinate to define the position of each of the
forearm and lower leg segments. Referring to figure 4, the angular position
of the forearm segments C L= 5, 7) is given by

X• sina 0 Cos a x
YZ Tn 0 1 0 yp (7)

S-Cosa 0 sin a yz

and the lower leg segments (mn 9, 11) by

X sin am 0 -cos a x
Y > Tn 0 1 0 (8Ym rr
ZrII cos m 0 sin an y (8)

FroL equations (6) and (7), the elements of the transformation matrix for the
forearms (segments 5 and 7) are written as:

9
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(a) Elbow Z n (b) Knee oznon

Xn 40
C4

-'z zt

x m x m

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

(c) Neck

"- ~Hinge

joint ead

Neck

Ball-and-
socket joint

Upper torso

Figure 4. Definition of angular coordinates
a for elbovws, knees, and neck.

10 '



TIl "-cos cn Cos on sinat - cos *n sin On cosln cosa9

sin s n sinsinn COsSTI 12 COS •n sin On sin ýn"- sin *n COS ýn

T 1 cos tn cos On cosa + cos ýn sin On cos ýn sina

+ sin n n n sina9

T 21 sin n cos en Sinafz - sin n snine cos Cn cosaz

+ cosn sin4 cosai
n n

T sin4 sine sin@ + cosn cos€T22 = i~ n n n n n

T2 3  = sinn cose n cos a + sin~n sinen cosn sin a

T3 = - sinOn sin a - cos 0 cOS n cos a

T =Co sin •32 n nos n

T = sin n Cosa + co n cos sinai (9)

From equations (6) and (8), the elements of the transformation matrix elements
For the legs (segments 9 and 11) are obtained:

S11 cos*n cosO n sinaM + coSbn sinen CoSý n CosaI

+ sin *n sin 11 COSa I

S..
T1 cos4 n s ine011 siný n sinq n Cos4 11

11 L

' ' ,, , i i yi i \ |- I ij y'



T13m Cos 'In Cos on cos am + cos ýn sin on cos On sin am

+ sin ýn sion sin am

T21I M sin cos On sin a + sin *n sin On cos On cos am

- cos , sin On cos am

rnT22m sin n sin On sin On + cos cn Cos On

T2 3  sin Cos COS a.l + sin ýn sin On cos On sin a
T2 - -sn nns nco mm

- cos 4n sin4€n sin am

T3 1m = - sinen sinla + cosGn c0s4n cosdm

T3 2m =cos en sin On

T3m =sin e COS a + Cos enCOs 0 sin a (10)

Segment 12, the neck, was added later. The hinge-type joint between the neck
and the head is treated similarly to the knee joints, adding the generalized
coordinate 012, 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 =XI q11 =0 3  q21 -4 8

q2  =YI q12 2 03 q22 = '8
% = l q3= 4 q, 08

q4  =Z1  q14 ' 4  q243 -

12
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q5 M 01 q15 = m4 q25 =

q6  = ýj q16 0 a5  q26 = 010

q7  =2 q1 7 = %6 q2 7 = 01

q8 02 q18  06 q2 8  % 1

q9  = 02 q 19 = 6  q2 9  0 12

q10 o J3 q2 0  a7  (11)

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

segment 1 (XI, YIS Z1), selected as a reference point on the body, seven sets

of Eulerian angles, and the five additional angular coordinates for the elbows,

knees, and neck. Positions of the segment mass centers are presented in appen-

dix A.

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 gereralized coordinates. The equations

are developed according to

d ~
dt0 - . ( 1, 21... , 29) (12)dt Dqj

where L is the Lagrangian function

L = T- V (13)

t represents time, are the generalized forces not derivable from a potential

function. (Forces that are derivable from a potential function are obtained

from L, and T and V are the system kinetic and potentidl energies, respectively.)

13
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Because the system being treated does not involve any velocity-dependent poten-

tials, equation (12) can be written as

d ýT ;T 4 -L- 1, Z9...,9 29) (14)
dTD) aq-j "

The system kinetic energy contains both translational and rotational parts:

12

T M [(Xr)2 + (Y )2 . (Zn)]
n1

i12 n x 2 + 2 +'n 2)(5+ n:1 Xn Xn ln Yn zn r,(5

A )
where Mn is the mass of segment n and Ixn, Iy, and I are r1ass moments of

inertia 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 tunctions of the generalized co-

ordinates and generalized velocities in order to use equation (14). The angu-

lar velocity components (wX , wYn, w• ) seen in equation (15) are parallel to
n n Zn

the local (xn, YnI Zn) coordinate systems. These angular velocity conponeats

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 (-n' -On' ýn), which are parallel to

the axes Z, y, and x", respectively.

An arbitrary angular velocity of segment n, wn, can be expressed as a function

of the generalized angular velocities according to
•' • + ) _(16)

Referin tofigre , _n * n -*n -n16

Referring to figure 3, 1Pn , and 4 do not, in general, form a mutually per-
-n n -n

pendicular vector triad. (a and )are both perpendicular to 0 but are not nec-

essarily perpendicular to each other.) However, they can be considered as a

nonorthogonal set • components of w since their vector sum is equal to CO.

14
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Summing the orthogonal projections of '-n, ,n. and $, on the (xn% y,. zYn ) axes

yields the angular velocity components required for the kinetic energy expres-

si on:

Wx n = On - ýj, sin 6n

Yn = ;n Cos On sin n +n cOsn n (17)

Cnos a Cos sin_
WZ n- = o ý n nosn n n

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

L2
. V = Mng (Zn Zn ) (18)

n=1 0 I.

where g is the acceleration due to gravity and Zn0 is an arbitrary datum.
no'

2.1.3 Matrix Equations

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

following forn:

[A(q)] {q} = {B(q,q)} + {P(q)} + {R(q,q)} + (Q(q,q)} (19) 3

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,

d 29 A

Fqj k aI Ajkqk (20)

- B4 (ql q2,'"" q29 , q1, q.2"'" q2 9 )

(j = 1, 2,..., 29)

15

Z. r..>%*' * t



* The force vector {P} is derived from the system potential energy according to

Pj (ql, q2 ..., q2 9 ) .- -V (j = 1, 2,..., 29) (21)

Both {R} and {Q} are vectors of generalized forces derived from the right-hand

side of Lagrange's equations. The vector {R} describes the resistance of the

body joints to rotation, discussed in detail in 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 achieve economical program solutions for cases where occupant re-

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

dimensional occupant model option was included in Program SOM-TA. This two-

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

figure 1, with 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 1.1 degrees-of-freedom, as illustrated in

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

orn the vertebral column that are induced by +G acceleration in both human and

dummy occupants, the mass centers of the torso segments, segments I and 2, are

offset from the vertebral column by the dimensions e1 and e2 , respectively.

The diriension e3 , by which the center of mass of the head segment is placed

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

miodel s.

Development of the equations of motion for the two-dimensional occupant fol lows

a procedure similar to toat described in section 2.1 for the three-dimensional

model . However, tile procedure i-, simplified because the transformation between

16 d
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S8SPINE ELEMENT
100

z

& SEGMENT MASS CENTER T

o JOINT,® ......

Figure 5. El even-segmnent (two-dimensi onal
occupant model

a local, segment-fixed coordinate system and the inertial system is dependent

only on the angle 0. Transformations, therefore, take the form of equation (3).

The position of the center of mass of segment 2, with respect to that for seg-

S.ment 1 and the position of the center of mass of seginent 3, relative to seg-
"":' -wment 2, depend on the length and curvature of the beam elenments in the spine

and neck, respectively,

17
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2 Generalized coordinates
S2 1 x

4 2

4-0 3
4 S
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05 6 p3
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9 05

10 08
I._e3 a. (X l, ZI) ii 09

9 9

809

Figure 6. Generalized coordinates for two-
dimensional occupant model.

18



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 magnitude so that shear deformation is negligible.

As illustrated in figure 7, The position of one end relative to the other in

terms of arc length and angular coordinates at each end of the arc, is then

given by

- 2Q0 $2 esin (_2r_ sin('2 2

z2 -zI = 2 S sin (e2 cos ( 2 + )2

* 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 fiyure 1,

i '.~are defined as follows:

19 !
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2 f(x V zz2 ) 0

z 2  z 1

(X1 , z 1 )

22 1

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

Joint I - Back, between 72th thoracic and 1st lumbar vertebrae

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

Joint 3 - Right shoulder

Joint 4 - Right elbow

Joint 5 - Left shoulder,

Joint 6 - Left elbow

Joint 7 - Right hipel

Joint 8 - Right knee

20
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Joint 9 - Left hip

Joint 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. If (imr' im'km) and (in, in' kn) are triads of unit vectors in

the local coordinate systems of two adjacent segments connected at joint i, as

shown in figure 8, the joint angle is given by

i =cos-1 (km .kn) (23)

where (km e kn) is the scalar product. Considering the geometry of the occu-

pant model in the reference position, the 0i for the 11 joints are given by

01 cos" 1 (kI 1 k2 )

a2 cos 1 (k 2 " k1 2 )

83 cos 1 (k2 " k4 )

84 =5

85 cos" (k 2  k6 )

6 7

87 = Cos' (ii i8)

a8 8 9

9 =cos1 (i
9 1 10)

10 = 11

= cos 1 (k 3  k k1 2) (24)
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knS--- 'in -4o

i n

Joint i

k m

Figure 8. Joint angle gi between segments m and n.

