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Recent studies have indicated that panels with curvilinear stiffeners offer a strong potential for structural

tailoring. However, the design complexity requires use of numerical analysis and optimization techniques. This

paper considers the problem of optimal design of a stiffened panel with cutouts and curvilinear stiffeners, under

multiple-load cases. Multiple failure modes are considered: buckling, damage tolerance, stress, and crippling. An

optimization framework is presented to minimize mass of the stiffened panel by a combined shape and sizing

optimization subject to constraints on the individual failure modes. Different panel thicknesses are allowed for each

region bounded by stiffeners or panel boundaries. The framework uses Python scripts to couple ABAQUS-based

analysis with VisualDoc optimization package. A design example is presented to illustrate the capability, and the

optimized design is compared with that obtained using industry-standard practices. A postbuckling analysis of the

optimal design with four curvilinear stiffeners is carried out and discussed in detail.

I. Introduction

T HE entire range of engineering disciplines, be it aerospace,
ocean, civil, mechanical, electrical, etc., agree on two funda-

mental needs: lower total costs of the systems being built and
maintained, and the ability to tune performance for specific needs.
Both of these can be achieved through optimization of individual
subsystems, but often, when the performance requirements start to
push on individual subsystem boundaries, multidisciplinary inter-
actions become nonnegligible. Hence, any realizable performance
improvements and cost reductions have to be based on sound
multidisciplinary analysis and optimization.

In aerospace engineering, the notion of structural tailoring is now
well established. Composite materials allow the structural designers
to provide directional stiffness, thereby providing greater freedom to
tailor system behavior at the material level, which is exploited at a
larger structural scale. For example, the wing skin can be made of a
specific layup of composite fibers to achieve the desired bending-
torsion or extension-bending-torsion coupling of the wing defor-
mation. Metals, on the other hand, are generally isotropic in nature,
and do not allow for any tailoring at the material level. Hence, the
freedom available to tailor metallic structures has been far less in
comparison with composites. Although this could be achieved
through use of curved spars, ribs or stiffeners, manufacturing
difficulties have significantly limited this aspect. Still, metals have an
undisputable advantage since their failure models are thoroughly
well understood.

Metallic built-up structures have traditionally been created using
fasteners, which have well known problems of reduced strength (in

comparisonwith unitmetal structure builtwithout fasteners), fatigue,
damage tolerance, and high assembly time and maintenance.
Recent advances in manufacturing processing, such as high-speed
machining, friction-stir welding, etc., have helped in circumventing
many of these problems by enabling processes to build larger
structural components with complicated shapes at lower associated
costs and time. For instance, Boeing [1] developed an integrally-
stiffened fuselage concept whose analyses and experimental tests
demonstrated equal or better performance than conventional designs
with regard to weight and structural integrity, while achieving a
significant reduction in manufacturing cost. Recent developments
such as friction-stir welding [2] and electron beam freeform
fabrication, EBF3 [3] have shown a strong potential to increase this
advantage of unitized structures (see Fig. 1) through additive
manufacturing, as opposed to subtractive manufacturing (such as
machining).

The benefits of unitized structures [4] can be summarized as
a) reduce part count, manufacturing cycle time, and fabrication cost;
b) added design flexibility, weight savings, inspectability, and resis-
tance to fatigue and corrosion; c) enhanced automation, im-
proved ergonomics and reduced work fatigue and corrosion; and
d) increased determinant assembly opportunities, improve fit and
reduce rework. Experts also pointed out that the use of unitized
structure is expected to grow exponentially by the year 2020 [5].
With the availability of such advanced manufacturing capabilities,
the challenge is now to create a design environment that can exploit
these possibilities. The current research aims to exploit this
manufacturing advantage through use of multidisciplinary design
optimization to design stiffened structures with curved-stiffener
geometries. As shown in our recent studies that the stiffeners in the
optimized design turned out to be curvilinear rather than straight for
some shear dominant load cases, thus exploiting their potential use in
the case of panels under shear dominated loadings. And the use of the
curvilinear stiffeners in the optimal design is effective in significantly
reducing the von Mises stress and increasing the critical buckling
load of unitized structures [6]. Moreover, it was shown that the
curvilinear stiffeners aremore flexible in arresting cracks or damages
and thus could help prolong the life of the panel under fatigue failure
[7]. Because curvilinear stiffeners are more flexible than straight
stiffeners, they are useful for complex panels with cutouts under
complex loadings such as the biaxial compression or tension loading
combining with the transverse/shear loadings. Therefore, the goal of
the use of curvilinear stiffeners is obviously to be weight savings.

