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Abstract 

The subject of this thesis considers the use of composite materials. These materials can be used 

in many industries, including aerospace, to construct different types of objects and structures. 

This thesis deals with the development of a computational model which allows the optimization 

of the reinforcements of an OPENCELL structure, using the DMO’s method (Discrete Material 

Optimization) to maximize the structure stiffness. The formulation is accomplished by defining the 

objective function, design variables, weight functions, constraints and applying loads. The software 

ANSYS is used to perform finite elements analyses and two optimizers are used, FAIPA and FMINCON 

(optimizer from MATLAB’s toolbox). MATLAB is also used to create an interface between the optimizer 

and ANSYS.  

The developed computational model allows to prove the effectiveness of this innovate way to 

use DMO’s method, where pre defined configurations are used as candidates. Further, the computational 

model allows us to check which is the best way to make de reinforcement of the OPENCELL panel. 

During this thesis several parameters and boundary conditions were used, in order to analyze the 

effectiveness of this new way to use DMO’s method in different situations. 

 

Key-words: Composite Materials, OpenCell, Ansys, Finite elements, Matlab, structural 

optimization, DMO’s method. 

 

1. Introduction 

1.1 Motivation 

Sandwich panels are widely used in 

mechanical and aerospace industry, therefore, 

any progress is extremely useful for this kind of 

engineering field. Being a new variant of 

sandwich panels, the OPENCELL structure’s 

development assumes a greater importance.  

The purpose of this thesis is to create a 

computational model which allows us to 

optimize the reinforcements of an OPENCELL 

structure (plates and cylindrical), taking into 

account certain requirements: 

 Static loads 

 Deformed shape 

 Limited amount of material 

available for the 

reinforcement 

The goal is to create a computational 

model for the structural analyses using ANSYS 

(finite elements software) and a computational 

model for optimization using MATLAB 

(numerical computing software) 

The optimization of the structure is 

done by using the DMO method, in order to 

maximize the structural stiffness. Before the 

optimization, some possible configurations were 

defined. These configurations are obtained by 

cutting and bending one side of the OPENCELL 

painel.  In the beginning, a flat structure will be 

studied. After that, the study will be done for a 

cylindrical panel. 

 

1.2 State of art 

The first steps in structural 

optimization were done in the end of the XIX 

century. In that period, the optimization was 

done by using analytic methods, but these 

methods allow us to solve only a small group of 

problems [1]. 

The process of optimization as we 

know it started in the 60’s, with the 

development of new computers with large 

calculation capacity. 

In 1981, Cheng and Olhoff [2] 

developed an efficient and general numerical 

algorithm able to obtain the optimal 

configuration of rectangular and axisymmetric 

annular plates, with the plate thickness as design 

variable. 

Bendsoe and Kikuchi [3] treated the 

topology optimization problem for a plane disk 

structure as a material distribution problem, 

where the material is assumed to have a 

perforated microstructure with a continuously 

variable orientation and density of material. By 

the application of the perforated microstructure 

the authors obtained a formulation where the 

material within each of the elements of a finite 

element discretized structure is allowed to 

change in a continuous manner from a fully 

isotropic solid material, over a composite of 

variable density, to avoid. Each finite element 

hereby becomes a potential solid or void 

subdomain of the structure. One year later, 
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Bendsoe created the SIMP method (Solid 

Isotropic Material with Penalization [4], which 

was implemented by Zhou and Rozvany, [5] in 

1991. 

While topology optimization problems 

were studied by Bendsoe and Kikuchi [3], new 

extensions of the problem appeared, with 

multiple loads [6], bi-material structures [7] and 

bending problems with shells and plates [8], [9] 

and [10]. For a general view of topology 

optimization problems see Bendsoe and Mota 

Soares [11], Rozvany and Bendsoe [12], 

Pedersen [13] and Olhoff and Rozvany [14]. 