If at each joint i, a moment 14i and a torsional damper with coefficient Ji act

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

joint i undergoes a virtual displacement So i is

6 W = - M ( i + J i i (2 5 )*• i :

Since the are functions of tho generalized coordinates qj, the virtual dis-

placements 4 i can be expressed in terms of corresponding virtual displacements

, of the qj In general, such an expression would take the form

26 i ( i i, 2 , . . . , 1 1 ) ( 2 6 ) -"
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where the partial derivatives 30i/aq are functions of the generalized coordi-

nates. Substituting into equation (25) gives

6W 0- i + J i ) (27)
i=1 j=1 '3q

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

form 2L

29

6W= I Rj Sqj (28)

where R. 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 R. will be consid-

ered alone. Equation (28) becomes, more specifically

29
6W I R.i Sq. (29)

j=1

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

Re of Mi + the (j=1, 2,..,, 29 ) (30)

As mentioned earlier in this section, the type of occupant is determined by

the relative contributions of M and J to the R. terms. For the dummy joint,

the resisting torque Mi is constant throughout the normal range of joint mo-

tion and increases rapidly along a third-order curve to a higher value at the'.

limiting displacement S, as shown in figure 9. The normal values M are
Si D.

set equal to those resulting from the joint-tightening procedure of SAE Recom-

I; mended Practice, AnthropomoKrphic Test Device for Dynamic Testing - SAE J963.

That is, the body joints will just support a 1-G load in the reference (seated)
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Figure 9. Dummy joint resisting torque.

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

In addition to Mi, a small viscous damping term with constant Ji is included

for energy dissipation.
4''

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

resisting force during normal joint rotation is a viscous damping term with

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

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

in figure 10(a). An additional termn used to simulate muscle tone is the mo-

ment W', which drops to zero after a small angular displacement from the ini-

tial position, provided that the crash deceleration is sufficient to overcome

it (figure 10(b)).

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

freedomi, rather than the 11 and 29 presented here, respectively.
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The resultant external force F i acting on segment i is given by

tF = F i +F ~+F k (1
-1 Yi zi

where F 9, F~ . and F are c~xiiponents in the inertial (X, Y, Z) system. The
1' ,

absolute position of the point P1 on gment i, where the resultant force acts,

can be represented by
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rp x p i + Yp j + Z k (32)

As the resultant force applied to each segment i undergoes a virtual displace-
nent Srp i, having components (6X Pi, SYPit 6ZPi) the virtual work on the system

done by the Fi is
12 

K.:•
SW= 1 (Fxi 6XPI + FYi Yp i + FZ Z 6 (33)

Writing the virtual displacement components in terms of the generalized coor-
dinates qj:

29 9XPi
6Xp1 jul T 1 Sqj

29 aY Pi

6YP = -54- qj (34) p

P1 .9 3Z Pi q

P j=1 a qj 

•

results in

f9 12 ' aYp

U nWn . (F X + F__ ) 6qj (3 5)
j--1 i=--26

Using equation (28)

29
6W-= Qj Sqj
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yields the components of the generalized external force vector:
12 B~P B'p.@p

Q 1 ax X i . + F _-) (36)
Q =llI FYi aqjV FZi aqj

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 cushions and floor, illustrated in figure 11. The forces of the seat

back pass through the mass centers of the upper torso and head segments, and the

nomal forces applied to the legs by the seat bottom cushion pass through the

mass centers of the thigh segments. The contact surface for the lower torso is

not located at the mass center of that segment but is an ellipsoid whose major

axis passes through both hip joints. The force of the back cushion and the nonnal

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 nonrmal components

of the floor and footrest forces are applied to the body at the lower ends of

the leg segments. If contact between the occupants and the seat in front of

them is to be simulated, eight surfaces on each seat back are defined by user

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

computed in the same manner as for cushions.

Fach of the forces mentioned above acts nornal to the surface applylng 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 multiplied by the normal force. It

is applied in a direction opposite to the tangential component uf 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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FB3 Force Identification
FBI, FB2 . Back

cushion

FB 3 : Headresto

FS 1 , FS 2, Seat
FB; 2FS 3: cushion

FFI, FF2: Floor •

I'I

2SF
PFI F

Figure 11. External forces of cushions and floor.

All contact forces are calculated by first deternining 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. X and Z are coordinates of the cei.ter of the contact

surface of segment 1, and RI is the radius of the contact surface in the (xi ,

z1,) plane. (Although this contact surface is an ellipsoid, cross-sections

parallel to the (x - z plane are circular. The dimensions of the contact
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Figure 12. Seat cushion deflection.

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 OS that it makes with the aircraft (XA - YA) plane. The unloaded

thickness of the seat cushion is t e, and the loaded thickness under segment 1

is t. Summing the dimensions in the ZA direction gives

Zp I ZS + (RI + t)/cos eS + X tan es (37)

Solving equation (37) for the cushion thickness,

t (Zp - Z) cose0 R - - p sin0 (38)

The deflection of the seat cushion is then

6c t - t (39)

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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Fc = A(eb~c _ 1) (40)

To each normal force, a damping term 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 mas5 and stiffness according

to

C 2 Pn + aK (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 solution. It was assumed for the formulation in
SOM-TA that the damping ratio, r, was constant for all deformation modes of
interest. This assumption greatly simplifies the solution of equation (41)
because the damping coefficient is not dependent on the system mass. Equation

(41) can then be simplified to

C = 2K0 (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 SON-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-
teniiined from input data. The slope of the exponential load/deflection curve

dt deflection 6c is

K = Abe bSc (43)

The user supplies a damping coefficient, Cop for the zero-deflection condition
which the program uses to calculate a by applying equations (43) and (42),

thereby resulting in

CO

(44)
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The constant, o, and the current gradient of the cushion load-deflection curve,

K, are used at each time step to determine the instantaneous cushion damping

coefficient from equation (42).

2.4.2 Restraint System Forces

The method used in calculating the forces exerted on the body by the restraint

system differs considerably from that described in the preceding section for

the contact forces. The primary reason fur 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 and diagonal shoulder strap will be used as an example.

The restraint loads are transmitted to the occupant model through ellipsoidal

surfaces fixed to the upper and lower torso segments. These surfaces are shown

in figure 13. The locations of the anchor points AP, A2 , and A are determined

by user input along with the webbing properties. The buckle B for a single

shoulder belt is located according to an input parameter which specifies the

distance from the appropriate point, in this case A1 , along the path of the

lap belt. For a double-strap shoulder harness, the buckle is placed on the

abdominal contact surface between its intersections with the thigh surfaces.

:,U,

00

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

xI 2/al 2 + y12/b12 + z 1
2/Ci 2  1 (45)

for the lower torso, where

a 1 = RI

bI = LH

cI = R1

and

x2 /a y2
2/b2 2 + z2/C72 1 1 (46)

for the upper torso, where

a2 a2

b= L2/2

C2  L L2/2

and these body dimensions are defined in section 2.5.

The restraint forces are determined in the same manner for both the upper and

lower torso. First, the belt loads are calculated from the displacements of

the torso segments, 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.

32
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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 (A1 or
A2 ) to the outermost point on the hip contact surface (C1 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 (D), the

distance from the buckle to the extreme anterior (forward) point on the ellip-
soidal chest surface (E), and the length of an arc over the chest surface be-

tween points D and E. If the length of the belt segment should exceed the
equilibrium (zero load) length calculated initially, then there is some ten-

sile force in the belt. The resultant force on each segment is the vector sum
of the belt forces. Friction between the shoulder belt and chest along the

length of the belt is taken into account by reducing the load in the belt
between the chest and buckle by a constant fraction of the load in the free

, length between the anchor point and the body surface. The resultant force on
the lower or upper torso segment may be written generally as

F = Fxi + FyJ + Fzk (47)

where Fx, F , and Fz are components in the local, segment-fixed coordinate

system.

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

x2/a2 +y2/b2 + z2/c 2 = 1 (48)

which may also be expressed in functional form as

"f (x, y, z) = x2/a + y2 /b 2 + z2/c2 -1 (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 i.- r.,rmal to the sur-

face. The gradient is given by
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grad f = (2x/a 2 ) )$ + (2y/b 2 ) + (2z/c 2 )k (50)

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

with F. Making use of the proportionality between the comiponents of the two

vectors,

Fx a Cx/a 2

Fy M Cy/b2 (51)

F - Cz/c 2
z

where C is an arbitrary constant. Solving equation (51) for the coordinates

(x, y, z) and suostituting into equation (48)

2 2 2
(a2) 2 (52

L_ + + -- (53)

which leads to

C2  2 + 2  + F 2 2

C Fx a+Fy b+Fz

C ± a Fxa+ F yb' + F 2 C2  (54)

the point of application of F is then

x = F xa 2/C

2

y= Fyb 2/C

z = Fzc 2/C .
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wi th

C =-•Fx'a' + F y2b2 + F z2C2 (55)

The negative sign on C can be explained by the fact that each coordinate in
the local system is opposite in sign to the corresponding compunent of the re-

sultant force, or
x > 0 if Fx < 0

y > 0 if F < 0 (56)
y

z > Oif Fz <0

The capability of the belt's point of application of resultant belt loads to

move relative to the torso surfaces allows simulation of the "submarining"

under the lap belt.

