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Abstract

This paper considers a new methodology for
large scale optimization that involves structural
design analyses by finite element method (FEM)
models of a composite aircraft fuselage barrel.
A natural decomposition of the overall design
optimization problem into two levels, i.e. the
fuselage barrel level and the level of the
individual fuselage panels, exists in these
analyses. Therefore we implemented a variant
of the multi-level optimization methodology
known as BLISS (Bi-Level Integrated System
Synthesis), which we first apply to a relatively
simple test case based on the 10-bar truss
optimization problem. In the fuselage barrel
optimization, the decomposition into two levels
allows for fast analysis with relatively coarse
models of the whol e fuselage barrel, while much
more detailed models are used for the panel
level analyses. These detailed panel models may
include specific composite material properties
like lay-ups and fiber orientations and detailed
geometric aspects of frames and stringers. For
further speed-up of the optimization process we
apply surrogate modeling methods for the
representation of the sub-system behavior. In
this way the design variables that originate from
the different model levels can be incorporated in
a computationally efficient manner.

1 Introduction

Ongoing developments in materials
technologies have enabled the continuous
improvement of airframe structures through the
introduction of new materials and the related
manufacturing  processes. For example,
composite materials allow for the design of
more integrated and lighter structures that
potentially require less maintenance then the
traditional metallic ones. Composites are
increasingly used on business jets, regional and
commercial aircraft, representing for example
up to 50% of the structural weight for the
Airbus A350 XWB [1].

Due to their material properties, design
options and the wide range of possible fiber
reinforcements, composite materials offer a
huge range of design variables, with a strong
dependency on manufacturing [2]. Hence these
composite materials provide much extended
design freedom, but also additional
complications like anisotropic behavior, to the
design and development of new products when
compared to more traditional materials.
Consequently, one of the major challenges in
the design of airframe structures is to find the
best combination of in-service aircraft
performance versus lifecycle cost within a
design space of unprecedented size and
complexity.
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2005 [6]. In this formulation the system to be

When considering the design challenge as optimized is non-hierarchically divided into
an optimization problem for a large structural sub-systems, i.e., each sub-system may directly
aircraft component, such as the aircraft fuselage, interact with each of the other sub-systems. In
the number of design variables in this this paper we will build upon the latter BLISS
optimization problem (i.e. the dimensionality of formulation. The advantage of this BLISS
the design space) and the number of possibleformulation over ‘single-level’ or ‘All-in-One’
constraints will become extremely large. One (AiO) optimization is that it allows the sub-
approach to deal with such a large scale designsystems to be concurrently optimized.
optimization problem is to decompose the
overall problem into a number of smaller scale The BLISS optimization method [6] was
design optimization problems. These smaller designed for optimization of non-hierarchic
scale problems typically consider a series of systems involving multidisciplinary analyses (as
aspects or sub-systems in various levels of in MDO). We made some further developments
detail. Such an approach is commonly referred to the method, aiming for application to
to as multi-level optimization (MLO) [3]. structural optimization problems with a more

In this paper we present an implementation
of a variant of the MLO method known as
BLISS (Bi-level integrated system synthesis)
[4]. We apply this MLO method to the design
optimization of a composite aircraft fuselage
barrel. The multi-level decomposition into two
levels allows for fast analysis with relatively
coarse models of the whole fuselage barrel, and
much more detailed models for the panel level
analyses. The design variables that originate
from the different model levels can be
incorporated in a computationally efficient
manner.

2 MLO background

MLO requires a proper consistency in the
decomposition of the considered overall design
optimization problem. In the past decades,
various methods such as simultaneous analysis
and design (SAND), Concurrent Subspace
Optimization (CSS0), Collaborative
Optimization (CO), have been developed for the
decomposition and multi-level optimization of
complex systems [5]. These methods originate
predominantly from the field of
Multidisciplinary Design Optimization (MDO),
where an intrinsic decomposition of the overall
design problem is normally required due to the
multiple specific disciplinary analyses that are
applied. Another method originating from the
MDO field is BLISS [4], for which a more
recent formulation was given by Agte et al. in

X

hierarchic nature. Among others, we
implemented more appropriate  surrogate
(approximation) models of the sub-systems,
applying specific local sampling methods and
specific least-squares fitting methods.