An optimization framework is develop for design of a stiffened
panel under multiple-load cases and multiple failure modes of
buckling, damage tolerance, maximum yield stress and maximum
crippling stress in stiffeners. The specific panels considered in the
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present work have ring-stiffened cutouts, which makes it important
to consider both damage tolerance and buckling failure modes. This
is due to the fact that a cutout leads to local stress concentration
around the hole, and the changes in stress distribution can lead to
localized buckling evenwhen the panel is under tensile loads [8]. The
framework is based on the environment, EBF3PanelOpt [6,7] that
was developed as a part of the ongoing studies on design optimiz-
ation of curvilinear-stiffened panels. The framework uses Python
scripts to couple ABAQUS-based analysis and VisualDoc [9]
optimization package. Further details of this framework and optimiz-
ation problem are presented in later sections.

The framework is used to design two separate panels, onewith two
stiffeners and one hole, and the other with four stiffeners and two
holes. In preparation for testing the four-stiffener panel in NASA
Langley’s combined compression-shear load fixture [10], a detailed
postbuckling analysis of the four-stiffener panel is performed and the
results are discussed in this paper.

Section II of the paper presents details of the optimization
framework and states the optimization problem. The details of the
parametric geometry model generation and response evaluation are
presented. Design examples and the optimization results are
presented in Sec. III. The optimal design is compared with that
obtained from a separate industry-standard procedure, some
discussions are also given in this section. The postbuckling analysis
of the four-stiffener design is presented in Sec. IV. Finally, conclu-
sions are summarized in Sec. V.

II. Optimization Problem and Framework

A. Framework Development for Optimization Problem

A previous study by Dang et al. [7] presented sizing optimization
of stiffened panel with damage tolerance constraint, and a crack
propagation study on the optimized panel. An initial flaw was
assumed to be present at the location of maximum stress and its
propagation path was predicted. The stress intensity factor K was
evaluated during the course of this propagation, and it was shown that
the stiffeners could help prolong the life of the panel under fatigue
load. In the present work, a similar procedure is followed for
calculation and of the stress and intensity factor, K. However, the
framework is enhanced to account for four stiffeners and panels
cutouts.

In the current framework the constraints are based on static stress,
buckling and damage tolerance analysis. These analyses are
performed using ABAQUS. The Python programming environment
is used to interface and enable data exchange betweenvarious units of
ABAQUS (see Fig. 2), this is because ABAQUS has a Python-based
application programming interface for connectingABAQUS to other
codes, which can be effectively leveraged to automate various
subtask for analysis and design. The parametric design and finite
element mesh are created using the ABAQUS computer aided
environment (CAE) preprocessor, which provides the model input

file. This file is then adapted for boundary conditions of each load
case using PYTHON scripts, and is submitted to ABAQUS for an
analysis. The relevant responses are extracted by parsing individual
analysis output files. This allows for an automated workflow, which
is essential for optimization. VisualDoc supports various design
optimization approaches, such as, global optimization (particle
swarm or genetic algorithms) and gradient-based optimization.

Damage tolerance analysis requires that a crack be present in the
structure. The Joint Service Specification Guide [11] specifies a
minimum initial crack size of 0.127 mm to exist in the structure at all
time. However, we considered a more conservative value of 0.2 mm
for the initial crack size [12]. The crack is introduced at the most
critical region (highly-stressed region), which is determined by static
stress analysis [7].

The optimization problem is formulated as

min
x
f0�x�

fi�x� � 1; i� 1; . . . ; m

Aj � xj � Bj; j� 1; . . . ; n (1)

where f0 is the objective function to be minimized with respect to
design variables x, while satisfying the constraints fi. The design
variables indicated by x are bound by side constraints in the form of
upper limits (Bj) and lower limits (Aj). In the present study the
structural mass is used as the objective function and constraints are
imposed on damage tolerance stress intensity factor K, the buckling
load factor, maximum von Mises stress, and the crippling stress in
stiffeners. Design variables include stiffener shape (orientation and
curvature) and sizing variables (heights and thicknesses of stiffener
webs and flanges) for the stiffeners and panel thickness. Additional

Fig. 1 Unitized structure: stiffened panel with curvilinear stiffeners.
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Fig. 2 Framework for optimization problem with multiconstraints.
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thickness design variables are prescribed for each pocket created by
stiffener intersection and panel boundary.

B. Response Evaluation

The linear buckling analysis is performed using the buckle
procedure from ABAQUS that returns the lowest buckling eigen-
values or the critical buckling load factor. The von Mises stress
distribution as well as crippling stress are calculated from the static
analysis procedure, and the stress intensity factor is obtained from the
contour integral calculation, both in ABAQUS. With this
information, the constraints are formulated as follows.