2.5 OCCUPANT DIMENSIONS AND INERTIAL PROPERTIES

Characteristics required by the occupant model for each of the segments are

the length, mass, center of mass location, and moments of inertia. Also re-
quired are the axial and flexural stiffnesses and damping coefficients for

both vertebral elements, as well as compliance characteristics for the chest
and abdomen. It is assumed that, for each segment, a line connecting the

joints is a principal axis, so that the required moments of inertia are all
principal moments. For each torso element, of the two-dimensional model, the

center of mass may, in general, be offset from the spine as shown in figure 6.
Moments of inertia are then moments with respect to axes located at the mass

center. Final data required to describe the occupant are radii of 26 contact

', surfaces, which are ellipsoids and spheres.

For two "standard" occupants, a 50th-percentile human male and a 50th-percentile

anthropomorphic (Part 572) dumnly, 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.

35

... . . .. . . . . ..... .. . ....... ... .... ................................................• • , , , n 'inl*'tI "a ' "", ,- ',,l . .I ' . N.\. .%~.. i '- ." i



Most 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 with the lower torso. The distance from the wrist 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 (mi) is n. The dis-

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

P = 1. n- P n (57)

Note that the lengths of the torso segments, L1 and L2 , are not used in the

two-dimensional model shown in figure 5 although they are used to generate

contact surface ellipsoids for the graphics display. However, the center of

mass distances, p, and P2, and the spinal length, S, are used and

LI + L2 - 1 "l + P2 + S (58)

Also, the seated height is equal to

R PI + S+ P2 + N + L3/2 (59)
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Figure 14. Prograw SOM-TA body sEgmegit ditensions.
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TABLE 1. BODY SEGMENT LENGTHS (IN.)

50th-Percenti le Part 572
Ai rc rewmembe r Dummy

Se ii nt (reference 8) (reference 9)

Lower Torso, L1  9.44 10.5

Upper Torso, L.2  13.1 11.5

Neck, N 5.10 4.88(2)

Head, L3  8.50(1) 8.35(2)

Upper Anr, L4  11.6 11.3

Lower Arm, L5  14.8(3) 13.3(3)

Upper Leg, L8  17.1 16.5

Lower Leg, L9  18.4(3) 18.0(3)

Spine, S 12.4(3) 10.85(3)

Seated Height 37.0(3) 36.0(3)

(1) Scaled from manikin drawing.
M a t Scaled fron 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 anthropoinetric terms).

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 e1 and e 2 , by which

the torso mass centers are offset from the spine were determined to be 0.20

and 0.70 in., respectively, based on simulation of vertical (+Gz) tests. A
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value of 1.17 in. for the corresponding dimension for the head, e 3, Is based

on Part 572 dummy drawings.

2.5.3 o nSegi.nt Moments of Inertia

Body segment moments of inertia are presented in table 3. As indicated, mo-

ments of inertia with respect to lateral (y) axes were taken from references 8

and 9 for the standard human and dummy occupants, respectively. The moments

of inertia with respect to the segment x- and z-axes were determined using ap-

proximations to segment geometry. The torso and head segments were approxima-

ted by ellipsoids. Assigning appropriate anthropometric dimensions to the el-

lipsoid axes, ratios Ix /Iy and I /1y were calculated for unit mass. These

ratios, multiplied by the Iy from reference 8 or 9, gave values of Ix and 1.
for the torso and head segments. The identical procedure was used for the ex-

tremities, except that these segments were approximated by solid circular cyl-

inders.

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

I y

50th-Percentile Part 572
e Aircrewmember Dummy

_Segment Ix (reference 8) (reference_9 z --

Lower Torso 4.03 1.19 0.760 2.323

Upper Torso 2.37 3.29 0.926 1.70

Neck - 0.019 0.0177 -

Head 0.160 0.199 0.266 0.233

Upper Arm 0.131 0.120 0.135 0.022

Lower Arm
(including
hand) 0.105 0.254 0.185 0.195

Upper Leg 0.212 1.41 1.22 0.873

Lower Leg
(including
foot) 1.28 1.17 0.994 0.505
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2.5.4 LBody Contact Surfaces

Twenty-six surfaces are defined on the body for calculation of external forces

exerted on the occupant by the seat cushions, the restraint system, and the

rear of the seat in front. These surfaces are ellipsoids, cylinders and spheres,

as shown in figure 15. The dimensions of these surfaces, listed in table 4,

were obtained from anthrupometric data in references 8 and 9 or scaled off the

drawings of the manikin and dummy. The surfaces and the dimensions required For

their description are illustrated in detail in figure 16.

Surface Identification

1. Lower Torso
2. Upper Torso
3. Head

N

3 4. Right Upper Ann=
5. Right Forearm

4 6. Left Upper Arm
7. Left Forearm

18 25 8. Right Thigh
9. Right Lower Leg

21 10. Left Thigh

20 2 21 1. Left Lower Leg

5 12. Right Knee
20 23 13. Left Knee

14. Right Foot
"15. Left Foot
16. Right Hip
17. Left Hip

16 18. Right Shoulder Joint

8 19. Left Shoulder Joint
13 20. Right Elbow

21. Left Elbow
12 22. Right Hand

23. Left Hand
24. Neck
25. Right Shoulder

15 26. Left Shoulder

14

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

50th-Percenti le Part 572
Contact Ai rcrewmember Dummy
Surface (scaled from manikin) _scaled from drawing)

Lower Torso 4.00 4.50

Upper Torso 5.00 4.50

Neck(i) 2.00 2.00

Head(2) 3.75 3.44

Upper Arm 2.10 1.95

Lower Arm 1.65 1.85

Upper Leg 3.28 3.10

Lower Leg 2.23 2.30

Hip( 3 ) 3.56 3.56

Shoulder(4) 2,00 2.00

Foot 1.60 1.60

(1) Nuck circumference divided hy 2
Trr

(2) lead length (anterior-posterior).
(3) Hip breadth (sitting)/2 - hip link length (Lu).
4) Shoulder breadth/2 - shoulder link length_(L"). _ __

2.5.5 Joint Rotation

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

published. Two ofi these studies, in particular, were examined for Cpplicabil-

i ty to the occupant model . First 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 limits of joint motion for both I
voluntary and forces rotation; their results aprear, along with Depster , 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-.

worphic dummy.
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S•.Figure 16. Body contact surface dimensions.
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Figure 17. Motion diagrams.

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

Ei

and figure 17, but some are, naturally, more important than others in determin-

•• ing permissible ranges of motion for the mo !e!. For the head, ventriflexion

(B) is certainly the most 'important component uf motion for frontal impact.

Dorsiflexion (A) may also be important for frontal impact, but the angles re-

ported are sufficiently close to those for ventriflexion to be considered the
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same. Laterial flexion (C) is certainly less important since a pure lateral

impact of an aircraft would be rare indeed, and rotation (D) will have an in-

significant effect on model response. Therefore, the limiting rotation ýS

(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 component 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 90-degree flexion. Therefore, this amount has been subtracted

from the angle reported in table 5, which is defined relative to the standard

anatomical reference position. Since the seated position appears to aid in

flexion of the hip joint, the largest angle in the table, the one given by the

Part 572 specifications, was used in determining S7 which is thus given by

ý 120' 90' 3o0 .7 A -
TABLE 6. JOINT LIMITING ANGLES

Angle - BS
Joint Location (deg)

1 Back 40
2 Neck 60

3, 5 Shoulder 180

4, 6 Elbow 142
7, 9 Hip 30
8, 10 Knee 125

2.5.6 Body Stiffnesses

'he lumbar spine and neck of the two-dimensional model possess exponential

s':iffness characteristics, in the form of equation (40), for both axial and

* rotational defoniiation. Exponential stiffness characteristics for the abdo-

men and chest are used to soften the input force-deflection values for the

lap belt and shoulder belt, respectively.
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3.0 SEAT MODEL

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

This method has been selected because it is not reliant on previous testing,

and it has the flexibility to deal with a wide range of design concepts. The

specific finite element formulation used in the program is based on the WRECKER

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

Program SOM-TA seat analysis uses three.-dimensional beam elements. It has the

capability to model large displacements, nonlinear material behavior, 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 uniaxial elastic-plastic stress-strain law. Beam

end release conditions include axial load, shear, moment, and torque releases.

Also, a simple local buckling model for thin-walled tubes subjected to axial

compressive and/or bending loads was incorporated into the program. This model
simulates the reduction in bending rigidity of the tube as the cross section

distorts during local buckling.

3.1 SOLUTION PROCEDURE

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

K- TU F - F (60)"K-T ('i+l ui i "+ Fii

where = Tangent stiffness matrix

= The vector (-f external applied loads at i+ th solution time
step.

