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Nonlinear Finite Element Method
in Crashworthiness Analysis of Aircraft Seats

AkifO. Bolukbasi*
Simula Inc., Tempe, Arizona

and
David H. Laananent

Arizona State University, Tempe, Arizona

A three-dimensional mathematical model of an aircraft seat, occupant, and restraint system has been
developed for use in the analysis of light aircraft crash worthiness. Because of the significant role played by the
seat in overall system crashworthmess, a detailed finite element model of the seat structure is included. The seat
model can accommodate large displacements, nonlinear material behavior, and local buckling. The occupant
model consists of 12 rigid mass segments whose dimensions and mertial properties have been determined from
studies of human body anthropometry and kinematics and from measurements of anthropomorphic test
dummies. Model predictions are compared with measured data from dynamic tests of a simple seat.

Introduction

THERE are three major considerations in designing
crashworthmess into a vehicle structure. The first is to

ensure that sufficient living space is maintained during im-
pact. The second is to restrain the occupant to prevent in-
jurious contact with the vehicle's interior or ejection from it;
implicit in this requirement is the need to retain the seat in the
vehicle as well as to keep the occupant in the seat. Third, the
forces experienced by the occupant should be attenuated to a
tolerable level.1

A number of dynamic models of the human body have been
developed for use in crash survivability analysis. These
models vary in complexity and possess from 1 to 40 degrees of
freedom. One-dimensional models have been used in
prediction of human body response to an ejection seat firing,
which, with the body tightly restrained, is an essentially one-
dimensional phenomenon. However, an aircraft crash
generally also involves a horizontal component of
deceleration, which forces rotation of body segments with
respect to each other. If no lateral component of deceleration
is present, a two-dimensional model will suffice, provided
that the restraint system is symmetric. The diagonal shoulder
belt, that, combined with a lap belt, forms the standard
automotive restraint system and is the one most likely to be
used in light aircraft, is asymmetric and may cause lateral
motion of the occupant even in the absence of a lateral
deceleration. Therefore, a model that is to be useful in
restraint system evaluation should be capable of predicting
three-dimensional motion. Two-dimensional models made up
of interconnected rigid links are described in Refs. 2 and 3,
and three-dimensional models in Refs. 4-8.

Except for the two-dimensional PROMETHEUS, described
in Ref. 2, the above programs were developed primarily for
use in evaluation of automobile interior design, and the seat
has been represented in a very simple manner. However, the
peak vertical acceleration present in an aircraft accident often
exceeds the level that the human body can tolerate in a
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direction parallel to the spine. In light aircraft and helicopters
it is seldom practical to consider designing sufficient energy-
absorbing capacity into the lower airframe structure to
protect against these vertical forces, since the crush space is
generally not available. Therefore, the seat must play an
important role in the crashworthmess of these aircraft. In a
crash environment the seat structures may experience large
plastic deformations as well as local buckling of tubular
members, and prediction of the seat structure response to
dynamic loads presents a complex engineering problem.

In this paper, SOM-LA (seat occupant model-light air-
craft), a digital computer program developed for use in
analysis of light aircraft seats and restraint systems, is
described. The program combines a dynamic model of the
human body with a finite element model of the seat structure.
It is intended to provide the design engineer with a tool for
analyzing the structural elements of the seat as well as
evaluating the dynamic response of the occupant during a
crash.

The original model was described in Ref. 9. A number of
modifications have been made to the model since then to
improve simulation quality and add desirable output. Several
testing programs have been conducted to provide data for
validation of the mathematical model, and the final model
and its validation are described in Ref. 10. The purpose of this
paper is to describe the model, particularly the features of the
structural analysis, and one of its validation test programs.

Occupant Model
The three-dimensional occupant model consists of 12 rigid

segments, as shown in Fig. 1. The midtorso, lower neck,
shoulder, and hip joints are ball-and-socket type, each
possessing three rotational degrees of freedom. The upper
neck, elbow, and knee joints are hinge-type joints, each
adding one degree of freedom. In total, the occupant system
possesses 29 degrees of freedom.