In 1997, Chung and Lee [15] searched 

for the optimal shapes and locations of ribs that 

increase the stiffness of structures using the 

topology optimization technique. The 

optimization process consisted in finding the 

density of each element that minimizes the 

compliance of the entire structure. 

Two years later, Krog and Olhoff [16] 

solved the stiffness optimization problem for 

different static loads and free vibration mode 

shapes, based on the homogenization method. 

In 2005, Stegmann and Lund [17], [18] 

and [19] show a new parameterization method 

called DMO (Discrete Material Optimization). 

It is an extension of Sigmund and Torquato’s 

work [20], which uses the three-phase 

optimization method to project the material 

distribution in composites with extreme thermal 

expansion coefficients.  

There are many recent works which use 

the DMO method [21-23] due to its versatility 

and easy implementation. One of these works 

has been done by Wang and Wang who has 

used Sigmund’s idea in a level-set framework 

for solving similar problems. 

The DMO method is also used in this 

work in order to maximize the stiffness of the 

structure. 

Recently, PLY Engenharia created a 

new group of sandwich panels which doesn’t 

use an additional material to create the core, 

because it is obtained from external plates 

themselves. Its name is OPENCELL. This 

structure has two external plates resisting 

bending, as a typical sandwich configuration. 

From one of the plates some reinforcements are 

obtained by cutting and bending and then 

attaching them to the opposite plate. 

 
Figure 1: OpenCell cylindrical composite (from [24]) 

 

This kind of structures has many 

advantages:  

 Lower production costs. 

 Lower time and costs in recycling 

process.  

 Lower weight in the structure.  

 It is not necessary an additional 

material to create the core. 
 

Thereby, it is possible to use a large 

number of reinforce configurations. Some of 

these configurations are in the figure below. 

 
Figure 2: Some reinforce configurations in OpenCell 

structures (from [25]) 
 

2. Background 

2.1 DMO method 

The DMO method uses the same idea 

of parameterization that STO method has, but 

instead of choosing to use or not material, the 

goal is now to choose one from a group of pre 

defined materials, so that we can minimize the 

objective function. This is the main idea used in 

this work. However, it will be used in a different 

way. 

The idea is to choose one reinforce 

configuration (instead of choosing one type of 

material), from a pre defined group of 

possibilities. 

As an example, we can observe the 

figure below. Using the cutting showed in the 

image, there are several ways of bending the 

reinforcements. 

 
Figure 3: OpenCell structure – cutting type I   

 

The next figure shows three different 

possibilities to bend the reinforcements. 

 

 
Figure 4: Possible bending cases 

 

In this case, we will consider the 

bending used on the left image as “material 1”, 

the bending on the middle figure as “material 2” 

and finally the last bending type as “material 3”. 

Therefore, the goal is to choose the best 

“material” (reinforcement configuration) to 

minimize the compliance of the entire structure. 
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2.2 Structure Parameterization 

The DMO’s parameterization uses 

finite elements. The constitutive matrix, [D], is 

defined as the sum of all candidates constitutive 

matrices,     .  

              

  

   

 

(1) 
                          

  

                                
 

Where N
c
 represents the candidates 

number.  

The weight functions are represented 

by    and are directly connected to the design 

variables. The weight functions assume values 

between 0 and 1 to ensure that we don’t obtain 

solutions without any physical meaning. 

The goal of the DMO method is to 

ensure that the weight function values are 1 or 0 

(use or not). As we have three different bending 

possibilities, in the previews example, only one 

     is allowed, the other two weight 

function must be zero,     . Any element 

with values far away from 1 and 0 cannot be 

used because it doesn’t have physical meaning. 

It’s easy to verify that in any 

optimization problem that uses mass constrains 

or natural frequencies as objective functions, the 

sum of the weight functions must be equal to 

one. 

     

  

   

   (2) 

It’s important to ensure that the design 

variables initial values are uniform, in order not 

to favor any configuration. 