1) Buckling constraint:

Critical buckling load factor �o � 1

1

�o
� 1 (2)

where �o is the lowest value of eigenvalues that we obtained from
solving the eigenvalue problem;

2) von Mises stress constraint:

�VM�von Mises stress� � �Y�yield stress�
�VM
�Y
� 1 (3)

Ideally, a stress constraint for each element would be specified.
However, due to the inclusion of shape design variables, the finite-
element (FE) mesh topology changes for every design point. In such
cases, either the maximum constraint value or an aggregated
constraint value over the entire FE mesh can be used. Since a
maximum constraint value might display a discontinuous behavior,
the present work uses the Kreisselmeir–Steinhauser criteria [13] for
constraint aggregation:

KS �f� � 1

�
ln
�

1P
N
i�1 Ai

XN
i�1

Aie
�fi

�
� �Y (4)

where, fi is the constraint in the ith element, � is a constant whose
value changes the behavior of the constraint. For example, a high �
value tends to direct the constraint value towards a maximum and a
low � value tends to direct the constraint value towards the average.
In the present implementation, a rather high value, 150, is used.
Additionally, to avoid stress concentrations localized in very small
areas, aweighted average is taken using individual element areas (Ai)
in the FE mesh.

1) Damage tolerance constraint:

Keff � KIC (5)

where KIC is the plane strain fracture toughness [14]. The effective
stress intensity factor Keff is computed as

Keff �
����������������������
K2
I � �K2

II

q
where 0 � � � 1 (6)

where KI and KII are Mode 1 and Mode 2 stress intensity factor,
respectively. � is an empirical coefficient that scales the contribution
from the additional stress intensity factors, and is assumed to be one
for this study.

2) Crippling constraint: for structures with stiffeners, one often
checks the crippling strength of stiffeners. This, is calculated as

�srep � �C (7)

where �saxial is a representative stress measure for the stiffener and we
estimated this representative stressmeasure to be thevonMises stress
in the stiffener, �C is the crippling strength [15] and is computed for a
stiffener with one edge free as

�C �
0:61525:�Y
�X�0:783387 and �C � �Y where X � b

t

������
�Y
E

r
(8)

where, �Y is the yield strength of the material, b and t are the height
and thickness of the stiffener, respectively, and E is the Young’s
modulus. If the stress �C exceeds �Y then �Y should be used.

C. Parametric Model

The optimization problem considered in this paper is that of a
stiffened panel with curved stiffeners. Two different cases are
considered: first, a panel with two stiffeners and one cutout, and
second a panel with four stiffeners and two cutouts. In both cases the
panel has a rectangular planform. The baseline panel configuration,
loading, material properties, and design constraints are provided by
Lockheed Martin Aeronautics Company, and are representative of
typical aircraft structures. The material properties used for the two-
stiffener design were for Al 7050-T7451, and for the four-stiffener
design were for Al 2139. The stiffeners are assumed to have a blade
cross-section, and each circular cutout is ring-stiffened by providing
a region of higher thickness around it. The sizing design variables
include height and thickness of individual stiffeners, subpanel
thickness in each pocket created by intersecting stiffeners, and the
thickness and width of each ring around the panel cutout. In addition
to this, shape design variables are used to parameterize the shape and
curvature of the stiffener.

Controlling the shape of the stiffener curve posed a few challenges
due to the geometrymodeling limitations of ABAQUSCAEmodule.
CAE creates a spline interpolation curve using predefined control
points. Because of the nature of spline interpolation it is difficult to
ensure that its convex-hull, which here is created using three control
points, lies within the panel boundaries. This creates a possibility that
for some combinations of the shape design variables, the curve may
lie outside the panel. This would create an invalid configuration. This
problem is solved by a combination of a two-step interpolation
scheme and carefully chosen bounds on shape designvariables. First,
the shape design variables are used to create a control polygon,
through which a Bezier curve is created. The control points for the
spline interpolation inside CAE are then obtained from this curve.
Since it is easy to ensure that the control polygon lies within the panel
boundaries, the chances of the resulting curve created insideCAE are
greatly reduced. TheBezier curve (see Fig. 3a) in the parametric form
is written as

�
x
y

�
� �1 � t�2

�
xi
yi

�
� 2t�1 � t�

�
xj
yj

�
� t2

�
xk
yk

�
(9)

where t 2 �0; 1	, and �xi; yi�, �xj; yj�, �xk; yk� are coordinates of the
control points i, j, and k, respectively.

To create a curve in ABAQUS using Spline interpolation
technique, we use three points from the Bezier curve at t� 0, 0.5,
and 1, shown as �xi; yi�, �xm; ym�, �xk; yk�, respectively. The spline
interpolation is then created using these three points (see Fig. 3b).
Because of differences in formulations of the two curves, the spline
curve created in CAE may still go outside the domain of the plate
boundaries, but the formulation ensures that this happens for
extreme combinations of the design variables. Hence, appropriate
bounds chosen on the location of the control points i, j, and k
could ensure that the curve stays within the panel boundary. This
approach requires 4 shape design variables per stiffener: x- and
y- coordinates of point J, and the boundary location of points I
and K.