In order to achieve economical program operation for cases
where symmetrical occupant response is expected, an optional
plane-motion model having 11 degrees of freedom is
provided. Because of the potential for vertebral injury in
aircraft accidents that involve a significant vertical com-
ponent of impact velocity, some measure of vertebral loading
was considered desirable in the occupant model. Therefore,
the plane-motion model was configured to include beam
elements in both the torso and neck, as shown in Fig. 2.
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Fig 1 Twelve segment (three dimensional) occupant model

Resistance at each of the body joints is modeled using both
a nonlinear torsional spring and a viscous torsional damper
The relative contributions of each of these elements can be
varied to simulate either a human occupant or an an
thropomorphic dummy In modeling motion of the human
body, resistance of the joints is controlled mostly by viscous
damping, whereas resistance in dummy joints is dominated by
a constant frictional torque

The external forces that act on the 12 body segments can be
characterized as either contact forces or restraint forces The
contact forces applied to the occupant are those forces exerted
by the cushions and floor They are calculated by first
determining, from occupant displacement, the penetration of
a rigid surface fixed to a body segment into either a cushion or
the floor To each of the normal forces computed from these
penetrations, a damping term is applied which is proportional
to the deflection rate Friction forces are also applied by the
seat bottom cushion and the floor Each friction force is
directed opposite to the tangential component of relative
velocity between the occupant segment and the appropriate
cushion or floor surface

The restraint system consists of a lap belt which can be used
alone or combined with a single or double strap shoulder
harness A lap belt tiedown strap also can be included The
restraint loads are transmitted to the occupant model through
ellipsoidal surfaces fixed to the upper and lower torso
segments The belt loads are first 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 surface where the
force is normal to the surface The capability of the point of
application of the resultant belt loads to move relative to the
torso surfaces allows simulation of submarining under the lap
belt

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 in part on
the WRECKER II program, originally developed for
automotive crash simulation n The original version of the
program was modified extensively to facilitate accurate and

Fig 2 Eleven segment (symmetric) occupant model

economical analysis of aircraft seat structures 10 The element
library includes triangular plate, three dimensional beam and
spring elements The seat model can accomodate large
displacements, nonlinear material behavior and local
buckling Nonlinear material formulation is based on a
uniaxial elastic-plastic stress strain law for beam and spring
elements and a biaxial elastic plastic stress strain law (von
Mises yield criterion) for plate 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 ac
commodate extremely large rotations and deflections with
accuracy depending on the size of the elements relative to the
curvature of the structure

Solution Procedure
The response of the seat model is determined from the

formulation of the equations of quasistatic equilibrium in an
incremental form as follows:

= 0 i f(Ff+ 7-Ff)<0 (1)

where KT is the tangent stiffness matrix Ff the external forces
applied at fth solution time step, and uf the displacements (or
rotations) at /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 occupant
weight The seat structure is assumed to be in a quasistatic
equilibrium with the applied external forces FE

During the period of the simulation when the external
forces on the seat structure are increasing (Ff+/-Ffj >0,
the incremental displacements (Au = ui+1-ut) are obtained
from Eq (1) The total displacement of the seat structure is
obtained by summation of the incremental displacements
However when the external load(s) are decreasing (Ff+7
— Ff)<0, the elastic unloading of the seat structure is
neglected and the incremental displacement is assumed to be
zero, (A« = 0) since in most simulations elastic deformations
will be small compared with plastic deformations

The tangent stiffness matrix KT depends on the state of
stress of the seat structure and varies with time during the
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simulation Therefore, it must be recomputed, assembled,
and inverted at selected time steps during the simulation

Coordinate Systems
Three different coordinate systems are used to describe the

finite element model of the seat structure They are global
nodal, and element coordinate systems

The global coordinate system (x y z) is fixed in space and
serves as an inertial frame of reference

