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ABSTRACT: In this work we present a computational tool for the topology/lamination sequence optimiza-
tion of structures made of composite laminates. The optimization uses the Discrete Material Optimization
(DMO) method to formulate the optimization problem, considering structural measures of the performance of
the structure such us compliance, natural frequencies or weight, for example. The computational model will
combine the optimization algorithm FAIPA (Feasible Arc Interior Point Algorithm) with the finite element code
Abaqus for the computation of the structure mechanical performance. The adjoint method will be used to com-
pute the sensitivities of the problem. The model will be used to solve some examples showing its applicability.
Results will be analyzed and discussed, with emphasis on the optimization efficiency.

1 INTRODUCTION

1.1 Objective

The main objective of this work is to develop a com-
putational mechanics code to maximize the stiffness
of a plate composed by different regions and laminaes,
which can be made of five different candidate mate-
rials. The plates have a square or rectangular shape,
and the candidate materials are a long fiber composite
material with four different orientations (0◦, 45◦,−45◦
and 90◦) and a foam material with weak mechanical
properties.

1.2 Composite materials

Composite materials are made by combining two or
more different materials at a macroscale. This combi-
nation allows us to achieve interesting properties that
are not attained by the original materials. Composite
materials can be divided in different categories (e.g.
short and long fibers, particulate) but in this work we
will focus on the long fiber composite materials, which
are composed by a set of unidirectional long fibers that
are connected by a matrix material, like resin, used to
give mechanical consistency to the material. The stiff-
ness will be higher in the direction of the fibers (see e.g.
Jones, R.M., 1999 and Barbero, Ever J., 2011). In this
project we will also have laminate structures, where
there are layers with different materials or different
fiber orientations.

1.3 Discrete Material Optimization (DMO)

The design optimization problem addressed here is
described as a discrete problem were we want to find

one distinct material for each design region or lamina,
from a set of pre-defined candidates materials. DMO is
a methodology that allows us to transform this discrete
optimization problem into a continuous one, making
it possible to use deterministic gradient based algo-
rithms to perform optimization. DMO establishes that
the constitutive matrix of the material, in a region “j”
or lamina “k” of the structure is a weighted sum of
the constitutive matrices of all the candidate materials
“i” (1).

Where nm= the number of candidate materials;
nr= the number of regions in our structure; nl= the
number of laminaes. Considering that we have 5
candidate materials our expression becomes like:

In the end of the optimization we wish to have
only one material defined in each region or lamina,
that corresponds to have one of the weights equal to
one and the rest equal to zero. To achieve this, the
weights are written as function of design variables, x,
associated with the candidate materials. The functions
for weights vary for the different DMO schemes pro-
posed (Stegmann, J. 2004). In this work we use the
DMO scheme 4, because it showed to have a good
performance in previous works (see Almas, M., 2013,
Ferreira, A.L., 2013 and Ferreira, R.T.L., 2013)
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Using these functions and the “penalty” exponent
“p” it’s possible to avoid “grey” solutions, where the
weighting functions values differ from 0 or 1 and
pinpointing some kind of materials mixture, but with-
out physical meaning. For more details about DMO
methodology, see Lund, E. & Stegmann, J., 2005 and
2006 and Stegmann, J., 2004.

The number of design variables (nvar) for each
specific case depends on the number of candidate
materials (in this work nm= 5), the number of regions
(nr) and the number of laminaes (nl).

2 COMPUTATIONAL MODEL

2.1 Objective function (f) and constraints (g and h)

In this work the objective is to select the materials that
maximize the structural stiffness. For the structures
considered in this work this is equivalent to minimize
the Compliance (C), which corresponds to the work
done by the external loads. On the other hand, the
Compliance is equal to twice the Total Elastic Strain
Energy (U).

Regarding the constraints, we have box, equality,
and inequality constraints. The box constraints estab-
lish that our design variables, x, have to be between 0
and 1:

The equality constraints are used in cases where it’s
difficult to achieve a well-defined material on the end
of optimization. This constraint imposes that the sum
of the weights in one region or lamina must be equal
to 1.

Since the foam is a low stiff and low weight material,
stiffness maximization will a priori exclude the foam
from our plate. To impose foam inside the plate, and
thus reduce the weight of the structure, an inequal-
ity constraint is introduced to compel the plate to a
minimum number of foam regions or laminaes. The
foam is identified within the candidate materials with
the number 5, so the sum of the weights associated
to material 5 has to be bigger or equal to the num-
ber of foam regions or laminas (nfoam) defined by the
program user.

2.2 Sensitivity analyses

The derivatives of the objective functions and the
equality and inequality constraints have to be sub-
mitted to the optimization algorithm. To calculate
the objective function derivatives we use the adjoint
method (Haftka, R.T. & Kamat, M.P., 1985). Since
the minimization of the Compliance is a self-adjoint
problem we get:

To compute this derivative we need the displace-
ments vector associated with the element we are
focused in, and the derivative of the stiffness matrix of
the same element, which is obtained by using the for-
mulation from DMO, deriving the weights functions
in respect to the design variables.

The derivatives of the equality (11) and inequality
(12) constraints are obtained by explicitly deriving the
weight functions.

2.3 Candidate materials

In this work we have two different types of materials,
one long fibrous composite material and a foam. The
composite material is orthotropic and is given with
four fiber orientations, 0◦, 45◦, -45◦ and 90◦, which
are the ones most often found. The foam material is
isotropic and has weak mechanical properties, around
one hundred times less stiff than the composite. The
symbols shown in Figure 1 will be used to represent
the material selected for each design region (respec-
tive weight factor higher than 0.95). In the case of
laminaes design, an outline of the plies is shown with
the orientation or the name of the material used.