A script to build a parametric model of stiffened plate is created
using Marco Manager in ABAQUS, which records a sequence of
operations in a PYTHON script. This is done for one configuration of
the stiffened panel and following this, all numbers in the script that
relate to the design variables are labeled using variable names. This
script is called stiffened_plate.py.template (see Fig. 1), and is
responsible for creation of analysis model, execution of analysis and
extraction of results from output file. For analysis at each design
point, these variables are replaced with their numerical values from
the optimizer.
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III. Design Examples

A. Optimization of Cracked Panels with an Elliptic Hole

In this design example, we perform the optimization of a stiffened
panel with damage tolerance and buckling constraints only. The
given example is an illustrative one to show that buckling phenom-
enon can happen for panels with defects under tension, and buckling
modes are expected to be mostly local around defects (cracks or
holes). Only straight stiffeners are considered and the panel loading
and boundary conditions are shown in Fig. 4. It can be seen that the
tension loading along the x2 direction is dominant. The panel has an
elliptic hole located at the center of the panel.

It can be easily verified that the region of high stress on the panel
are the edge of the major axis of the elliptic hole, which is perpen-
dicular to the tension loadingN2. A crack of minimum size is placed
at this location. As explained earlier, the minimum crack length is
taken to be 0.2 mm. The weight of the panel is minimized under
constraints on static fracture strength and buckling eigenvalue, and
design variables x1 to x8 as shown in Fig. 4.

The cracked stiffened panel is modeled in ABAQUS using shell
finite elements. To get the accurate stress intensity factor, a very fine
mesh is used at the crack tips. To create this fine mesh, a rectangular
box with a mesh size of 0.008 mm is created around the crack. The
stress intensity factors are calculated around 25 contours defined
inside this box. This gives an indication about the convergence of
the integral, and the 24th contour integration is used. To reduce the
computational costs, a gradually varying mesh size is used from the
fine mesh around the crack tip to the rest of the computational
domain. A coarser computational mesh is used for the buckling
analysis. Figure 5 shows the optimization history for the objective
function (weight) and the damage tolerance constraint on static
fracture strength using the particle swarm optimization (PSO)
algorithm with 40 particles. The CPU time for this optimization task
is reported as FEAs� 5759; 38 h 50 min for 99 iterations CPU Q
6850, 2.99 GHz, 3.25 GB Ram. The PSO design history shows that
the mass and damage tolerance constraint converged after 20
iterations. The PSOoptimization result is then used as a starting point
for the gradient-based optimization (see Fig. 6), which reaches
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a) Create a bezier curve using three control points b) Create a spline through three points in ABAQUS

Fig. 3 Method to create a curvilinear stiffener in ABAQUS.
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convergence in nine iterationswith FEAs� 153 andCPU time� 54
minutes on the same computer. The optimization results are listed in
Table 1, and the optimal design configuration is shown in Fig. 7.
The optimal design variable values are x1 � 2:764 mm, x2�
8:00 mm, x3 � 1:00 mm, x4 � 16:543 mm, x5 � 172:00 mm, x6�
172:00 mm, x7� 24:536 mm, x8 � 135:598 mm. The optimal
position of one of the stiffeners (x5 and x6) and its thickness (x2) are at
the upper bounds of x5, x6 and x2. This stiffener is very close to the
crack (see Fig. 6), and the direction of the stiffener is perpendicular to
the crack, thus playing the role of a damage arresting mechanism.
While x3, the thickness of the stiffener (x7 and x8), obtained is at its
lower bound, this stiffener does not have any influence on arresting
the crack.

Figure 8 shows the first four bucklingmodes of the optimal design,
and it shows that the panel could loose stability even under tensile
loading. We can realize that the buckling modes are mostly local
around the hole in nature. Therefore, in practical design, rein-
forcements around locallyweak areas, such as cracks and holes could
be used to withstand failure modes due to both bucking and damage.
For example, ring-stiffening around cutouts is a commonly used

form of reinforcement, and is studied in the next design case. This
example was suggested by Lockheed Martin Aeronautics as a
potential case for which curvilinear stiffeners may be appropriate.

B. Optimization of Curvilinear-Stiffened Panel with Multiconstraints

under Multiload Cases

1. Lockheed Martin Baseline Presentation

The baseline panel shown in Fig. 9 is considered in this study. The
panel has fixed-fixed boundary conditions with two cutouts under
two load cases (see Fig. 10). The first load case (Fig. 10a) is
compression dominant and the second (Fig. 10b) is tension dominant
load case. The following constraints for each load cases are
considered: buckling, damage tolerance, von Mises stress, crippling
and the consideration of durability cutout stress which is called
DaDT considerations. The response on the consideration of dura-
bility cutout stress will be the maximum principal stress at cutouts
and is imposed to be less than 0:5�Y , the constraint on crippling is
checked for the optimal design. The panel is designed with one ring
around each cutout and two separate optimization studies are
performed two and four curvilinear stiffeners, respectively. The
results from each optimization are discussed below.

2. Optimization Results of Lockheed Martin Baseline with Two

Curvilinear Stiffeners

Optimization results of panel shown in see Fig. 9 with two
stiffeners is presented here. In this design example, stiffeners are
designed, so that they do to not intersect each other and are not
allowed to cross over the cutouts, therefore the appropriate range of
design variables needs to be determined, the design variable scheme
is shown in Fig. 11 and the results are summarized in Table 2.