A nodal coordinate system (x y £) is attached to each
node The orientation of nodal axes (x y £) with respect to
the global axes at any time is established by the components of
three unit vectors hi h2 n3 which remain fixed along the
nodal axes (x / z), respectively, as the node translates and
rotates If these three unit vectors hl n2, n3 form the columns
of a 3 x 3 matrix TV, then any vector v can be transformed
from a nodal to a global coordinate system by the following
time dependent transformation:

vG=NvN (2)

An element coordinate system (x y z) is attached to each
element and serves to define the rigid body rotation and
translation of the element The orientation of the element axes
(x y z) with respect to the global axes at any time is
established by the components of three unit vectors 6j e2 e3,
which remain fixed along the element axes (x y z), respec
tively as the element translates and rotates If the three unit
vectors e1 e2 e3 form the columns of a 3 x 3 matrix E, then
any vector v can be transformed from an element to the global
coordinate system by the following time dependent trans
formation:

vG=EvE (3)

For triangular plate elements, the z axis is defined by the
normal to the plane formed by the three corner nodes, and the
x axis by a line bisecting the angle at a selected node (7), as
shown in Fig 3

For beam elements the x axis is defined by a line connecting
the end points of the beam, and the y axis by a line normal to
the x axis and lying in a plane containing both a coordinate
reference point and the x axis The remaining z axis is
determined as a normal to the x and y axes by the right hand
rule

For spring elements only one element axis is required, and it
is defined by a line joining the end points of the spring

Element Formulation
Large displacement formulation separates the 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 formulation Consequently extremely large
rotations and translations can be accommodated with ac
curacy depending on the size of the elements relative to the
curvature of the deformed structure

Beam Element
The beam element is based on the conventional small

deflection formulation involving cubic shape functions for
transverse displacements and linear shape functions for axial
and torsional displacements

From the principle of virtual work, the general form of the
beam element tangent stiffness matrix is given by

DEFORMED

UNDEFORMED

Fig 3 Three dimensional plate element (from Ref 11)

where KT is the element tangent stiffness matrix D the matrix
that relates element strains to nodal displacements and C the
constitutive matrix that relates stresses and strains

For nonlinear materials the coefficients of the constitutive
matrix C are given by

(5)

where Aa/y is the incremental stress and Ae/y the incremental
strain

Using the cubic shape functions for the transverse
displacements and linear shape functions for axial and tor
sional displacements in matrix Z>, it can be shown that11

'Of ~/

V!

V?
V?

(6)

where £ is the element length and f1=6x-2?, f2=6x-4?,
fs =/7/2

f A(J A Aa = —— cL4
<M Ae

= v^cL4 18 z= z—— cL4
Aa

dy=\ r-r*y \A ^e

= DTCDdV (4) 5- = . ^z J/i Ae
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The integrals defined in Eq (6) are calculated numerically where
through the cross section and along the length of the beam
element The integration is piecewise linear through the depth
and linear along the length

Plate Element
The triangular plate element formulation is based on small

deflection linear plate theory involving a linear displacement
field of midplane deformations and a cubic displacement field
for plate bending deformations 12 Node point degrees of
freedom are two in plane displacements ux and uy9 and two
rotations Bx and 6y Nodal rotations normal to the plane of
the plate Bz are not admitted The out of plane displacements
uz are zero since the x-y element coordinate plane is and
established by the deformed position of the nodes

The development of the tangent stiffness matrix for plates
is similar to the development for beams The general form of
the plate element stiffness matrix is the same as Eq (4)

•T = DTCDdV

Kee=\
JA

(10)

f h / 2
Cuu=\ Cdz

J — h-hi 2

{ h/2
I-h/2

{ h/2
z2Cdz

-h/2

z Cdz

(H)

where C is the constitutive matrix that relates the biaxial
stresses and strains The matrices C^u Cud, and Cde in Eq (11) are integrated

numerically by the trapezoidal rule For elastic materials Cue
vanishes and hence,