3 MLO test problem: 10-bar truss

To illustrate the functionality of the MLO
method we first show an application to a variant
of the well-known structural optimization test
problem of the 10-bar truss system (fig. 1).

T3

Fig. 1: The 10-bar truss system (left) and thess®ETtion
of each bar with the design variabl@gx,,xs) of truss bar
i.

The objective is to minimize the total mass
of the system for given external forces

(F{,F,/,F2,F}), subject to constraints related

to maximum stress allowables and Euler

buckling and local web buckling for the bars,
using the design variables in tHe® vector
D= (x1,%,%3)" of each of the 10 truss bars as
independent variables.
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whereL® is the length|? is the second moment
In an AiO optimization approach, the mass of area andR" is the thickness-height ratio
minimization of the whole system under the (xi/xp) of bari andE is Young’s modulus is
given constraints, is directly performed in the Poisson’s ratio of the (linear elastic) material of
30-dimensional space of the design variables of the bars. These buckling constraints depend on
all 10 bars. the bar forcesf{)), but also have an explicit
dependency on the bar design variabi8sand
In a MLO approach the aim is to are therefore expressed as given in (eq. (6))
decompose the problem into separate and below.
simplified optimizations on the level of the bar
and on the level of the whole system. The The 10-bar truss optimization problem can
advantage is that the bar optimizations are therefore be formulated as a system level
performed in the 3-dimensional space of the bar minimization expressed in(C R™):
design variables. The disadvantage is that we
need exchange of constraint information : _ N0 ) )
between the bgr level and system level, which min, M(y) _Zi=1m (™)
requires iterations of optimizations on the two
levels.

3)

subject to the constraints, expressed'h (O

For the problem decomposition in our R’) andy:
MLO method we consider the cross-sectional
areay")=(x;x+ 2x1x3)" of each of the 10 bars as ch (x")y<0 ; Oi (4)
an additional set of independent variables,
expressed by thR'® vectory. The mass of each
bar depends only on the bar ang4 and not
explicitly on the bar design variabled. The _ o _
forces in the barsf{) in static equilibrium of GoaaingX", TO(W) <0 5 T ()
the system under the external forces depend on
the stiffness of each bar, which is proportional _
to the bar cross-sectional argd. Hence the  wherem® is the mass of truss baandM is the
allowable tension and compression stresses intotal mass of the system. The bounds on the bar
each of the bars can be expressed as the stresdesign variables are epr|C|tIy expressed as a
constraints given in (eq. (5)) below. Two types constraint function ok” (eq. (4)).
of buckling constraints are considered in this

Coes(F(¥))<0 ;D (5)

problem: Euler buckling and local web In our MLO method we now minimize on
buckling, expressed as: the bar-level the cross-sectional arg8) (of the
bar under the given constraints (egs. (4,5,6)) in
EI® (1) the R® space of the bar design variables for a
fO>-Fl, Rl _W series of prescribed force valudd". This

minimum bar areayf’in(f"")) is driven by the
constraints: either the bound, stress or buckling

FO > _FO-EO = RO (2) constraint is active in the minimum, as

> Fweb’Fweb ( ) : H . .
12(1 ) illustrated in the figure (fig. 2) below.