Table 1 Optimization results for the cracked stiffened panel

with an elliptic hole under damage tolerance constraint

using the PSO algorithm

Optimal design Starting point design

Optimum weight 1.649 kg 1.925 kg
Optimum skin thickness 2.764 mm 3.175 mm
Constraint on damage 0.99997 ——

Constraint on buckling 0.82857 ——

Fig. 7 Optimal design configuration for optimization of the stiffened panel with an elliptic hole.

Fig. 8 First four buckling mode shape of cracked stiffened panel.
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The buckling constraint is active, while the ones on von Mises
stress and damage tolerance are not. In this study, the damage
tolerance constraint value of 0.0806 shows that it was satisfied by a
large margin. Additionally, the crippling constraint and DaDT
criterion are also satisfied with values of 0.807 and 0.7436,
respectively. This result was used to serve as a basis to decide that the
damage tolerance constraint not be included in the optimization of
panel with four stiffeners. This constraint is expected to have a low
value for the four-stiffener case, and hence ignoring it during the
course of optimization would not influence the nature of results.
However, a significant reduction of CPU time is obtained.

Table 3 shows the optimal parameters for all 17 design variables,
and the optimal configuration is shown in Fig. 12. LockheedMartin’s
experience suggests that the ring thickness should be less than 3
times the panel skin thickness (2.5867 mm). This is also seen in the
current optimal design. The first four buckling mode shapes of this
configuration are shown in Fig. 13. It is seen that the eigenvalues of
the first four buckling mode are very closely clustered. The
optimization is carried out using the PSO with 40 particles and
convergence was reached in 69 iterations (see Fig. 14). The PSO
optimization result is then used as a starting point for the gradient-
based optimization (see Fig. 15), which reaches convergence in 8
iterations.

3. Optimization Results of Lockheed Martin Baseline with Four

Curvilinear Stiffeners

This section presents the design of panel shown in Fig. 9 with four
curvilinear stiffeners. The constraints on buckling, vonMises stress,
and DaDT are included in optimization, while the damage tolerance
constraint and crippling are checked post-optimization. This results
in a significant reduction in CPU time. In the current framework,
stiffeners are designed not to cross over the cutouts, a total of 34
variables are used, to parameterize the design, and are shown in
Fig. 16. However, out of these, only 32 are used in optimization, and
X33 andX34 are heldfixed. This is because the stiffener parameterized
by variables X31-X34 is required to pass through the narrow region
between the two rings. Hence, the location of X33, X34 are fixed and
onlyX31 andX32 are allowed to vary for this stiffener. Because of this
constraint, this stiffener curve is created using a pure spline function
in ABAQUS CAE, while the remaining three stiffener curves are
created using the two-step approach described earlier. In this design,
the stiffeners are designed to generate nine domains which are in
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Fig. 9 Lockheed Martin baseline with fixed boundary conditions.
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Table 2 Optimization results for Lockheed Martin cutout-panel with multiconstraints under multiload: two-curvilinear-stiffener case

Mass Crippling constraint DaDT constraint Stress constraint Buckling constraint Damage tolerance constraint

Optimal design 7.28 lb (3.30 kg) 0.807 0.744 0.361 1.000 0.081

Table 3 Optimal design variables for Lockheed Martin cutout panel with multiconstraints under

multiload cases: two-curvilinear-stiffener case

Design variable Meaning Low bound, in. Upper bound, in. Optimal design, in.

X1 Skin thickness 0.063 0.177 0.1018
X2 Stiffener thickness 1 0.063 0.315 0.0639
X3 Stiffener thickness 2 0.063 0.315 0.0630
X4 Stiffener height 1 0.394 1.97 1.1473
X5 Stiffener height 2 0.394 1.97 1.5059
X6 Control point end 0.27 11.5 5.4368
X7 Control point end 9.7 11.5 10.7631
X8 Control point mid 9.7 11.5 9.7533
X9 Control point mid 0.27 14 13.3645
X10 Control point end 12 23.2 12.5000
X11 Control point end 12 23.2 16.7639
X12 Control point mid 12 23.2 19.7008
X13 Control point mid 0.27 27.73 24.8921
X14 Ring thickness for small hole 0.063 0.315 0.2957
X15 Ring thickness for big hole 0.063 0.315 0.1672
X16 Ring width for small hole 0.4 1.6 0.8176
X17 Ring width for big hole 0.4 1.6 1.3669

Fig. 12 Optimal design configuration for Lockheed Martin panel using PSO and gradient-based optimization: two-curvilinear-stiffener case.

Fig. 13 First four buckling mode shapes of optimal design configuration using two curvilinear stiffeners.
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between stiffeners and panel boundaries, thus a nonuniform
thickness distribution is allowed by using different panel thicknesses
in these domains (X1-X9). This is helpful since in most cases the
critical buckling modes are local in nature, and a nonuniform

thickness distribution could help in local stiffening to achieve a lower
panel mass.