Over the years, many interpolation 

schemes have been developed. From the general 

form of the DMO material interpolation, several 

interpolation schemes can be derived. In this 

work three of them have been tested. The most 

important  expressions in the DMO schemes 1, 

4 and 5 are presented below (see [17] for more 

details and information). 
 

DMO scheme 1 

For the general case scheme 1 is 

written as: 

 
         

           
      

      
               

       
(3) 

 

 

            

  

   

     
       

  

   

  

                 

 

 
(4) 

 

DMO scheme 4 

             

  

   

  
 

 

         
          

  

  

        

     

  

   

  

 
(5) 

                  
 

The expression for three “materials” is 

written as: 

          
        

         
       

(6)         
        

         
       

        
        

         
       

                   
 

DMO scheme 5 

For the general case scheme 5 is 

written as: 

       
    

    
  
   

  

   

     (7) 

where 

         
         

 
 

  

        

         
 

(8) 

                  
 

2.3 Explicit Penalization Method 

In some cases, the optimizer cannot 

choose between two or more candidates. It can 

happen, for example, due to symmetry effects of 

some structures or even some DMO’s 

limitations (see[17]). This can cause some 

difficulties in pushing the design variables to 

their limit values. 

In an attempt to improve the 

performance of these schemes, a penalty 

function method has been implemented, which 

explicitly penalizes the intermediate values as: 

        
       

  

  

   

     
 

(9) 

                        
 

This penalty function is designed to 

automatically decrease as the design variables 

tend towards 0 or 1. In the extreme values 0 and 

1, it doesn’t affect the objective function. 
 

                         (10) 
 

In the following images it’s possible to 

observe the penalization effect using    . 

 
Figure 5: Penalization A with 0<q<1 
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Figure 6: Penalization A with q>1 

 

From figure 6 we can see that by using 

q>1 the objective function is slightly penalized 

nearly to the limit values, which can lead to an 

unrealistic solution. On the other hand, when we 

use q=0.2 the penalization has almost no 

variation nearly to 0.5, this can cause problems 

when initial values of 0.5 are used to the design 

variables. 

Taking in account the difficulty of 

some schemes in ensuring that the sum of the 

weights is always one, another  penalty function 

has been implemented: 

   
 

 
     

  

   

   

 

   

 
 

(11) 

                 
 

This function penalizes the objective 

when the sum of the weight functions is not 1. 

We can use both penalizations as: 
 

 
           
               

(12) 

 

2.4 Objective Funtion 

The compliance is the work done by all 

applied loads in a structure, when it is in 

balance. Minimizing the compliance, C, means 

finding the maximum stiffness but also 

minimizing the displacement caused by the 

loads. 

Through the finite element method [18, 

19, 27] turns out that the global stiffness matrix, 
   , is the sum of all element stiffness matrices, 

    , and it is written as: 

                     

 

 (13) 

           
  

   

 (14) 

Where      is the strain-displacement 

matrix and     is the constitutive matrix. With 

the load vector,  , and the stiffness matrix we 

can obtain de displacements, 

 

        (15) 
 

We can also relate the compliance, the 

load vector and the displacements, 
 

               (16) 
 

Therefore, the compliance is two times 

the elastic strain energy of the structure,  . 
 

      (17) 
 

In order to obtain the objective function 

and his gradient related with the design 

variables we can write, 
 

             (18) 

 
  

  
       

  

  
 
  

  

  

  
    

  

  
 (19) 

       
 

As we can see, the objective function 

doesn’t depend explicitly on the design 

variables and that’s the reason why the 

derivative 
  

  
  is zero. 

In spite of not being directly related to 

his gradient, the objective function can be easily 

determined through the elastic strain energy or 

even the displacements. In order to obtain the 

gradient the case isn’t so easy because we don’t 

know the relation 
  

  
. 

This problem can be solved by using 

analytical methods [24], where we can 

determine the gradient exact value. 