Obviously the buckling behavior of the long
(diagonal) bars is slightly different from the
short bars.
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Status tension constraint Status Euler buckling canstraint
1 1 1 —Short bar

= Short bar —Long bar
(tension 08 o (Euler
. 0.6 08 i
constraints) constraints)
0.4 0.4
0.2 0.2
0l
-4 2 q 2 4 v 5 -
Forge % 10° ! ! Fofce 10
300 ! 300— 1 —
M - 1 1 —Short bar
250 [752:;;3:! 250 ’} E {fLong bar
200 1 E
£ E '
£ 450 i
(Opt. Area) =P ‘
< 100
50 /
% e 0 P 4 A 0 2
Force (N) 10" ' ! Fgfee (N) x 16
Stdtus compression constraint ; v Slan‘; local vikb buckling constraint
Bt =
08 08
086 08
(compression o (web buck]
constraints) 02 o
. constraints)

-4 -2 0 2 4 4 -2 0 2 4
Force vin® Force x10"

Fig. 2: The optimal cross-sectional areas (2 midpl#phs) of the long (diagonal) bars (red curves) stmort bars (blue
curves) as a function of prescribed bar ford®(y(f"")) for the bars in the 10-bar truss problem. Thestéral bar areas
depend on the various constraints that are actieach force value (as illustrated by the 2 upperalower graphs).

For very low tension force only the bound construct a surrogate model where the aim is to
constraint is active (small horizontal part of the achieve optimal accuracy with as few as
curves in the graphs), i.e., the minimum bar area possible prescribed force sample points.
is determined by the lower bounds of the bar Therefore we applied specific iterative local
design variablesx(,x;,x3). For higher tension force sampling and various fitting methods to
force only the stress constraints are active. For capture as good as possible the minimum
low compressive force the Euler buckling (allowable) bar area (see fig. 3 below).
constraints are active and for slightly higher
compressive force also the web buckling =
constraints become active. For further increased ~
compressive force the stress constraints become ;_
active, while the Euler constraint is nearly .,
active (“switching on and off”). For the long o
bars (i.e., the diagonal bars in the 10-bar truss
system, indicated by the red lines in the graphs) -
the buckling constraints remain active until =
higher compressive force values than for the .°
short bars (i.e., the horizontal and vertical bars :
in the 10-bar truss system, indicated by the blue
lines in the graphs).

50

rrrrr ™ ot

_ _From the bar level optimization results of Fig, 3: njustration of the surrogate model accyrdor
minimum (allowable) bar area values as a minimum bar area as function of prescribed bar €orc
function of prescribed bar fOI’CQ('tmin(f(')*))’ we obtained with various fitting methods: Weighted lteas

4
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Squares (WLS), Moving Least Squares (MLS) [9],
Mixtures of Experts (MoE) [10], and the results &ach
of these fits for a specific local force sampletie central
part of the curve.

The MoE method appeared to provide the

4 Fuselage barrel MLO

The optimization of the fuselage barrel is
aimed at minimization of the design objective,
which is typically the fuselage weight. In
analogy with the MLO method described above

most accurate surrogate model, and was appliedfor the 10-bar truss problem, this is achieved

with a local sampling in 6 force values per bar.
The surrogate model of the minimum bar area
as a function of bar force that has been

through the two-level optimization approach in
the following way. On the barrel level the
optimization considers the minimization of the

determined on the bar level is subsequently usedstructural mass, taking into account constraint

on the system level as an in-equality constraint
function in the minimization of the total mass,

information coming from the panel level
analyses. The loads on panel level are estimated

where the force in each of the bars is determined by applying the fuselage loads (like axial

from the system equilibriunf®(y)):

YO > Y (FO () @)

A number of load-cases, using different
external force vectors R/,F/,FZ,F’), was

evaluated with both the AIO and the MLO
approaches. In comparison with the AIO
optimizations, the MLO method yields similar
values for the minimum total mass within 1%
deviation from the AIO results. However, the
computational efficiency, particularly in terms
of function evaluations on the bar level, is lower
for the MLO method; see table 1 below. But it
should be noted that the bar evaluations involve
only 2 dofs, whereas the system evaluations
involve 8 dofs. All optimizations in the AiO and
the MLO evaluations were run with the non-
linear constrained minimization function
(fmincon) of Matlab, where finite difference
approximations of the gradients were used.