The results were obtained using genetic algorithm. Tables 4 and 5
list the converged optimization results for the panel under
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Fig. 14 Optimization history for the objective function (mass) and buckling constraint for optimization of Lockheed Martin panel using the PSO
algorithm with 69 iterations.
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consideration. The optimal designwith four curvilinear stiffeners has
approximately 6% lower mass than that using two curvilinear
stiffeners discussed in the previous section. For the current design,
the DaDTand buckling constraints become active, and the constraint
on damage tolerance is 0.7326. Except for the ring thickness around
the bigger hole, the size and thickness of rings around cutouts are less
than for the design with two curvilinear stiffeners. Figure 17 shows
the thickness of subpanel regions, stiffeners and rings around
cutouts.

Figure 18 gives the contour of vonMises stress and the location of
maximumvonMises stress appears at the edge of the subpanel which
has the lowest thickness. The first nine buckling mode shapes and
their eigenvalues are presented in Fig. 19. It is seen that the first
buckling mode is a combined global and local mode, while the re-
maining buckling modes are local in nature. Additionally, the
eigenvalues are seen to be very closely clustered, which leads to the
possibility of mode switching with small variations of design
variables.

4. Comparison of the Current Optimal Design with Lockheed Martin’s

Industry-Standard Design

To demonstrate the effectiveness and advanced features of the
current framework of stiffened unitized structures the optimization
results are compared with the Lockheed Martin’s industry-standard
design, shown in Fig. 20. The current optimal design is approxi-
mately 7% lighter than Lockheed Martin industry-standard design,
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Fig. 16 Design variables for optimization problem with four curvi-
linear stiffeners.

Table 4 Optimization results for Lockheed Martin cutout panel with multiconstraints under multiload cases using genetic algorithm:

four-curvilinear-stiffener case

Mass DaDT
constraint

Crippling constraint Stress constraint Buckling constraint Damage tolerance constraint

Optimal design 6.850 lb (3.10 kg) 0.942 0.098 0.465 1.004 0.734

Table 5 Optimal design variables for Lockheed Martin cutout-panel with multiconstraints under

multiload cases using genetic algorithm: four-curvilinear-stiffener case

Design variable Meaning Low bound, in. Upper bound, in. Optimal design, in.

X1 Skin thickness 0.0394 0.158 0.0978
X2 Skin thickness 0.0394 0.158 0.0434
X3 Skin thickness 0.0394 0.158 0.0890
X4 Skin thickness 0.0394 0.158 0.1160
X5 Skin thickness 0.0394 0.158 0.0741
X6 Skin thickness 0.0394 0.158 0.0886
X7 Skin thickness 0.0394 0.158 0.0862
X8 Skin thickness 0.0394 0.158 0.0735
X9 Skin thickness 0.0394 0.158 0.0692
X10 Stiffener thickness 1 0.0394 0.315 0.2774
X11 Stiffener thickness 2 0.0394 0.315 0.1839
X12 Stiffener thickness 3 0.0394 0.315 0.0964
X13 Stiffener thickness 4 0.0394 0.315 0.0785
X14 Height of stiffeners 0.394 1.97 0.5295
X15 Ring thickness for small hole 0.0394 0.315 0.1868
X16 Ring thickness for big hole 0.0394 0.315 0.2342
X17 Ring width for small hole 0.4 1.6 0.4166
X18 Ring width for big hole 0.4 1.6 0.4009
X19 Control point end stiffener 1 0.8 11.5 11.4994
X20 Control point end stiffener 1 9.7 11.5 10.6650
X21 Middle control point stiffener 1 9.7 11.5 10.7693
X22 Middle control point stiffener 1 0.8 14 4.9593
X23 Control point end stiffener 2 12.5 23.2 14.1542
X24 Control point end stiffener 2 12.5 23.2 16.3251
X25 Middle control point stiffener 2 12.5 23.2 18.7687
X26 Middle control point stiffener 2 0.8 27.2 21.5035
X27 Control point end stiffener 3 0.8 14.2 6.0528
X28 Control point end stiffener 3 0.8 13.6 10.3057
X29 Middle control point stiffener 3 0.8 23.2 3.9273
X30 Middle control point stiffener 3 0.8 14.2 3.5109
X31 Control point end stiffener 4 19.6 27.2 25.8652
X32 Control point end stiffener 4 14 27 24.5474
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and has the following innovations compared with Lockheed
Martin’s:

1) The design has four stiffeners to produce a lighter-weight
solution than a two-stiffener design (approximately 6%).

2) The design includes cutouts as required for system penetrations
on aircraft structure.

3) The design includes the addition of pad-ups around the cutouts
as required for DaDT considerations.

4) The design optimization process includes damage tolerance
analysis.

5) The design optimization included a stress constraint in the
vicinity of the cutoutwhich can be tailored to a durability cutoff stress
(DaDT consideration).