 

2.5 Adjoint Method 

The adjoint method is an analytical 

method that allows us to obtain the objective 

function derivative. The expression (15) can be 

written as, 
 

                      (20) 
 

Now, it’s possible to do the derivatives 

as, 

 
       

  
 
  

  
   (21) 

      
    

  
     

  

  
 
  

  
   (22) 

 

Multiplying the last expression by a 

nonzero vector, we obtain, 
 

   
    

  
       

  

  
   

  

  
    (23) 

          
  

  
     

  

  
   

    

  
  (24) 

 

This vector,  , is called adjoint 

displacement. 

Now we must impose   as solution, 
 

        
  

  
 (25) 

 

Through the lastest expressions, 
 

 
  

  
       

  

  
 
  

  

  

  
  
  

  
      

  

  
 (26) 

     
  

  
       

  

  
   

  

  
   

    

  
  (27) 
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Considering that  
  

  
   , (see (18)) 

we obtain, 

           (28) 
 

Being the stiffness matrix,    , 
symmetric, we can write, 

 

     (29) 
 

Once again,    is independent of the 

design variables, so  
  

  
  . With  

  

  
    and  

  

  
   , replacing   by   in the expression (27), 

we finally obtain, 
 

 
  

  
      

    

  
  (30) 

 

In order to have the solution for all 

design variables, the final expression is, 
 

 
  

   
      

    

   
                         (31) 

 

Knowing the displacement vector,   , 

it’s only missing  
    

  
  .  The way this derivative 

is obtained will be explained in the next section 

(2.6). Thus, we can have the solution of the 

objective function derivative. 

 

2.6 Objective Function Gradient 

In order to obtain the objective function 

derivative, it is essential to have the solution of 

the global stiffness matrix gradient, 
    

  
 . 

The constitutive matrix is obtained 

through the sum of all candidates constitutive 

matrices. In case of three candidates it can be 

written as, 

 
            

 

   

 

                       

(32) 

 

Thus, the number of design variable is 

equal to candidate’s number. The design 

variables vector is, 

             
  (33) 

 

Using the DMO scheme 5, we can 

write the weight functions as, 
 

    
  

        
 (34) 

    
  

        
 (35) 

    
  

        
 (36) 

 

As we can see the weights depend on 

the design variables, 
 

         
        

         
   (37) 

         
        

         
   (38) 

         
        

         
   (39) 

 

The global stiffness matrix,    , is also 

obtained by the sum of all element stiffness 

matrices,     . 

                     
 

  

   

 (40) 

 

If we consider three candidates, 

                         
 

 

   

  

   

   (41) 

 

                   
 

  

   

                   
 

  

   

                   
 

  

   

 

(42) 

 

Simplifying,  
 

           
       

       
  (43) 

 

Where, 

                       
 

  

   

 (44) 

                      
 

  

   

 (45) 

                      
 

  

   

 (46) 

In this work, both global and element 

stiffness matrices will be obtained by ANSYS 

software.  

 
Figure 7: Reinforcements numbers 

 

In the three candidates case (figure 4) 

the configuration 1 consists in using the 

reinforcements 1 and 2, the configuration 2 uses 

the reinforcements 1 and 3 and finally the 

configuration 3 consists in using the 

reinforcements 2 and 3. 

Knowing that    is directly related to 

configuration 1,    with configuration 2 and    

with configuration 3, we have the following 

expressions for the element stiffness matrices, 
 

 
    Placa 1         

        
        

  

 
(47) 

 
    Placa 2         

        
        

  

 
(48) 

     Placa 3         
        

        
  

 
(49) 

The matrices      and      represent 

the stiffness matrix of each plate when it is used 

(      or not used (      in the problem. For 
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example, in case of using configuration 1 we 

have      in the ribs 1 and 2 and      in the 

plate 3. It will be used the value           
for each used rib and           for unused 

ribs. 