Ae K1jf,=Kfi=0

The triangular plate element elastic stiffness matrix is given in
Ref 12 For nonlinear materials, the stiffness matrix must be
calculated by numerical integration based on the current state
of stress and the plate strain displacement relations This
development is as follows n The plate strains can be written
as a combination of the membrane strains e # and curvature
functions K/ in the form

(7)

or

The integrals in Eq (10) are then evaluated numerically
These integrations involve cross sectional integrations carried
out each time the stiffness matrix is created

Material Nonlinearities
The nonlinear material formulation is based on a uniaxial

elastic plastic stress strain law for beam and spring elements
and a biaxial elastic plastic stress strain law (von Mises yield
criterion) for plate elements

The computational procedure for a biaxial stress field for
plates is presented in Ref 11 and is based on the work of
Hartzman and hutchinson,13 as specialized for small strain
and plane stress conditions The current stress state at a point
in the plate is established as follows: Let the prior stress state
of the point under consideration be axx ayy axy and a small
increment in strain from the prior state to the current state be
Ae^ Aeyy AeXJ, First, a tentative, current stress state jj^
=°yy =°xy is calculated as if the strain increment were com
pletely elastic

where u is the in plane displacements, 0 the plate corner
rotations, 0 the matrix of membrane strain functions 12 and \l/
the matrix of curvature functions n

The complete strain displacement transformation matrix D
has the form

D =
0 -

(8)

Introduction of this form of D into the stiffness matrix in
tegral, Eq (4), results in

KT =

VM0

*Bu

(9)

r = °xx 1-v2

E
1-v2

(12)

where E is the modulus of elasticity, G the shear modulus and
*>Poisson's ratio

An effective stress ae, to determine whether plastic flow has
taken place during the strain increment, is calculated using the
von Mises criterion

°e=(°xx-°x (13)

If de is less than the prior effective stress o°e at which yielding
occurred, elemental loads are decreasing and the tentative
stresses calculated ayy axy) are the correct val ics of the
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Fig. 5 Moment capability vs curvature for a thin-walled circular
tube.

current stress values (a^, ayyt axy). If ae is greater than the
prior effective stress a°e at which yielding occurred, tentative
stresses calculated must be modified to account for the plastic
behavior. Hartzman and Hutchmson13 have shown that the
true value of the current effective stress will be

where

(14)
7 +(i)

and Epl is the plastic modulus (Fig. 4).
The current state of stress is then given by

where X is given by

(15)

(16)

The extension of the above formulation to umaxial stress
field for beam and spring elements is straightforward with

Local Buckling of Beam Elements
Local buckling is one of the failure modes for thin-walled
tubes typically used in light aircraft seats, when subjected to
axial compressive and/or bending loads. The results of

POINTS DEFINING END
POINTS OF A SEGMENT

SEGMENT

Fig. 6 Circular tube cross section defined by eight plate segments.

1 X 0.0685
STEEL TUBING

PIN JOINTS

NOTE: ALL DIMENSIONS IN INCHES

Fig. 7 Validation test seat.

1, 2, 3,... 20 Node numbers

T), (?),(?),... {$5 Element numbers

Fig. 8 Finite element model of test seat.

dynamic tests of aircraft seats have indicated that the local
buckling of thin-walled tubes can have a significant effect on
the response of the seat-occupant system. Therefore, a simple
local buckling model for thin-walled tubes was incorporated
into the program.