6) The optimization process was performed over multiple load
cases simultaneously. This is meant to design a structure that is
optimized for several critical load cases (rather than a single load case
and then manually redesigned for the other sizing cases).

7) The design optimization includes multiple design variables for
nonuniform panel thicknesses. This is a significant feature for weight
reduction as individualweb bays can be tailored over the entire panel.

8) Optimization results with multiple constraints (buckling,
DaDT, damage tolerance, crippling, stress, etc.) can be obtained
using the current framework.

9) Curvilinear stiffeners are used, thus it is more flexible for
curvilinear stiffeners to stiffen the appropriate domains. A four-
stiffener design which will produce a lighter weight solution than a
two-stiffener design (approximately 6%).

Themass of the optimal design with two curvilinear stiffeners (see
Table 2), 3.30 (kg) using the design variable of uniform panel
thickness, compared with that of Lockheed Martin, 3.337 (kg) using
four straight stiffeners and the nonuniform panel thickness variables
is a clear demonstration for this conclusion.

In the current paper, a genetic algorithm is used for the last design
example of the optimization problem with 32 design variables. This
is because the PSO had difficulties as performing the optimization
problem with so many local optimum. Although the PSO is also a
global optimizer, but choosing parameters in the PSO optimizer for a
specific problem is critical (initial number of particles, velocity and
relative position of each particle, etc.), the authors had some
experience with PSO, for example using 40 particles as shown in the
previous example has led to satisfactory results in terms of the
converged results and computation time, but using the same
parameters and a number of trial times failed for this problems. The
genetic algorithm is in general a random search process with random
outcome using discrete variables and has a capability to lead to the
global optimum. It is very robust and easy to implement, but very
inefficient. Optimization using the genetic algorithm can provide a
number of good designs instead of a single optimum.

In general, for optimization problems with many local optima and
with a large number of design variables, it is recommended that there
should be an appropriate strategy before performing the optimiz-
ation. For example, performing a parametric study to determine the
possible relation of design variables, and using “smart” variables to
reduce the number of design variables, and investigate relations
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between various design variables and responses. A suitable combi-
nation of optimization algorithms with optimal parameters for this
kind of the optimization problems is especially needed. There are
also other difficulties encountered in the optimization process in the
present study such as: Awell known drawback of conventional finite
element analysis in fracture mechanics is that to get accurate value of
the stress intensity factor, a very fine mesh must be used at the crack
tip region. This leads to an increase in the computational time for the
optimization process. Also, when the shape variables are included in
the optimization problem, the finite element mesh topology will vary
for each analysis, this could lead to a change of mesh size at the crack
tip region while the response on damage tolerance is very sensitive to
mesh size at the crack tip region and thus the responses obtainedmay
not be accurate. Thus mesh size should be fixed at this region in
ABAQUS. In addition, for complex stiffened panels with cutouts and
cracks along with stiffeners, geometry modeling becomes critical,
and thus, determine the range of design variables is important. The
stiffeners should not go over anypart of the boundary of the panel and

should not intersect the crack tip region. While letting the stiffeners
be as free as possible to cover thewhole design space. If the stiffeners
intersect the crack tip region, mesh size in this region will vary after
each analysis and the response on damage tolerance may not be
accurate. It is noted that the crack tip region is a very small region,
thus this constraint does not affect much on the outcome of the
optimization problem.

IV. Postbuckling Response of Four-Stiffener Design
in Combined Compression-Shear Test Fixture

To validate the four-stiffener panel design, a full scale panel has
been fabricated andwill be tested at NASALangley Research Center
in the combined compression-shear test fixture [10]. The test fixture
has been designed to facilitate application of combined compression-
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Fig. 20 Lockheed Martin’s industry-standard panel with mass�
3:337 kg (7.35 lb) using the same baseline.

Fig. 19 First nine buckling mode shapes of optimal design configuration using genetic algorithm using four curvilinear stiffeners.

Fig. 21 Nonlinear test fixture model developed of the combined

compression-shear test fixture at NASA Langley Research Center [16].
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shear loading; however, previous testing has shown that the boundary
conditions and loading are not the ideal clamped conditions and
uniform compression-shear loading towhich the panel was designed
[16]. The panel will be loaded beyond buckling until failure for the
compression-dominate load case.

Analysis of the panel and test fixture were performed to obtain
preliminary predictions for the expected panel response. A nonlinear
finite element model (MSC Nastran) of the test fixture model was
developed by Lockheed Martin and may be seen in Fig. 21. For
details regarding the development of the nonlinear finite element test

fixture model refer to Bird et al. [16]. The ABAQUS model was
translated to MSC Nastran and interfaces were created to facilitate
interaction between the test fixture model and the panel model. By
using high fidelity modeling of the test fixture and interfaces, the
nonlinear finite element model provided baseline predictions for the
experimental predictions.