= The vector of internal forces associated with element deforna-

tions at itl solution time step.
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Su i splacements/rotations at t th solution time step.

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 will be a small percentage of the total occupant

weight, and the seat structure is assumed to be in a quasi-static equilibrium

with the applied external forces F-

The tangential stiffness matrix KT depends on the state of stress of the seat

structure and varies with time during the simulation. Therefore, it must be

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

The major computational effort is the inversion of KT, which requires NB2 multi-

plications where B is the semibandwidth and N is the number of degrees of free-

d om.
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3.2 BEA14 ELEMENT FORMULATION

Large displacement formulation separates the beam element displacement 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 formulation in-

volving cubic displacement fields for transverse displacemients and linear dis-

placements for axial and torsional displacements.

From the principle of virtual work, the general form of the beam element tan-

gent stiffness matrix (reference 12) is given by

K DT C dV (61)-XT vV

where K = Element tangent stiffness matrix

D = Matrix that relates element strains to nodal dis-
placements

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

Mx'(M y)K (M) = moment about x, (y), (z) at node i
I, Yi

Fx , (F ), (F ) = force in x, (y), (z) direction at
1 Fyi Fi node i

S(6 ), (ez) = rotation about x, (y), (z) axis at
I yj i node i

Uxi; (Vyi), (Wzi) = x. (y), (z) component of displacement

For nonlinear materials the constitutive matrix C is given by

Ac (62)

where Ao = incremental stress
= incremental strain.

Using the cubic shape functions for the transverse displacements and linear
shape functions for axial and torsional displacements in matrix D it can be
shown that (reference 12)

I0
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6 f2  _6 f2  6 f -6f

1 z 2 x 2 z 3 x 3 d
-Sf d

0 yf2 xf3 &yf3

1yf2  (63)
ly

where t - element length

f = 6x - 2Z,

f2 = 6x - U

a = ,'-cf dA
A

ýfy =Iy LdA, ýz A

A C2 AufyAc y2 A o
6x S yzA r dA, 6y =y YdA,A A -

2 Aa6Sz = f z2 dA

A dA (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 matrix to some global system. To accomplish this, an element

coordinate system (x, y, z) is attached to each beam element and serves to
define the rigid body rotation and translation of the element, The orien-

tation of element axes (x, y, 2) with respect to the global axes at any time

is established by the components of three vectors _e e2 ' e3 which remain fixed
along the element axes (x, y , z), respectively, as the element translates and

rotates. If these three unit vectors eV, e 2 ' e 3 form the columns of a 3 x 3
matrix E, then any vector V can be transformed from element to global coordinate
system by the following time dependent transformation:

VG = K VE (65)

For beam elements (figure 19), the x-axis is defined by a line connecting the
end points of the beam, and the y-axis, by a line nornal to the x-axis and
lying in a plane containing both the coordinate reference point and x-axis.

The remaining z-axis is determined as a normal to x- and y-axes by the
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 transfonmatirn for the beam end, consistent wit".

the beam kinematic assumptions, can be written as:

,I
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Un
v

ni

u . "1 0 0 0 -(Z n -Z c g ) + (Y n " Y c g ) w

"1 (66)

v w 0 10 z n 0 0

w• 001 .y 0 0 1

yi

'3Z.

wreunv, wn = Displacements at the shear center in beam local x, y,

and z directions.

U V1  W x Displacements at the node point in beam local x, y,

i i and z directions.

a , Oz = Cross-section rotations about beam local x, y, and zi i i axes.

Yn' Zn = Distance between the shear center and the node point

(see figure 19b).

"Yc Z c Distance between the shear center and the centroid.
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"Figure 19. Three-dimensional bearn element coordinate
system and cross-section geometry.
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3.3 INTERNAL RELEASES IN BEAM ELENENTS

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:

e " (67e

where K_ = Element stiffness matrix

Ae = Element end displacements/rotations

F = Element end forces/moments

Rewriting equation (67) as

- 4R FF -q RF (68

where TF = Fixed end displacements

-R = Released end displacements

"FF = Fixed end forces/moments

From equation (68)

-9~ +4~ KF (69)

KRF AF + RR - 0 (70)

Solving for TR from equation (70) and substituting; into equation (69)
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The modified beam element stiffness matrix K * is then given by:

-- e
,FF -eK RSn R (71)

,•0 0

3.4 MATCRIAL NONLINEARITIES

Nonlinear material formulation for bean elements is based on uniaxial elastic

plastic stress-strain law.

The computational algorithm is based on the work of Hartzman and Hutchinson,

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

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

4. be aOU and a small increment in strain fron the prior state to the current

state by AFx. First a tentative, currenL stress state, is calculated as

though the strain increment were completely elastic.

0 E6Ex
x -- (72)

where E = Modulus of Elasticity

Y = Poisson's ratio

An effective stress o- o is used to determine whether plastic flow has taken

place during the strain increment. If is less than the prior effective
;tress ae at which yielding occurred, elemental loads are decreasing and the

tentative stress calculated 'Ex is the correct value of the current stress o
xU

If ce is greater than the prior effective stress cf., at which yielding oc-.*U

curred, tentative stresses calculated must be modified to account for the

Splastic behavior. Hartzman and Hutchinson (reference 14) have shown that the
41 true value of the current effective stress will be:
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e H ; (73)
e 1+ (H.

where H; (E 4 -Epi) 1=1,2

and E* Plasti,: modulus (figure 20)

G =Shear modlilus

e

Ce

0y2
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The current state of stress is then given by

+ (74)
T x

where X -I
e

3.5 LOCAL 3UCKLING OF" BEAM ELEMENTS

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 resjtlts of dynamic tests of seat-occupant systers

have idicated 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.

A61 Local buckling is traditionally expressed in terms of a moment-bending curva-

ture diagram as shown in figure 21.

Initial

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 redistrib-

ute themselves, it was proposed in reference.15 that the reduced bending rigid-
ity is most strongly related to the loss of lateral moment arm of the axial

forces.

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

U L = Kc E( (75)

where 0.4 < Kc < 1.2 (recommended values)

E = modulus of elasticity

t = wall thickness of the tube

D = diameter of the tube.

It was also proposed in reference 16 that for tubes subjected to bending, the
local buckling stress, GL, as a function of rmaterial and geometry, can be taken

as that for a circular tube under uniform axial compression, since in bending,
a significant portion of the circumference is subjected to a relatively uniform
compression field. However, dynamic tests of seat-occupant systems have indi-

cated that the thin-walled circular tubes have suffered local buckling at stress
levels much below that predicted by equation (75). This was partly due to the K
fact that the bending stresses have exceeded the yield point and the tubes have
also suffered plastic deformation.

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

stress

-. 0.4 E (t/D)
"M-1 Minimum (76)

L
G 0 y
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where aL = local buckling stress

a y compressive yield stress

t = wall thickness of the tube

D = diameter of the tube.*

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

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

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

defining the beam cross section.

The program computes the stresses at all segment end points across the cross

section at each end of the beam elements. These stresses are then compared

with the local buckling stress, aL, computed from equation (76) for each beam

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

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

location of that segrient end point using the following expression

z

S Points detining end
0 '- points of

0 0 T segments -

0

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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or 0 \K
Ri~ 1  Kai~ i i if IC i+1 I> OL (77)

where R s - radial location of the Gaussian station at time
s tep i

CL - local buckling stress

0 i+1 = compressive stress at the segment end point at time step i+1

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 PROGRA4

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 termis of three general opera-

tions:

2 e Input and initialization

e Solution

I 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.

V• 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 corn-
ponents are calculated. The equations of motion for the occupant are set up

arid 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 printing after completion of the solution.
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4.1 PROGRAM INPUT

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

1. Simulation and output control information

2. Cushion properties

3. Restraint system description

4. Crash conditions

5. Occupant description

6. Seat design information.

4.1.1 Simulation Control Information

The first block of data contains the information required for controlling

execution of the program. The selection of system of units (SI or English),

two- or three-dimensional occupant, the type of seat (single-, double-, or
triple-occupant) along with identification of the positions that are occupied,
secondary impact information (if desired), total simulation time, and identi-

fication of desired output, are provided here.

4.1.2 Cushion Description

Cushion load-deflection characteristics are described by an exponential func-
tion, whose coefficients are provided as input data. The equilibrium (zero

load) thickness for both the seat and 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 single 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 system (VX, VYA VZA)

and the yaw, pitch, and roll rates (•A, 6A' $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 investigator's 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 component.

4.1.b Sp~at Design Infomation

The input data required to describe the seat consist of nodal coordinates,

material properties, cross.-section geometries, elemrent locations, arid attach-.

ment conditions, as described earlier. F~or possible use in restraint system

analyses where detailed seat response may not be important or seat design

i 67'
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unknown, a rigid seat model 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 Back Contact Surfaces

If contact between the occupants and the back of the seat row in front of

the, is to be sim1tulated, input data are required to define the dimensions of

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

to specify the force-deformation characteristics of these surfaces, which

represent cushion, tray table, and armrest surfaces.