The expression that allows us to obtain 

the global stiffness matrix gradient is, 
 

 
    

  
         

   
   

  

   

  

   

           (50) 

 

For the three candidates case we have, 

 
    

  
   

   
  

    
  

   

        (51) 

     
    

  
  
   
  

     
   
  

     
   
  

     (52) 

 

Once again, in the case of three 

candidates we have, 
 

 

    

  
       

   
   

      
   
   

     

 
   
   

      

(53) 

 

    

  
       

   
   

      
   
   

     

 
   
   

      

(54) 

 

    

  
       

   
   

      
   
   

     

 
   
   

      

(55) 

2.7 Constraints 

In this thesis, only one type of 

constraints is used, its name is unilateral 

constraints. These constraints define limit 

values for the design variables. In this work the 

upper limit is one and the lower limit is zero. 
 

        (56) 
 

The optimizer must guarantee that 

these limits aren’t exceeded. 

 

3. Implementation 

3.1 Ansys 

With the purpose of obtaining the 

elastic strain energy, a finite element analysis 

will be done using ANSYS. This energy will be 

written in a .txt file and used by the optimizer in 

order to estimate the optimum objective 

function value. 

In order to run ANSYS software it’s 

used an APDL which receives, from MATLAB, 

the Young modulus values of each 

reinforcement. The ANSYS software runs 

without direct intervention. Using MATLAB, 

the program allows us to run ANSYS in batch 

mode. Both input and output files are .txt files. 

From ANSYS we obtain the following 

data, 

 Element stiffness matrices 

 Elastic strain energy 

 Element nodes 

 Nodes DOF (degree of 

freedom)  
 

Interface ANSYS/MATLAB 

The next figure allows us to understand 

how these two softwares interact. 

 
Figure 8: Interface ANSYS/MATLAB 

 

3.2 Optimization algorithm 

The optimization algorithm 

implemented in this work uses DMO method 

and adjoint method to compute the gradient in 

order to find which is the best way of cutting 

and bending the plate and maximize the 

structure’s stiffness. 

Two optimizers are used in this work, 

FAIPA [28] (Feasible Arc Interior Point 

Algorithm) and FMINCON (from MATLAB 

toolbox). FAIPA is an interior point algorithm 

for the minimization of a nonlinear function 

with equality and inequality constraints. These 

consist on fixed point iterations to solve the 

KKT (karush-Kuhn_Tucker) conditions. 

FMINCON [29] is a MATLAB’s function that 

also allows us to solve nonlinear constraint 

problems. In both optimizers the user must 

define certain parameters as the stop criterion, 

optimization algorithm, and others.  

In the figure below we have the 

representation of the process; in (a) we have the 

optimization algorithm and (b) represents the 

DMO and the adjoint methods implementation. 

 
Figure 9: a) Optimization algorithm   b) Adjoint method 

+ DMO 
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4. Results 

4.1 Flat structure 

In this section the most relevant results 

of this work will be presented. The element 

SHELL181 was the chosen element for the 

analyses. It is an element with four nodes and 

six DOF per node. 

 
Figure 1: SHELL181 

All studies presented below were 

performed in a fixed structure, as shown in the 

image, 

 
Figure 2: Fixed structure 

The first study has been done by using 

FAIPA and with DMO scheme 4 and 5, without 

penalization functions. In this case, six design 

variables were used. Thus, we have three 

possible configurations on each side, 

Left side

 

 

   

 

   

 

   

Right side

 

 

   

 

   

 

   

Table 1: Possible configurations 

In the next table it’s possible to see that 

using 0.5 as initial value for the design variable, 

we obtain intermediate solutions for both 

schemes. 

                      Iterations 

DMO 4 0.0261831643937 21 

DMO 5 0.0147606978855 22 
 

                  

3.32e-7 0.25 0.25 3.32e-7 0.25 0.25 

9.38e-9 0.50 0.50 9.38e-9 0.50 0.50 

Table 2: DMO Scheme 4 and 5 

Due to the symmetry of the structure, 

the program cannot choose only one 

reinforcement, thus the solution is unrealistic. 

However, when we use different initial points, 

for the design variables the results change. 