2.4 Code summary

The code, developed in Matlab, begins by initializing
the input parameters required for Abaqus and for the
optimization process. After this, it reads the Abaqus
input files (see Barbero, Ever J. 2013) to get the assem-
bly matrix and it also writes the stiffness matrices
needed for the calculation of the derivatives of the
objective function. The code is then ready to start the
optimization process, with FAIPA, using Abaqus to
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Figure 1. Candidate materials used in the optimization pro-
cess. a) composite material with fibers at 0◦ (material 1); b)
composite material with fibers at 90◦ (material 2); c) com-
posite material with fibers at 45◦ (material 3); d) composite
material with fibers at -45◦ (material 4); e) foam material
(material 5).

calculate the objective function value and the deriva-
tive information needed to define the search direction.
In the end of the process the code writes the functions,
values, points and other data in excel and txt files.

2.5 FAIPA and penalty functions

The optimization algorithm used in our code is FAIPA
(FeasibleArc and Interior PointAlgorithm) which uses
a “feasible solutions” method (for details about FAIPA
see Herskovits, J., 1998 and 2004). The method proved
not to be very efficient in tackling our constrained
problem, so we used its unconstrained version with a
“penalty function” method to take care of the con-
straints (see Arora, J.S., 2004 and Haftka, R.T. &
Kamat, M.P., 1985). Thus the objective function and
derivatives given to FAIPA had to be modified to:

Where “fobj” is the penalized objective function
with “f” identifying the initial objective function,
which is equal to the Total Elastic Strain Energy (U).

3 RESULTS

3.1 Pure shear in square plate

This square plate has only one lamina and 4 design
regions (20 design variables), where conditions of pure
shear are applied, as it is shown in figure 2 a). The
optimal solution obtained by the optimizer is shown in
figure 2 b).

3.2 Flexion in rectangular plate

In this rectangular plate, we have only one lamina,
and 8 different design regions (40 design variables) to
define material. Figure 3 a) shows the applied loads,

Figure 2. a) Applied loads and boundary conditions used in
the pure shear case; b) optimal solution for the case.

Figure 3. a) Applied loads and boundary conditions used in
the flexion case; b) optimal solution for the case.

Figure 4. Graph showing the variation of the objective func-
tion value along all the iterations in the optimization process.
The objective function converges to f= 197,608.

boundary conditions and design regions. Figure 3 b)
shows the optimal configuration obtained, where two
sides of the plate are completely fixed in all directions
and rotations, and other side is subjected to an applied
moment and a uniform edge load in the plate normal
direction. This case took around 12 min to obtain the
final configuration, requesting 72 calls to Abaqus, and
the objective function value converged to f= 197,608.

In figures 4, 5 and 6 the graphs show the fast con-
vergence of the objective function, the design variables
(x) and the weights (w) along the optimization process
using the DMO methodology.

3.3 Concentrated force in rectangular plate with
foam constraint

In a rectangular plate equal to the previous one (8
regions, 40 design variables) a two concentrated forces
are applied in one corner, and at the same time it is
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Figure 5. Graph showing the variation of the design vari-
ables associated to region number 1. The variable associated
with material 3 (x3) converged to the value one, and all the
other variables tend to a value near zero.

Figure 6. Graph showing the variation of the material
weights associated to region number 1. The weight associ-
ated with material 3 (w3) goes to the value one (just like the
variable x3 in figure 5) and all the other weights tend to a
value near zero. In the end of the optimization the material
in region 1 is the composite material with fibers oriented at
45◦ (material 3).

Figure 7. a) Applied loads and boundary conditions used
in the concentrated force case; b) optimal solution were the
minimum asked is one foam region (nfoam= 1); c) opti-
mal solution were the minimum asked is two foam region
(nfoam= 2).

imposed that the plate has at least one and two regions
made of foam material.

3.4 Uniform pressure and traction in supported
plate with foam constraint

For this last case, a square plate, supported in three
edges and fixed in one is considered. The plate is

Figure 8. a) Scheme of the loads and boundary conditions
used in the uniform pressure and traction case; b) optimal
solution with a= 0; c) optimal solution with a= 0.2; d)
optimal solution with a= 0.5; e) optimal solution with a= 1;

composed by only one region and 10 laminaes (50
design variables) and it is imposed that at least in 2
laminaes foam should be used. As shown in figure 5
a) a uniform pressure (P) and in-plane traction (T)
are applied, where the factor “a” (associated with the
traction force) varies between 0 and 1.

The obtained results point out that the foam is placed
near the neutral line of the shell, were there is less
deformation of the lamina.

4 CONCLUSIONS

The following conclusion can be taken out from this
work:

1. The code performs well for unconstrained cases but
when the foam constraint is used the solutions are
more difficult to obtain.

2. DMO methodology creates many local minimums.
3. The choice of some optimization parameters (e.g.

initial point, scale factor and penalty) may influence
the final result.

4. The experience of the program user is important
in defining the optimization parameters to obtain a
good solution.

5. In some cases the optimizer may obtain “grey
solutions”, with no physical meaning, but that are
minimums of our function.

6. For the present implementation of the code, the
“penalized function” version performed much bet-
ter than the “feasible solution method”.

7. In some cases the use of the equality constraint may
help to reach better results and speed convergence.
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8. In average the results are obtained within 8–25 min
depending on the number of design variables, finite
element mesh of the component, the convergence
error set by the user and the processing power of
the computer.

9. The code is flexible in terms of mesh refinement
but the program user needs to create and modify
the Abaqus input file.
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