6RS01

Figure 2., '"eat back contact surface,,.
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4.2 OCCUPANT INITIAL POSITION

The initial position of the aircraft occupant is computed from 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 Y i 1 = 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 YI and Y2 are usually negative, considering the torso to be approxi-

mately parallel to an aftward-sloping seat back. The angle Y5 describes the

position of th( forearms relative to the upper arms, and is the initial value

of a 5 and t17 . The distance XH is the initial X-coordinate of the heels (the

inferior ends of segments 9 and 11). The procedure described below consists

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

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

systen or the back cushion.

The first step in detenfining 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 illustrated in

figure 25 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-

ordinate 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

defined in section 2.1.1 for the body segments. Defining the rotations

T A: Yaw

eA: Pi tch

ObA: Roll
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Y3

2N

Y4

Y 5

Figure 26. Initial position input parameters.

tne orientation of the aircraft relative to the inertial system is describedby the coordinate transforination 
i

X XA

Y A YA (78) "

S A ZA

7,
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where the elements of [A] are

A -1 cos cA Cos eA

A12 =cos A sin 8A sin A " sin ' A cos A

A C13 Cos ýA sin OA cos CA + siný A sin ýA

A21 -sin r A cos aA

SA2 =sin•Asin0Asin ýA + cos*•A cosO€A •

A22  sin f A sin eA sin cOs)A sinA

SA3 : sin eA

A31 A

A3 2  COS OA sin OA

A3 3 = COSeA Cos 4€A (79)

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

symmetry condition requires that yn is parallel to YA' is described by

XA cOSYn 0 sinyn Xn

YA 0 1 0 yn (80)

ZAr -sin Yn 0 Cos Yn Zn

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 transfornation, which is a function of the input Yn and the air-

craft pitch, roll, and yaw:
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X1) xn

Yn n Yn (81)

•Zn j Zn

where [Bn] is given by

cos 'n 0 sin y

[Bn]= A 0 1 0 (82)

-sin Yn 0 cos Y

so that its elements are

n= A cosY - A 3 sinyB11 11 n " 13 n

12 = A12

n"- A1 siny + A cosyB13 11 n A13 n

n A2  cosy - A sin-ynB21 1 n 23An

T w"°."B 2 A2
22 22

"B23 =A2 1 s Yn + A23 cos

31 3 1 cosn - A3 3 siny

Bn= AII B32 = 32 .

B3 = A sin Y + A cos Y 83)
33 A31  n A33  n

a Comparison of equation (81) with equation (1) points out that the transforma-

tion matrices [Tn] and [Bn] are equivalent. Because [Tn] is a function of. ,• -. '. -v•
Euler angles for segment n, equating the elements of [Tn] and [Bn] through
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LTn] - [Bn] n = 1, 2, 3, 4, 6, 8, 10 (84)

permits calculation of the initial values of the generalized coordinates from

input parameters -n and JA, OA' and CA" The procedure as used in Program
SOM-TA is outlined below.

First en is determined as follows:
n n n

T31 B31 or -sine n = B31

which gives

n sin- 1 (-B•I) (85)

The rosine is then found byn'

cosen = cos Lsin"' (-B31 )]

so that n can be determined:

Tn n or cos cos = Bn
11 11 n 1

gives

= cos 1 (B I/Cos a n) (86)

and, for determination of On$

T 3  B B or cose 0 Cos nB3
33 B33 n n 33

gives

On = cos' (B33/cos en) (87)

Equations (85) through (87) ?.re used for segments 1, 2, 3, and 4; the sýImnietry

requi,-emer.t provides the Euler angles for segnent 6, which are equal to those
73,
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A

for segment 4. At this point the generalized coordinates q4 through q2 0 have

been determined. The next step involves seating the occupant and calculating

X19 Y10 and Z, (q1 ' 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 approximnation to the initial position is made for the assumption of

level flight (OA = 'A ' ýA = 0). The cushion forces act on the body as shown

in figure 27, where it is assumed that 15 percent of the occupant weight is

supported by the floor, as discussed in the preceding paragraph. Summing

forces gives

FXA: FB cos B- Fs sines = 0

(88)

FZA: F sin + Fs cosOes = W1

which can be solved for the cushion forces:

Fs = W' cos 0 B/cos (6B - S)

(89)
FB = W' sin es/cos (6B - 0S)

Dimensional considerations permit the coordinates nf point P to be written as

functions of the thicknesses t, and tB of the compressed seat and back cushions,

respectively.

N-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. 77. n__1
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0B

W1~ 0.85W
Seat back'b I

Segment 1
tB contact surface

B R 1

t Se S -- Seat pan

z p

zS

..A.,..i1Floor

Figure 27. Forces acting on occupant
torso (level flight).

Zp = ZS + (RI + ts)/Cos0S + (Xp - XS) tanO S (90)

5Xp = XS + (R1 + tB)/coseB - (Z - ZS) tanOB

which can be solved for X and Z to give

Xp =XS - fI sino 8 + f2 Cose S (91)

=Z +f cosO + f sine

where
- .f t (R1  + t S ic) o s N1 eS)

f z ( + t ) / co s (e ,
'2 1 B B
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Since the force-deformation characteristics of the cushions are known from

input data, the compressed thicknesses t and tB 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.

i
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 W1 vector in figure 27 will have a component in the XA direction.

Nose-down pitch, on the other hand, will tend to load the restraint system.

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

FX A: W' sineA - Fs sines - FL coseL 0

(92)

FZA" -W' cos 0A + FS cos eS - FL sin eL 0

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

the XA - ZA plane. An initial estimate to OL is made using the body position

calculated by equation (91) for the level flight assumption. The aiigle is

defined according to
" "V .X)2 2](3'

SL = sin [(Zp - Z)/ (X - XL) + (Z - ZL) (93)

The forces in the seat cushion FS and the lap belt FL are determined using

this value of OL in equation (92). From the input force-deformation charac-

teristics for the seat cushion and lap belt, the deformations 6S and6L 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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W = 0.85W

ZA A M
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Lap~~~e betanhrpon

x ZS

ZA A/ LX• Floor

Lap belt anchor point

(XL' CL' ZL)

SOA

0
Inertial coordinate
system

Figure 28. Forces acting on occupant torso
(nose-down attitude).

the new length for one side of the lap belt is

LL =L Le 6 L(94)

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

1/2

XKXL + L(LL LH) 2 - (Yp - Y Cos 0 (95)

where LH is one-half the hip breadth and Y is the Y-coordinate of the right

hip in the aircraft system. The new value of Z is covputed for the new cush-

ion thickness tS using equation (90), which is repeated here for continuity:
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Zp = ZS + (R1 + ts)/cOS/ ) S + (Xp - XS) tanO S

The new occupant position, deteriiined by equations (95) and (90) is used in

equation (93) to recalculate the lap belt angle eL, and the procedure is re-

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

coordinates of the mnass center of segment I (X1 , Y1, ZI) are then calculated

from Xp, Yp, and Zp,

At this point the generalized coordinates for the upper body have been deter-

iained. The final task will be to deternine the coordinates for the legs. Re-

ferring to figure 29, the angles -Y and ek can be found from simple geometric

relationships among the dimensions shown. The Euler angles T8 ' 08, and ý8 are

obtained from Y8 by usinn equations (85) through (8'/), and the corresponding
8 4

coordinates for segment 10, by symmetry. The knee angles are given by

am = - 6k in 9, 11 (96)

to coiiplete the initialization of the generalized coordinates.

L9

L 8

-'÷:L 
9

%." ZA

A 
Floor

.5)ý

X H R- 1 R4

Figure 29. Leg position.
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4.3 PROGRIM SOLUTION PROCEDURE

The first operation in each solution step includes the calculation of new

values for the aircraft acceleration components and their subsequent integra-

* tion to obtain aircraft velocity and displacement components. Then the matrix

form of the equations of motion, using equation (19)

[A(q)] {q} = {B(j,q)} + {P(q)} + {R(4,q)} + {Q(cj,q)}

are set up for solution and solved, as discussed below.

4.3.1 Setup of Equations of Motion

The elements of [A], {B}, {P}, and {R} are calculated using the current values

of the generalized coordinates and velocities. The elements of {Q}, which is

the vector of generalized external forces, are calculated, as discussed in

section 2.3. The external forces depend on displacements of the aircraft,

which determine the motion of the seat, floor, and restraint system anchor

points relative to the body. From these displacements new deflections of the

cushions, floor, and restraint system are calculated.

4.3.2 Solution of Equations of Motion

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

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

where {B' = {B} + {P) + {R} + {Q)

and solving for {q'I using Crout decomposition followed by Forsythe-Moler elidi-

nation.

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

fo M
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qj " fj (t, 41, 42" D 4W q1' q2"". qN)0

(98) 7

q3 (t=0) = qjo qj (t=0) = Ijo j - 1, 2,..., N

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

;j - fj (t, yll Y2 ""'O YN' q1 ' q2 ... qN)

j = yj (99)

yj (tMO) = •]jO qj (t=O) = qjo

Numerical integration of this set of eqvations is accomplished, using the

Adams-Moulton predictor-corrector inethod with a variable step size. This

method uses the difference equations

Yp)+ = Yjn + h (55fjn - 59fj + 3 7fjn-9 ) (100)

,n 1,n 24 ,n-i j ,n-2 -9 ,n-3) 1 0

as the predictor and
yýC) (-h 9f(P) + 19f 5f + f (101)

,n+1 = Yj,n 24 h j,n+1 ',n J,n-1 J,n-2(

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 yyc). If this difference exceeds the upper bound 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, which

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 criteria.