Table 1. Computational efficiency of the MLO method
compared to the AiO optimization for one load-case
the 10 bar truss problem.

Approximate nr. of| Approximate nr. of
Function evals. Optim. iters.
Method | Sys. level / Subsys, Sys.level / Subsys.
level level
AiO 400/ n.a. 12 / n.a.
MLO 200/ 5e3 20/ 1e3

compression,  torsion, internal  pressure,
bending) to the coarse fuselage barrel model.
The panel dimensions (like skin thickness,
stringer height, fiber orientations) are then
optimized on the panel level, subject to typical
design constraints (such as buckling load,
allowable mechanical stress, etc.) through
evaluation of the detailed panel model.

In analogy with the high number of sub-
system evaluations in the 10-bar truss problem
(table 1), the panel level optimization process
may require many evaluations of the detailed
panel model, in particular if many design
variables and constraints are considered on
panel level. To overcome the computational
burden and the process complexity of evaluating
the detailed panel FEM model directly inside
the optimization loop, computationally efficient
surrogate models for the panel behavior are built
and deployed. These surrogate models basically
represent the values of the objective and
constraint functions on panel level (such as
panel weight, maximum stress, minimum
buckling load factor) as a function of the panel
design variables. They are built by applying
various surrogate modeling methods [7] like
least squares polynomial fitting, kriging models,
neural networks and radial basis functions, to
data sets of the panel behavior that are obtained
from series of simulations with the detailed
panel FEM model.



4.1 Barrel-panel optimization problem

The multi-level barrel-panel optimization
that we consider in this paper is limited to the
minimization of the fuselage barrel weight,
where only the skin thicknessy) is used as
the design variable with bounds 1 mntyq < 5
mm, and only skin buckling is used as
constraint. Because we only consider the skin
thickness as design variable and
optimization objective (weight) is linearly
dependent on this variable, we will, instead,
directly use skin thickness as objective function.
Also only one barrel level load-case is

considered, consisting of an axial compression

of 54 MN (400 N/mm compression load
intensity) and torsion about the fuselage axis of
5.8 MNm (200 N/mm shear load intensity). See
fig. 4 below.

Loading

Bun pibry

Fig. 4: Barrel loading considered in the multi-lelbarrel-
panel optimization. Axial compression and torsioads
of 5.4 MN and 5.8 MNm, respectively, are applied i
“virtual rigid ring” attached to the barrel skin.

4.2 Panel level analyses

The panel level analyses make use of a

rather detailed parametric FEM model of a

curved fuselage panel containing 5 stringers and

4 frames, which was implemented in the FEM
software Abaqus version 6.9 [8]. The panel has
a curvature radius of about 2150 mm, and
approximately 200 mm stringer pitch and 650
mm frame pitch. Omega stringers of about 85
mm total width, 30 mm height and 2 mm thick,

and C-frames of about 25 mm width, 85 mm

height and 2 mm thick are used. The boundary

conditions for this panel model suppress all
rotations and radial displacements of all four

the
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tangential displacements such that their angular
rotation about the fuselage axis is linear over the
full length of these edges. The panel model is
loaded by a distributed axial compressive unit
load (1 N/mm) on the equality-constrained
curved edge, and by a distributed shear unit load
on the straight edges (-1 N/mm) and on the
curved edges (1 N/mm) (see fig. 5 below).

Fig. 5: FEM model of the curved panel with Ioadingja
boundary conditions. The clamped curved edge ishen t
left side.