The linear buckling modes of the panel in the test fixture were
extracted using a linear panel model and a reduced grid-point
interaction superelement of the nonlinear test fixture model. The
loading applied through the test fixture was statically equivalent to

Mode 1: Eigenvalue 0.80 Mode 2: Eigenvalue 1.01 Mode 3: Eigenvalue 1.11 

Fig. 22 First three mode shapes of four-stiffener panel using test fixture superelement to apply boundary conditions and loads.
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the compression dominated design load. The first three buckling
mode shapes of the panel are shown in Fig. 22 below. Note that the
initial buckle is predicted to occur in the lower right corner of
the panel at a load 80% of the design load. The discrepancy between
the design eigenvalue and that predicted in the test fixture model
results from the difference between the ideal and actual boundary
conditions and loading. Furthermore, the first mode shape seen in the
test fixture is mode shape 5 of the response predicted by the ideal
boundary conditions and loading (Fig. 19). Bucklingmode 2 appears
to be dominant at the top left corner of the panel. Buckling mode 3
represents the first global mode seen by the panel at approximately
the design load level. During the experimental testing, it will be
important to closely monitor the lower left and upper right corner of
the panel using linear variable differential transformers and strain
gages.

The nonlinear response of the panel for proportional compression-
shear loading was examined until the onset of yielding. A simple
bilinear stress strain curve for the Al 2139 was used. The yield stress
was taken to be 64 ksi with a plastic stiffness of 5% of the elastic
stiffness. The out-of-plane deflection and the in-plane strain com-
ponents in the panel were taken at a point in the lower right corner of
the panel, the center of the panel, and in the top left corner of the
panel. The out-of-plane deflection of the panel was plotted against
the load proportionality factor in Fig. 23. Note that the lower right
corner experiences the initial buckle at the predicted eigenvalue,
while the top left and center of the panel are predicted to buckle at
higher load level. Moreover, at the edges, the buckle is severe with
low post buckling stiffness; however, the center of the panel
experiences a more smooth buckle.

Figure 23 shows out-of-plane deflection at the upper and lower
corners and the center of the panel versus load proportionality factor.
Load proportionality factor normalized by the first buckling mode in
the test fixture panel (load factor of 1.0 is 15.4 kips compression and
4.9 kips shear).

The axial, longitudinal, and shear strain components on the flat
and stiffened side of the panel was extracted from the three locations
shown in Fig. 23 and were plotted against the load factor in Figs. 24–
26, respectively. The results again illustrate that the buckling is quite
severe at the bottom left corner. The FEM predictions will be used as
the preliminary predictions for comparison in the experimentation.

At a load factor of 2.25, the finite element analysis indicated that
substantial plastic deformation was occurring. Figure 27 indicates
the location of the plastic deformation onset occurs at the stiffener–
plate interface along the bottom edge of the panel. The accuracy
of the predicted onset of plasticity in this location is questionable.
The experimentally tested panel will include fillets at the base of the
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Fig. 27 Onset of yielding occurring at red areas at a load factor of 2.25

(34.65 kips compression and 11.0 kips shear).
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stiffener which will act to dissipate the stress concentrations at these
locations.

V. Conclusions

The paper presents a framework for the optimal design of complex
unitized structures with multiple constraints under multiple-load
cases. Multiple optimization studies of unitized structures with
cutouts, straight stiffeners and curvilinear stiffeners are presented.
The optimization is performed with an objective to minimize the
structural mass with constraints on buckling, von Mises stress,
damage tolerance, crippling and DaDT consideration. Panel thick-
ness and stiffener sizes (height and thickness), stiffener orientations
and curvatures along the size of rings around cutouts are used as
design variables. Both uniform or nonuniform panel thickness are
considered.

This framework couples the fracture, static stress and buckling
analysis using ABAQUS with the external optimization software
(VisualDoc) through the PYTHON scripting environment. The
algorithms for the optimization problem such as the gradient-based
optimization, the PSO, and the genetic algorithm are used for our
optimization problem. The novel aspects of the current paper are:
1) damage tolerance analysis is included in the optimization process;
2) curvilinear stiffeners are used in optimal design; 3) optimization of
stiffened panels with cutouts has been performed; and 4) ability to
optimize over multiple-load cases simultaneously has been
employed.

The current optimization procedure is illustrated with the help of
realistic examples developed after consultations with industry
partners. The results demonstrate the effectiveness of this frame-
work, through a 7% weight reduction over the design that will result
from the current design methodology of using only straight
stiffeners. This design environment exploits the advantage of the
availability of the finite element analysis software and the com-
mercial optimizers, and has great potential for the design of
aerospace stiffened structures.

A detailed nonlinear finite element analysis inMSCNastran of the
resulting design was performed in preparation for experimental
testing at NASA Langley Research Center in the combined
compression-shear test fixture. Out-of-plane deflection and strains at
three locations on the panel were plotted against the load
proportionality factor up until 2.25 times the buckling load at which
point plastic deformation in the panel is predicted. The results
presented herein provide substantial insight that will be critical
during testing of the panel.
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