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

9. Seat structure nodal forces.

10. Seat structure element stresses.

Printer plots are provided for occupant segment accelerations, restraint sys-

tem loads, and cushion loads. The option of two different filters is also

provided for the occupant segment accelerations and cushion loads.

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

4.4.1 im act 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 discissed in sectior. 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 program. When con-

tact occurs between an occupant surface and a contact surface, the time and

relative velocity of impact are computed and stored for printing. The impact

conditions determined in this way can be used in evaluation of injury potential

for a given cockpit configuration.

4.4.2 Injury Criteria

The injury criteria used in the program were selected as the most suitable for

aircraft crash analysis. SOM-I'A output can be used to determine the potential

for injury to four regions of the body: head, vertebral column, thorax, and

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

4.4.2.1 Head Injury. 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 head and chest according to

s tf an dt (102)

to

whero a = acceleration in G as a function of time

n = weighting factor, 2.5 for head impacts

t time in seconds.

Although Uadd used uniaxial acceleration in his validation of the Severity

Index, Federal Motor Vehicle Safety Standard 208 requires the use of resultant

acceleration. A tolerable SI value of 1000 is accepted for frontal impact of

the head, and a value of 1500, for distributed, or noncontact accelerations

(reference 19).

Also, the Head Injury Criterion (HIC) contained in Federal Motor Vehicle Safety

Standard 208 is calculated according to
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HIC mx (2 2.5HIC a max t 2 ad (t 2 - t1 ) (103)271- t tI t).

where a is the resultant head acceleration in G and tI and t2 are any two

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 ".

shall not exceed 60 G except for intervals whose cumulative duration Is not

more than 3 msec," where the acceleration is the resultant measured at the

center of gravity. This acceleration is printed by SOM-TA. Previously, FMVSS

208 had applied a Severity Index to the chest acceleration pulse. This index

was calculated in exactly the same manner as the head Severity Index discussed

previously, and the limit of 1000 was the same as that for the head. SOM-TA

also prints this SI for the thorax.

4.4.2.3 Vertebral Injury. For determination of the potential of Yartebral

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.-Ib ft-lb in extension (rearward bending), re-

spect ively.

The dynamic response index (DRI) is also computed by SOM-TA as d 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,

1ZU
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M2
r - - - --- = mass (lb-sec /in.)

5 deflection (in.)
C -damping ratio

m k stiffness (lb/in.)

Z= acceleration input
(in./sec

k

2
*DRI -n max

g -

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

*Dynamic Response Index g 386 in./sec 2

Figure 30. Model used for prediction of spinal
injury (from reference 22).

or, in other words, the total body raass that acts on the vertebral column to

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

of the system shown in figure 29 obeys the relationship

22d -f + w + W 2 (104)

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

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

the gravitational accelerdtion, is the DRI, The properties used in the model

were derived fron tests involving human subjects and cadavers. For examiple,

Lthe spring stiffness k was detenmined fromp tests of human cddaver vertebral

segments; damping ratios were determined from measurements of mechanical im-

* pedance of human subjects during vibration and impact. The acceleration input,

-, is the cagponent of seat pan acceleration paral lel to the vertebral col umn.

Equati on (99) i s sul ved for 6 simultaneously wi th the occupant equations of

imiotion, usinq the consLants . = 0.224 and (o 52.9 rad/sec. The DRI is then

.calculated at each step by ,

(* r2 •S . '" " . -: '

DRI = q /q(105) -'
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4.4.2.4 4egInjury

F14VSS 208 specifies a limit of 2,250 lb for the axial compressive load in each

femur. This tolerance level is based primarily on the work of Patrick, Kroell,

and Hertz (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,
SM(I-TA prints (and plots) the time variation of the axial load in each feinur.

The time and impact velocity for each such contact is also printed, along with

identification of seat back surface.

kV
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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 production seat designs and various modifications 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 Descri tion 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 aluminum

suplorts. 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 bolt. Three of the supports have cantilevered rear extensions

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

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

tube In front, and wrapped around a small aluminum tube which slips in between

the cantilevered extensions in the rear. a.

The leg assembly consits of front and rear legs of formed 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 lover-uperated l)lunger. The plunger moves in and out of the track

and is in front of the fittiing. The fitting is attached to the leg by a single .....

bolt and i.s :3 ;hown in figure 33 41
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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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I
Figure 33. Rear track fitting of a production I

aircraft seat. I
The front legs are attached to the track by a single stud which is incorporated •

in an antirattle ,•chanism 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
aluminum 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 ,•<•
iM

fittings are bolted to the forged aluminum supports. Both the back and bottom .•
cushions are fabricated of plastic foam. The back cushion is contoured forJ

I., comfort while the bottom cushion is flat on top but curved on the bottom to con- .'.i

form to the performated aluminum seat pan. Each seat has a food tray mouted i'-'

on its back, and the seat back has an adjustable reclining mechanims. The .•.
two middle armrests can pivot up flush with the seat backs.

11 "••

•i'/2 ,'• '.',';
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Figure 34. Front track fitting of a production

aircraft seat.

The production seat design was modified at Simula to provide longitudinal

Senergy-absorbing capability by replacing the diagonal brace with a compressive

inversion tube energy absorber. A sketch of the seat kinematics using the
compressive 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 window-

side and aisle-side energy absorbers begin to stroke at 2800 lb and 1400 Ib,

respectively.

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

4,- 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 36. Modified transport aircraft seat

beforegad aftrerstrkig
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Figure 37. Modified transport aircraft
track fittings.

5.2 namic Test Conditions

The seat design was tested at CAMI in the forward-facing configuration with a

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

pomorphic dummies were used to simulate the seat occupants (figure 39). Six-

axis load cells were placed under the seat legs to measure the seat reactions
exerted on the floor. Lap belt forces were also measured on both sides of the

, lap belt for each occupant. Accelercmeters were placed at dummy pelvis, chest,

and head locations.

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

warping conditions. The aisle side of the seat was pitched down 10 degrees

(figure 4U) and the window side of the seat was rolled outwards 10 degrees

(figure 41).

5.3 SOM-TA Simulation Results

The finite element model of the seat structure illustrated in figure 42 con-

sists of 26 nodes and 33 beam elenents. The complete input data listing is

presented in figure 43.

The compressive energy absorbers were modeled with beams 21 and 24 between

nodes 9-12 and 18-21, respectively. The ends of the energy absorbers were

mdodeled as pin-socket joints by using the appropriate bean end release codes.
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Figure 39. Modified transport aircraft seat and dummies prior
to CAMI Test A83-085 (before floor warping).
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Figue 4. Moi fed tansort ircaftseatanddummes rior-toIAM
V..

Test A83-085, window-side view (,ifter floor warping).4
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PROGRAM SOM-TA

TRANSPORT AIRCRAFT SEAT (MODIFIED)

TIME = 0.0000 SEC.

'.

UU

S7

109

Figure 42. Program SOM-TA finite element model of the modified
transport aircraft seat (before floor warping). *-' ,;4
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MQIFIED UOP HEOT SOMTA VALIDAIaON)
1 2 3 3 1 1 1 2

'2 0 2 1 1 2 1 1 1 8 • 0005 .005
",600 .040 ,080 ,120 .160 ,20) ,2q0 ,300
0 0 . 0' 0. 0, 0 0

20. 20, 20, 20. 20, 20. 20, 20,
4 -45, -45, -45. -45, -45, -45, -45,

22
-0.3, ,.001 .0001 0.1 0.00 1 .,130 .0001

--- ±70, 0,50, 2,40 1,5 ,.{

0'A '2 0

760. 0150 2.40 3.10
550, 1300. 2250. 0,0403 0, 1048 0.1613 0,) 0.
t,5 .-1.0. 13,75 5.5 -11.4 13,,'•7'5
U. -F', 13,75 5.5 6,7 13.75
51" 11.q 13,75 5.5 29 13.75
0. ,3 -9,3 -8.6 -9.9 -6.5 -'.5 -6
-2 -7.8 -5.5 -5.3 -6.9 1.8 -,a

* it, .00625 %0335 10583 . 0667 .092 .10833 .1333
1413 .153 .178 ,.'17 .201 .2208 .264 '

49, 0,.,,.