The panel skin, as well as all the stringers
and frames, are modeled by a total of
approximately 3400 quadratic shell-elements (8
nodes, 48 dofs, S8R [8]), yielding about 11000
nodes and 42000 dofs for the whole panel
model. Skin and stringers consist of a composite
laminate with elastic ply properties given by the
Young's and shear moduli and Poisson’s ratio
with  approximate  values: LE160GPa,
E,=9GPa, G=4GPa;=0.35. For the skin a fixed
8-ply stacking sequence (45°/-
45°/90°/0°/0°/90°/-45°/45°) is used with (25%,
25%, 25%, 25%) thickness contributions,
respectively, for the (45°/-45°/90°/0°) plies. As
mentioned above, total skin thicknedsgid is
the design variable, which is varied between 1
mm and 5 mm. For the stringers also a
composite with similar elastic properties as for
the skin and a fixed 8-ply stacking sequence
(45°/-45°/90°/0°/0°/90°/-45°/45°) is used with
(15%, 15%, 10%, 60%) thickness contributions,
respectively, for the (45°/-45°/90°/0°) plies.
Aluminium frames are used with elastic
material properties E=72GPa, G=27GPa,

v=0.33.

edges. Furthermore the axial displacements are
suppressed on one curved edge and equality-
constrained on the other curved edge. The non-
curved edges have linearly constrained

The panel level analyses consider only
linear buckling simulations, which were
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evaluated using the Lanczos eigensolver [8].

(buckling values,1) of the first mode were

Only the first 2 modes (see fig. 6 below) were stored. The results are shown in the figure (see
evaluated requiring about 250 s CPU time on a fig. 8 below).

standard PC (Pentium 4, 2.8 GHz).

Fig. 6: lllustration of the first local buckling rde shape
of the curved panel FEM model under combined
compression and shear loading.

The panel buckling analyses described
above were performed for a series of 5 skin

thickness values, equi-distantly sampled

between the lower and upper bounds (Imm and

5mm). In order to capture the panel buckling

OO0 —p e
1800 e
000 e

B0 o

Buckling load factor i, [-])

&0 40

oo B0
Compression-shear ratio (angle ¢ [deg])

Skin thickness [mm] 2 1

Fig. 8: Buckling values from the panel analysesspnted
as a function of the skin thickness and compresaiuh
shear loading combinations.

To obtain an accurate surrogate model
representation of the 5x5 dataset of buckling
values, we now apply various fitting methods

behaviour for various load conditions we also [7] (see fig. 9) to fit the buckling value#)(as a

varied the ratio between compression and shears ction

loading. This ratio is expressed by a
compression-shear ratio angle [0 [0°, 907)),
such that the compression loaditg cos(¢p)
N/mm and the corresponding shear loading
ls=sin(¢) N/mm. For proper sampling of these
load combinations we selected 5 valuesgfan
approximately equi-angular positions in the
loading plane (see fig. 7 below), resulting in a
set of 5l values and correspondihgvalues.

shear
loading
1 N/mm
lS
load
sampling
¢ .
compression
0,0 I, 1 N/mm  loading

Fig. 7: lllustration of the considered compressiamd
shear loading combinations in the panel analyses.

From the buckling evaluations for the 5x5
(full-factorial) sampling of skin thickness values
and loading combinations, the eigenvalues

of skin thickness tgi,) and
compression-shear ratio anglg.(From various

fit assessments, among which a leave-one-out
evaluation [7] (see fig. 9), it was concluded that
the kriging models and '3 order polynomial
(poly3) fits were the most accurate, and because
of its computational efficiency the latter was
used in the barrel optimization.

leave-1-out: dimension 1

kriginggC

kriginglE

krigingcG

L ! ! L L
o 50 100 150 200 250 300 350

Fig. 9: Results of the fits assessments by leawcenn
evaluation, expressed in root mean squared eridiS@E

value on horizontal axis, of the various fitting thhads
(indicated in the graph on the vertical axigaty/* (least
squares polynomials)kriging** (kriging models),ann

(neural networks) andrbf and rbfopt (radial basis
functions)).