Local buckling is traditionally expressed in terms of a
moment-curvature diagram, as shown in Fig. 5. The cross
section goes through several stages of deformation as the
structure bends. Although during this cross-sectional
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Fig 12 High deceleration validation tests; dummy head, chest, and
pelvis x accelerations

distortion axial stresses redistribute themselves, it has been
proposed14 that the reduced bending rigidity is related most
strongly to the loss of lateral moment arm of the axial forces

The cross sections of beam elements are defined as thin
walled segments by specifying their end points and thickness
as part of the input data (Fig. 6) The tangent stiffness matrix
for nonlinear beam elements is then computed by evaluating
the integrals given in Eq (6) over the plate segments that
define the beam cross section

The program computes the stresses at all integration points
across the cross section at each end of the beam elements
These stresses are then compared with the local buckling stress
OL for the beam element If any of the compressive stresses at
the integration points exceeds aL, the deformation of the cross
section is modeled by modifying the radial location of that
integration point using the following expression:

i+1 \ai+11
if \oi+1\>oL (17)

Fig 11 High deceleration test, post test

where Rf is the radial location of the integration point at time
step /, <JL the local buckling stress, oi+1 the compressive stress
at the integration point at time step i+1, and K the 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

Model Validation
In order to validate the mathematical model several series

of deceleration sled tests were performed at the Federal
Aviation Administration Civil Aeromedical Institute (CAMI)
Seats included a production energy absorbing helicopter seat
and a production general aviation seat, the latter using a
nonsymmetrical three point belt system Test conditions and
comparisons between measured data and simulation
predictions are presented for all test series in Ref 10 The tests
of greatest interest in validation of the seat model are
described in detail in Ref 15 The seat structure consisted of a
rigid seat pan and back braced at a 90 deg included angle, as
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illustrated in Fig 7 The replaceable seat legs were 1 in diam
steel tubing with a wall thickness of 0 068 in , pin jointed at
the bottom and fixed to the seat at the top The cushions were
1 in thick Ensolite pads on the seat pan and back, and the
restraint system consisted of a conventional nylon lap belt
attached to the seat frame with a double shoulder belt that
was attached to the seat back and fitted to the buckle at the
center of the belt A finite element model of the simple seat
structure is shown in Fig 8 Although two seat orientations
were used, the configuration to be described here provided a
purely forward facing (- Gx) deceleration Two deceleration
levels 5 4 and 9 5 g, were used, and ten tests were conducted
at each level The lower deceleration level provided minimal
plastic deformation of the legs without significant cross
sectional change, while the higher deceleration level produced
marked plastic deformation with localized buckling and cross
sectional change at the fixed end

The sled deceleration pulse used in the high deceleration
tests is shown in Fig 9 Pre and post test photographs from
one of the ten tests are shown in Figs 10 and 11 As shown in

oIg
g
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o

•———— TEST DATA (MEAN ± ONE
STANDARD DEVIATION)

———— SIMULATION

0 10 0 20 030

TIME SEC

Fig 15 Low deceleration tests, seat forward displacement

the latter photograph, a significant forward displacement of
the seat structure was achieved through plastic deformation
and local buckling of the legs at their connection to the pan
Predicted dummy head, chest, and pelvis x accelerations are
compared in Fig 12 with the mean of the data measured in ten
tests Initial and final seat positions are displayed in Fig 13
and predicted seat displacement is compared with test results
in Fig 14

As shown in Fig 14, the predicted displacement of the seat
is approximately 2 in less than that measured in the tests The
higher measured displacement was due mainly to the inertial
loads associated with the relatively large mass of the seat
structure Inertial loads associated with the seat mass are
neglected in the mathematical formulation because the
general aviation type seats are typically much lighter than the
replaceable leg test seat As shown in Fig 15, a much better
correlation between measured and predicted seat pan
displacements was obtained in the low deceleration tests
where the seat inertial loads were less significant

Conclusions
A mathematical model of an aircraft seat and occupant has

been developed for use in evaluation of the crashworthiness of
seats and restraint systems in light aircraft J Although some
further validation, particularly considering other types of

^Program SOM LA is available from the FAA Technical Center
Atlantic City N J
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general aviation seat structures and nonsymmetrical loading
is desirable, comparisons made to date of model predictions
with test data have produced quite favorable results These
results indicate that the use of nonlinear finite element
techniques have significant potential in crashworthiness
analysis
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