--- 16. -to, 7, -16. 60, 32, -201
-16, -1, 7, -to. 6-.1 01. ,•••"
-16, -16, 7. -16. 60. 32. 20,.%•"
M • 11.63 5, .•,. 16, I26• 19.2 3-. 9,

I• .Figure 43, Input data listing for simulation

"•-'"- ~of CAMI Test A83-085. ""
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:6 3 3 4 6 0 8 0,5

14130 STEEL
7,324-04 30.E6 70000, 10,E6 .1 90000, 3 0.8O00N. 1.25E6

220224-13 AL
.2588E-4 10,E6 44600, 4,9E5 .1 62000, J3

58000, 041E6
3E/A PA!A

,.25.E-4 10,E6 41600, 1,0E6 .1 90000,
46800, 0,iE6

, ) .490 .01, 4 .0265 110S6
0,') 0, 0. 0.0

.513 .23 ,165
,.513 -,27 165
-. 22 -,455 .165,2 455 165

4 0 ,60M5 .0676 .0873 ,0366
r,0 ,00 0.0 0.0

",13 -,405 ,i6"
-445 -. 455 ,165

-.445 .455 .165
'3 0 ,3314 ,0127 ,122 .122

}.0 C'.O 0.0 0.0
,8423 0 4065

,,•6 -.596 4065
0 -. 8425 065

-,6 --.596 065
-,0425 0 065

A -.5' ,59~ .065
S .8425 .6

v , .+596 .065-105 ,0128 ,0085 .0085

S(..0 010 o10 0.0
.,375 .375 ,035, '75 -. 375 ,031"

+ -J'• -. 375 V'33
.375 "5K

.054 .0192 .0233 .0233
0,0 00 0.0 F0 10

.745 .745 ,0090
745 -745 .0050

4-,'45 -,745 .0090
-,745 f74, ,0090

.1 0 .1695 ,1i1 ,055 5-

-. ', 0. 10 0.0

-. 91 -,785 1025

.. , (.'."25

Figure 4j (contd). Input data listing for simulation
of CAMI Test A83-085.
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4 0 .2073 .1967 1085
0.0 0.0 0.0 0.0

1.308 -. 785 ,025
-1.308 -. 785 ,025

-38 .785 .025
i.308 .785 025

4 0 .2682 1015 .020 1020
0M0 0,0 040 0.0

,745 .745 .0045
.745 -.745 .0045

-,745 -,745 .0045
-.45 .745 ,0045
1 15,21 - 29. 12.75
2 8,71 -29.0 12,00

3,2 - 29, 11.63
4 -4,65 - 29, 3900
5 15,21 -9,6 12.75
6 8071 -9.6 12,00
7 3,2 -9.6 11.63
R -4,65 -9,6 3M,0 "
*11,21 -14,06 0.

40 15,21 -14,06 6,63
11 15.21 -14,06 12,75
12 3.2 -14.06 I1,63

13 0 -14,06 0.
14 15.21 9,6 12.75
j5 51,71 9,6 12,00
16 3.2 9.6 11.63

I -4,65 9,6 39,0
18 15.21 6,72 0,I? M•21 ,i 1,72 6,63•W
29 0 1 ,21 6 2' 12.75
J iL 3,2 6,7! 11.63
22 0 6.72 0,
23 15,.21 29. 12,75
24 8,71 29. 12,

3,2 '9,0 11.63
-6 -4,65 29. 3910
1 1 2 1 1 5 2 2
2 • 3 2 6 22

S6 1 1 11 2 2
4 7 1 2 15 2 21
5 14 15 1 1 20 2 2
6 15 16 1 2 24 2
7 23 24 1 1 20 2 2
6 24 25 1 2 15 2 2
9 3 12 1 3 1 2 2

10 ? 12 1 3 5 2
11 7 21 1 3 11 2 2
12 16 21 1 3 14 2 2
13 16 25 1 3 20 2 2
14 1 11 1 3 3 2 2

Figure 43 (contd). Input data listing for simulation
of CAMI Test A83-085.
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1 5 3 11 1 3 7
16 5 20 1 3 12 2 2

14 20 1 3 16 2 2
18 14 23 1 3 21 2 2
19 12 13 1 4 16 2 2 000 010 000 010
20 21 22 1 4 25 2 2 000 010 000 010
21 9 12 0 8 18 2 3 000 111 000 011
22 9 1ý 1 6 18 2 1 000 010
23 10 11 1 7 I 2 1 000 000 000 010
24 18 21 0 5 9 2 3 000 111 000 011
25 18 19 1 6 9 2 1 000 010
26 19 20 1 7 10 2 1 000 000 000 010
27 3 4 1 3 7 2 2
28 7 a 1 3 12 2 2
29 16 17 1 3 21 2 2
30 25 26 1 3 21 2 2
31 4 6 1 3 3 2 2
32 a 17 1 3 7 2 2
'43 17 26 1 3 16 2 2
3 7 1 5 7 16 5 14 16 25 14 23
3 7 4 6 7 16 8 17 16 25 17 26
3 "7 ? 16 16 25

9112010
-2.690

1.311101')
18111010
22111010

Figure 43 (contd). Input data listing for simulation
of CAMI Test A83-085.
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. .•. The nonlinear force-deflection characteristics of the energy absorbers were

modeled using a fictitious material property data for the corresponding axial

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

2024-T3 aluminum were modeled as elastic beams.

The floor warping condition of 10 degrees pitch on the aisle side was sim,1u-

lated by enforcing a downward displacement of 2.68 in. at node 9. Track fit-

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

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

occupants, with occupant segment data parameters available in the program.

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

- cupant.

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

any failures in the dynamic test. The floor deformation prior to the test did

not affect the perfounrance of the seat, due to the releases provided by the

& track fittings.

The predicted occupant and seat positions from SUM-TA simulations are shown inl

figures 45 and 46, respectively. The occupant chest contacts the knees at about200 msec. Prograra SMV~-TA does model the interaction between th.') chest and the

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

Program SOI,-TA predictions for the center occupant head, chest, and pelvis ac-

celerations, lap belt forces, and left-seat leg reactions are compared with

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

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

chest and knees,iU
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Fi9ure 44. Modified transport aircraft seat and7 dwuanies after CAME Test A83-085.
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PROGIIAM SOM-TA PROGRAM SOM-TA

TRIANSPORT AIRCRAFT SEAT (MOUIFIED) TRANSPORT AIRCRAFT SEAT (MODIFIED)

TIME -0.0000 SEC. TIME -0.0400 SEC.

PROGRAM SON-TA PROGRAM SOM-TA

TRANSPORT AIRCRAFT SEAT (MODIFIED) TRANSPORT AIRCRAFT SEAT (MODIFIED)

TIME -0.0800 SEC. TIMF 0,1200 SEC.

Figure 45. Program Sal-TA-predicted occupant positions for modified
transport aircraft seat (CAMl Test A83-085) .
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PROGRAM 6014-TA PROGRlAM SOM-TA

TRANSPORT AIRCRAFT SEAT (MODIFIED) TRANSPORT AIRCRAFT SEAT (MODIFIED)

TIME -0.1600 SEC. TIME *0,2000 SEC.

PROGRAM SUM-IA PROGRlAM SOM-rA

TRANSPORT AIRCRAFT SEAT (MOD3IFIED) TRANSPORT AIRCRAFT SEAT wMoiriED)

Figre 5 (orid). transport aircraft seat (CAMI rest A83-085). *
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PROGRAM SOM-TA

TRANSPORT AIRCRAFT SEAT (MODIFIED)

TIME = 0.3000 SEC.

m%

2 I

IsI

Figure 46. Program SOM-TA-predicted seat displacements for modified
transport aircraft seat (CAMI Test A83-085).
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6.0 CONCLUSIONS

The Seat/Occupant Model - Transport Aircraft (Program SOM-TA) provides a method

for analyzing the performance of a seat and occupant in an aircraft crash en-

vironment. For preliminary analyses where details of the seat structure are not
known, a rigid seat can be used. Otherwise, finite element modeling capability
is available to model the seat structure in greater detail.
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APPENDIX A

OCCUPANT SEGMENT POSITION: 
I

THREE-DIMENSIONAL MODEL

!s A.-I

mi.



Referring to figure A-I, and using n a Ln - Pn the absolute position of the

mass center of each body segment is given below. The elements of the trans-
formation matrices [Tn] are functions of the generalized coordinates, as given

by equations (6), (9), and (10).

Segment 1:

(XIs Y11 ZI), the coordinates oF the reference point on the body are the gen-

eralized coordinates (q,, q2, q3 )"

Segment 2:

YP 2 Y 1 + TI0 + T20

Z2 Z10 "P P2

Segment 3:

* {3 {Y}1 + T0 + T2~ K0 2

Z3 Zl 1 i L 2

+ T12 0 + T 3 0

L12J P 3

Segment 4: +

z4 jfz 1 IN,
2!

0 0
+ T4  0

_P4

A-1



L3 L3

,5 P1 T-"

p 2 6

L 4 L 5 Pi

P1pL L

L 9

Figure A-I. Body segment lengths and mass center
locations for three-dimensional moael. " " .

A-2

- . .m.. 