The poly3 surrogate model of the panel
level buckling values can be directly used in the
barrel level optimization. From the local loading
condition as obtained from the barrel model (in
terms of axial compression and shear load
intensities, and expressed by the compression-
shear ratio angle), the panel level optimization
exists in finding the minimum skin thickness
subject to the constraint that the local load
intensities in the barrel are lower than the panel
buckling load as predicted by the surrogate
model.

4.3 Barrel level analyses

The barrel level analyses make use of a
relatively coarse parametric FEM model,
implemented in Abaqus [8], of a cylindrical
fuselage barrel with a diameter of about 4300
mm and length of about 11700 mm. Skins are
modeled as linear shell elements (S4R [8]),
grouped into a ‘crown section’ (barrel skin
above the cabin floor) and ‘keel section’ (barrel
skin below the cargo floor) for which separate
thicknesses can be specified. The barrel model
also contains 68 omega stringers (along the full
length of the barrel) and 21 C-frames, both with
similar shape and pitch as in the panel model,
but modeled here by 2-node beam elements
(B31 [8]). Also cabin and cargo floors and
vertical struts below the cabin floor are included
in the barrel model. The floors and struts
structures are modeled by flat shell (S4R)
elements with 27 (for cabin floor) and 15 (for
cargo floor) omega-shaped stringers and 21 C-
shaped frames (in both floors and struts), also
modeled as B31 elements. The full barrel model
contains about 7400 elements (2500 shells
(S4R); 4900 beams (B31)), about 2500 nodes
and 15000 dofs.

Materials in the barrel model are simplified
to isotropic approximations of the materials
used in the panel level model: E=85GPa and
v=0.35 for skins, E=110GPa ang0.35 for
skin-stringers, and aluminium (E=72GPa,
v=0.3) for the frames and all shells, stringers
and beams in the floors and struts. All skin-
stringers and skin-frames are 2 mm thick, all
floors and struts structures are 3 mm thick.
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Fig. 10: lllustration of the cylindrical barrel meldwith
skins, stringers, frames, floors and vertical strut
structures.

A linear static analysis of the barrel
deformation for the considered load-case (see
barrel loading in fig. 4 above) is performed,
which requires about 15 s CPU time on a
standard PC (Pentium 4, 2.8 GHz). The
resulting deformation, strains and stresses in the
whole barrel structure (see fig. 11 below)
resulting from these analyses are then used in
the barrel level optimization.

L

Fig. 11: lllustration of the initial barrel defortian. The
colors represent S22 stress values (in fuselags
direction), indicating higher compressive stredsigpin
the crown region than in the keel region (green).

4.4 Main results

In the barrel model we identify two
localized regions, in the centers of the crown
and keel sections (i.e. the top and bottom skin
areas near the mid-frame of the barrel), where
we evaluate the local load intensities from the
local stresses in the skins, stringers and frames.
These load intensities are assumed to be
representative for the panel loading in the crown
and keel sections, and are used to identify the
optimized panel skin thickness from the panel
level results. The initial skin thicknesses in the
whole barrel are 3mm. The local load intensities

8
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in crown and keel in the initial barrel (table 2.
below) yielded the corresponding compression-
shear ratio anglepf (table 2. below).

Table 2: Local load intensities in the crown andlkee
region of the barrel modeNkx is in barrel axis direction;
Nxy is in plane panel shear load intensity; Nyy in
circumferential direction was close to zero in thiole
barrel for this load-case). The corresponding \&hfethe
compression-shear ratio anglg computed asp =
arctan(Nxy / Nxx), are also given.

NXx Nxy @ tadin

(N/mm) | (N/mm) (mm)
Crown-initial 390.4 202.8 275 3.0
Keel-initial 211.0 131.6 32.0| 30
Crown-optimal | 384.5 201.3 276 2.6
Keel-optimal 171.6 104.9 315 1.9

In the barrel level optimization the crown

and keel skin thicknesses are minimized, subject

truss optimization problem. Furthermore this
MLO method has been applied to an
optimization of a composite fuselage barrel, in
which parametric FEM models of the fuselage
barrel and panel were used.