                

             
         Iterations 

DMO 4 0.0182767566535 35 

DMO 5 0.0147606985908 36 
 

                  

6.53e-5 0.96 7.21e-5 6.53e-5 0.96 7.21e-5 

1.20e-7 0.50 0.50 1.20e-7 0.50 0.50 

Table 3: DMO Scheme 4 and 5 

In this case, scheme 4 seems to be 

better. While scheme 5 continues to give us 

intermediate values, scheme 4 has already 

chosen the configurations    and   .  

In order to solve the DMO scheme 5 

problem, the penalization function A, presented 

in 2.3, has been used. Once again, using 0.5 as 

initial value the program obtains intermediate 

solutions, so the results below were obtained by 

using 0.7 as initial value for the design 

variables. 

                       Iterations 

      0.09368349487977 65 

 

                  

0.999 5.91e-4 3.73e-4 0.999 3.73e-4 5.91e-4 

Table 4: DMO5 + Penalization A 

The use of penalization function solves 

the problem due to the symmetry. The program 

chooses the configurations one and four as 

optimum solutions, with     , and for all 

other candidates the program obtains     . If 

we run all possible solutions directly in 

ANSYS, we will see that the optimum solution 

isn’t this one. As the energy values in both cases 

are close to each other, the existence of local 

minimums or even the low refinement of the 

mesh can justify the choice of the candidates 

one and four. 

In order to compare optimizers (FAIPA 

and FMINCON) and understand which gives us 

the best solution, some analyses have been done 

using FMINCON. The table below presents the 

differences in the solutions using 0.5 as initial 

value of the design variables for FMINCON and 

0.7 for FAIPA. In both cases DMO scheme 5 

was used. 

 
DMO5          Iterations Time 

FAIPA 

          
0.09368349487977 65 

300.9 

seg 

FMINCON 

          
0.1323060416045 161 

529.3 

seg 
 

                  

0.999 5.91e-4 3.73e-4 0.999 3.73e-4 5.91e-4 

0.999 5.27e-4 5.61e-4 0.999 5.61e-4 5.28e-4 

Table 5: FAIPA vs FMINCON 
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Solutions 

FAIPA 
 

FMINCON 
 

Table 6: FAIPA and FMINCON solutions 

As we can see, FMINCON solves the 

problem by using 0.5 as initial value for the 

design variables, but once again it gives us a 

solution that may not be the optimum solution. 

If we compare to FAIPA’s solution the 

objective function value is higher in 

FMINCON’s case. As we will see, it can be a 

mesh problem, because we are using one 

element per area mesh, due to the large 

computation time. Since the goal is to 

demonstrate that this new way of using DMO 

method works, for now, the mesh isn’t the most 

important. 

In order to better understand this, an 

analysis using a mesh with four elements per 

area is showed in table 8. Table 7 shows the 

possible results obtained directly from ANSYS. 

 

     and       

C = 1.42712508 J 

 

          //            

          //           

C = 1.56634909J 

 

           //            

C = 1.62963454J 

 

           //            

C = 1.73830807 J 

Table 7: ANSYS solutions - 4 elements mesh 

As we can see, the optimum solution, 

using four elements per area mesh, is when 

     and      . This solution is different 

from the one obtained when one element mesh 

is used. That’s why the program chooses the 

reinforcement one and four on table 4 and 5. 

On the tables below it’s possible to 

analyze the optimum solution obtained in a four 

elements per area mesh.  

               Iterations Time 

FMINCON 

             
1.2493492603407 133 

454.9 

seg 
 

                  

0.991 1.13e-12 8.77e-3 0.991 8.83e-3 4.10e-10 

Table 8: 4 elements mesh 

Once again, the results confirm 

configurations    and    as optimum solution. 

Then, the results from a structure with 

nine reinforcements will be presented, in order 

to prove that this idea works in bigger 

structures. In this case all the reinforcements are 

equal and still being used six design variables. 