.
--

"



Segment 5: +_

Y 5= Y1 + Tll + T2 "Ls

ZSj Z1 .. 1 1 L2

+ 0 + T5 0

Segment 6: IX6 xi 0I 0
Y{6 = 1 + TI K + T2 s

z 6 z 1 P1 L2 -

Segment 7: +K

fX7~ xi ~ 1 0
Y7 = 1 + T1  0 + T2 Ls

Z7 Z 1"p1 L2

+ T6  0 + T7 0{ 1L 0L6

Segment 8:
X8 XI1 0 18
Y = Y1}+ T1 -L} + T8

A-3 ij



Segment 9: { }
X 9 X 108

Y9 + 1 + T LH + T { _

Z9 7-1 Pl L i:
+ T9 0

P9

Segment 10: 
J

{xw} .} +
0Xo xo 1o 010-•

y o y LZo H• + To

Segment 11.': 1L l i 0

.0Jx~i' 
x 1 L 1 0

TI = L } T + TIO

+ Kil
"-Pl

Segment 12:

4 F12 fi + Ti 0 r20

12 2

+ 
2 12 .

-A-4
-- £' *.. : 

,•*~*'

* -
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APPENDIX B

OCCUPANT SEGMENT POSITION:
TWO-DIMENSIONAL MODEL

•.:
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Referring to figure 6, the absolute position of the mass center of each body

segment is given below. Ls and LH are the lateral distances from the mid-

saggital plane to the shoulder and hip Joints, respectively.

Segc' it 1:

(XII YI' ZO), the coordinates of the reference point on the body. X1 and Z1

are the generalized coordinates ql and q2 "

Segment 2:

x XS (Cosoel " Cos o 2) -

K2  1 e1 Cos 0 1 +2 - C1 e? COS 02

Y 2 = 1I•J_

aS (sin02- sin01 )

Z2  z1 + e1 sin e 1 + S 2  1  - e2 sin @2

Segment 3:

S (Cos e I Cos 0 2)

X3 =X1 - eI cos 61 + 02 - C + P2 sin 02

+ P3(cos0 2 - cos E3),,
03 0+ e3 Cos 3

S (sin 02 - si el) •-COS 0

Z3  Z1 + el sinE 1 + 02 -01 +P2 cos e2

P 3 (sin 03 - sin 02)+ - 03 . 02 -e 3 sin e3

B-i



Segment 4:S 1 Cos 02)

-e =osO1+ e 1 Cos- a"S + P2 sin 02 - P4 sin 04

Y4 = Y " LsS (sin 02  -sin O1)

Z4 =Z 1 + eI sin 01 +- S 02 01 + P, cos 02 P4 cos 04

Segment 5:

S (cos 01 - cos 62)

5cos 1 + 02 , +P 2 sinO2

" L4 sin 04 + P5  cos e5 4

y 5 mY1-L

zS + e sin + S (sine2 " sine 1 ) + Cos 02
5 1 10 2 01

- L4 cos 0 4 -p 5 sin 05

Segment 6:

x6 = X4

Y6 = Y1 + Ls

Z6 = Z4

Segment 7:

x7  X5

Y =Y + L7 1 s
7 5

B-2 N



Segment 8:

x8  x 1 - p1 sin 01 + p8 cos e8

Y8 = Y1 - LH

Z8 M ZI -p cP s 01 - P8 sin 08

Segment 9:

X X- "P 1 sin 01 + L cos e8 -P 9 sin 09

Y9 - YI - LH

9Z - pI cos 91- IL 8 sin 08 -P 9 Cos 09

Seg•ent 10:

_: YIO -- Y1 + LH

Zlo = Z8

Segment 11:

Yll Y + LH

Zil = Z9
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APPENDIX C

DISTRIBUTION LIST

Civil Aviation Authority (5) DOT-FAA AEU-500 (5)
Aviation House American Embassy
1:9 Kingsway APO Now York, NY 09667
London WC2B 6NN England

Embassy of Australia (1) University of California (i)
Civil Air Attache Service Dept Institute of
1601 Mass. Ave. NW Transportation Standard Lib
Washington, DC 20036 412 McLaughlin Hall

Berkely, CA 94720

Scientific & Tech. Info FAC (1)

ATTN: NASA Rep. British Embassy (1)
P.O. Box 8757 BWI Airport Civil Air Attache ATS
Baltimore, MD 21240 3100 Mass Ave. NW

Washington, DC 20008

Northwestern University (1)

Trisnet Repository Director DuCentre Exp DE LA (1)
Transportation Center Library Navigation Aerineene
Evanston, ILL 60201 9141 Orly, France

ALNE-40 (2) ACT-624 (2) ASW-53B (2)

ASW-52C4 (2) AAL-62 (2) AAC-44.4 (2)

X PM-13 NIigro (2) M-493.2 (5) ACE-66 (2)
Bldg. 10A

- AEA-66.1 (3) ADL-1 (1)
APM-J. (1)

ADL-32 North (1) ALG-300 (1)
APA-300 (1)

AES-3 (1) ACT-8 (1)
AGL-60 (2)

ANM-60 (2)

FAA, Chief, Civil Aviation Assistance Group (1) Al Astorga (I)
Madrid, Spain Federal Aviation
c/o Awerican Embasby Administration (CAAG)
A.PO-Naw York 09285-0001 American Embassy, Box 38

APO-New York 09285-0001

Dick Tobiason (1)

ATA of America
1709 New York Avenue, W.1
Washington, DC 20006
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Government Activities Non-Government Activities

FAA, Washington, DC 20591 Beech Aircraft Corp.,
(Attn: Harold W. Becker, ASF-300; P.O. Box 85,
Thomas McSweeny, AWS-100) (2) Wichita, KS 67201

(Attn: Dayton L. Hartley;
FAA, 4344 Donald Douglas Drive, James E. Terry; William Schultz) (3)
Long Beach, CA 90808
(Attn: Stephen Soltis, ANW-102N) (1) Bell Helicopter Co.,

P.O. Box 482,
FAA, Central Region Headquarters, Fort Worth, TX 76101
601 East 12th Street, Feacral Building, (Attn: James Cronkite, Dept. 81,
Kansas City, Missouri, 64106 MS 11; Roy G. Fox) (2)
(Attn: Earsa Tunkesley, ACE-100) (1)

Boeing Airplane Co.,
FAA, Southwest Region Headquarters, P.O. Box 3707,
4400 Blue Mound Road, Seattle, WA 98124
P.O. Box 1b89 (Attn: Edward Widmayer, MC-9W-22) (1)
Fort Worth, Texas 76101
(Attn:: John Shapley, ASW-110) (1) Boeing Co., Vertol Division,

P.O. Box 16858,
FAA, Northwest Mountain Region Philadelphia, PA 91942
Headquarters, (Attn: Denise Vassilakos, MS P30-27) (1)
17900 Pacific Highway South, C-68966,
0eattle, Washington 98168 Cessna Aircraft Co.,
(Attn: Steven Wallace, ANW-I10) (1) P.O. Box 77U4,

Wichita, KS 67277

FAA, Mike Monroney Aeronautical Center, (Att.n: John Berwick; Robert Held;
P.O. Box 2)082, Richard Soloski) (3)
Oaklunora City, OK 73125
(Attn: Ri.cL1,rd Chandler, AAM-119) (I) Fairchild Aircraft Corp.,

P.O. Box 3246,
NAiA, Lan~giey Research Center, San Antonio, TX 78284

Hampton, VA 23365 (Attn: Walt Dwyer) (1)
(Att i: Emilio Alfaro-Bou, MA-495;
Huey Cardin, MS-495) (2) General Dynamics/Convair,

P.O. Box 80847,
U.S. Army Aviation Applics Technology San Diego, CA 92138
Directorate, USAART'A, (AVSCOM), (Attn: L. Mastay, MA 80-6030) (1)
Fort Eustis, VA 23604
(Aktn: Roy Burrows, Code SAVRT-TY-ASV) (2) Grumman Aerospace Corp.,

So. Oyster Bay Road,, Bethpage,

U.SJ. Navy Naval Air Development Center, L.I., NY 11714
Warminister, FA 18974 (Attn: Robert Winter, A08-35;
(Attn: Leon Domzalgki, Code 60322) (1) Allan B. Difko, A08-35) (2)

NTSH, 800 Independence Ave. S.E., Gulfstream Aerospace Corp.,
Washington, DC 20594 P.O. Box 2206,
(Attn: John C. Clark, TE 60) (1) Savannah, GA 31402

(Attn: George Westphal) (1)
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Non-Government Activities (Continued)

Gulfstream Aerospace Corp., iRýDonnell Douglas Helicopter,
P.O. Box 22500, 4645 S. Ash Ave.,
Oklhoma City, OK 73123 Tempe, AZ 85182
(Attn: Richard Southard) (1) (Attn; Lyndon Landborne;

J.K. Sen) (2)
Lockheed-California Co.,
Burbank, CA 91503 Piper Aircraft Corp.,
(Attn: Gil Wittlin, D 76-12, 2925 Piper Drive,
B 63G, PLT A-I) (1) Vero Beach, FL 32960

(Attn: Marion Dees) (.)
McDonnell Douglas Corp.,
3d55 Lakewood Drive, Sikorsky Aircraft,
Long Beach, CA 90846 North Maint Street,
(Attn: J. Webster; Stratford, CT 06601
John L. Galligher) (2) (Attn: Brain Cornell, MS 5207A;

Pramonik Mukunda, MS 5207A) (2)
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