Current results, which are based on
relatively simple barrel and panel models,
indicate that the described optimization method
is feasible and efficient. In only few iterationfs o
the barrel level optimization a feasible optimum
was found. We have not compared this result
with a direct AiO optimization of the barrel, but
it should be noted that for such an AIO
optimization the barrel model should be much
more detailed in order to be able to predict the
local skin buckling constraint that was
considered here.

The barrel-panel optimization problem

to the buckling constraints based on the panel shown here was limited to a simple case, where
level analyses results. This is achieved by only one design variable was considered. This
retaining the compression-shear ratio angle ( was sufficient to demonstrate the applicability
values in the crown and keel sections, which are of the MLO method to this design case. But a

computed by g=arctan(Nxy/Nxx). For thesep

values the load intensities found in the barrel
model are required to be lower than the
buckling load predicted by the surrogate model
of the panel level buckling values. The
optimization iteration exists in updating of the
crown and keel skin thicknesses in the barrel
model, re-evaluating the local load intensities
with the barrel model, and re-evaluating the
objective (skin thickness) and constraint
function (local load intensities shall be lower

further elaboration of this optimization, e.g. by

considering more design variables (like stringer
dimensions and composite fiber orientations)
and additional constraint functions (e.g.

considering local stresses or strains) will allow
for more detailed assessment of the benefits of
the MLO method. Furthermore, the

incorporation of multiple load-cases and more
localized regions (representative for local panel
loading) in the barrel level analyses would be
useful. Work is ongoing to incorporate these

than the predicted buckling load) with the aspects in the barrel-panel optimization
surrogate model. This iteration needed 4 steps toproblem.
converge to an optimal solution for the crown
and keel skin thicknesses with an absolute The FEM models that are used for the
convergence tolerance of 0.1 mm. The resulting fuselage barrel and panel will need further
values for the optimal crown and keel skin €enhancements, e.g. for the boundary conditions,
thicknesses are also given in table 2. material behavior and considered load-cases.
Because we considered only linear buckling in
the panel level analyses, a rather coarse mesh
was used here. Still we checked the mesh
An implementation of a two-level MLO  dependency of the results by applying a double
method has been described. The accuracy and®"d tiple refinement of the mesh in the 2
efficiency of this method has been assessed incentral bays of the panel, yielding however no
comparison with a direct (AiO) optimization ~Significantly different values.
approach on a test problem based on the 10-bar

5 Conclusions and discussion
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The constraint in the barrel optimization start-manufacturing-parts-for-new-a350-xwb-in-late-
was based on local skin buckling, which was  09-2009-05-11 (accessed on 18-08-2009).

evaluated with the panel level buckling [2 Stong ~AB. Fundamentals —of = composites
analvses. However. for some of these manufacturing: materials, methods and applications.

y o . . ) . Dearborn, Mich.: Society of Manufacturing
evaluations, in particular for higher skin Engineers, 2008.

thickness and more shear loading, the buckling (3] Balliing R.J., Sobieszczanski-Sobieski J. Optimézati
modes showed an increasing non-local behavior ~ of Coupled Systems: A Critical Overview of
(i.e., modes were not restricted within single Q%PFOZFEZSN :&/ﬁ-&;ﬁg\ﬂﬁgﬂ?mceedings of the

H i H mposium  on
bays). Strictly considered these g“IobaI buckllng Multicisciplinary Analysis and Opti r%/za?ion, op. 607
modes repr_esent a stronger un-qllowable - 707, Panama City, Florida, September 7-9 1994.
panel beha}wor, but because the buckling mc)des[4] Sobieszczanski-Sobieski J., Agte J.S., Sandusky R.R
for the optimum values found in the crown and Bi-level integrated system synthesis,

keel were clearly local we accepted this result. AlAA/USAF/NASA/ISSMO Symposium on
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