               Iterations Time 

FMINCON 

          
48.651831168447 112 

404.3 

seg 
 

                  

0.999 6.04e-4 6.00e-4 0.999 6.00e-4 6.04e-4 

Table 9: Structure with 9 reinforcements 

The solution presents all the 

reinforcements in the same direction, 

perpendicular to the fixed sides of the structure. 

In order to figure out which DMO 

scheme is the best to use in large analyses, with 

more than six design variables, the next table is 

presented. It compares the number of iterations 

and computation time using three different 

DMO schemes with penalization functions. Six 

design variables were used in all cases. While 

scheme 5 only uses penalizations A, scheme 4 

and 1 use penalizations A and B (see section 

2.3). 
 Iterations Time (seg) 

DMO 5 161 529.3 

DMO 4 112 339.0 

DMO 1  112 199.5 

Table 10: Iterations and computational time 

It’s obvious that the best option, in case 

of large analyses, is DMO scheme 1 with 

penalization functions A and B, because it is 

much faster than the others. 

 

4.2 Cylindrical structure 

After confirming that this new method 

works in flat structures, it’s time to verify if we 

can use it in cylindrical structures.  The next 

analyses were done by using nine elements per 

area mesh and one side fixed structure. In this 

case, 12 candidates will be used and a pressure 

of 150N/m
2
 will be applied. FMINCON is the 

function used to optimize the problem. 

Side 1 

 

 

   

 

   

 

   

Side 2 

 

 

   

 

   

 

   

Table 10: Possible configurations – side 1 and 2 
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Side 3 

 

 

   

 

   

 

   

Side 4

 

 

    

 

    

 

    

Table 11: Possible configurations – side 3 and 4 

      

 

   

               

  

   

 (57) 

 

Only one of the first six candidates and 

one of the last six candidates are chosen. 

The results of the first analysis are in 

the next table. 

               Iterations Time 

FMINCON 

             
0.15475996779229 325 

9824 

seg 
 

                  

1.00 1.94e-4 8.46e-5 0.00 0.00 0.00 
 

                     

0.00 0.00 0.00 0.00 0.00 1.00 

Table 12: Cylindrical Structure with pressure 

Solution 

 

Figure 12: Optimum Solution 

As we can see, this method also works 

in a cylindrical structure and the program 

chooses a perpendicular reinforcement on the 

left side and type L reinforcement on the front 

side.  

After that, it’s time to verify if the 

program changes its solution if a different load 

is applied. In this case, we decided to apply a 

one point load on the left side. Taking into 

account this load, it’s expected a change in the 

perpendicular reinforcement, on the left, to type 

L reinforcement. The obtained results are 

presented below. 

               Iterations Time 

FMINCON 

             
0.12521829931845 338 

6413 

seg 
 

                  

0.00 1.00 0.00 0.00 0.00 0.00 
 

                     

0.00 1.00 0.00 0.00 0.00 0.00 

Table 13: Cylindrical Structure with one point load 

Solution 

 

Figure 13: Optimum solution 

As expected the solution changes. In 

this case the program chose a type L 

reinforcement on the left and right sides. 

Finally, the last analysis was done by 

using a cylindrical structure with four 

reinforcements. Due to the large optimization 

time, all reinforcements will be equal and the 

same twelve candidates will be used. A pressure 

of 1500N/m
2
 will be applied. The results are 

presented in the next table. 

               Iterations Time 

FMINCON 

             
2.29714982586376 1066 

28854 

seg 
 

                  

2.47e-4 1.83e-4 0.999 1.42e-4 1.46e-4 1.44e-4 
 

                     

9.40e-7 1.13e-6 1.47e-7 6.42e-4 0.999 2.25e-5 

Table 14: Cylindrical Structure with 9 reinforcements 

Solution 

 

Figure 14: Optimum Solution 

Once again the results show that this 

method works in cylindrical structures with one 

or multiple reinforcements and different kinds 

of loads. 

 

5. Conclusions and future work 

This Study makes it possible to 

demonstrate that DMO method can be used with 

different configurations instead of different 

materials, as design variables. 

No DMO scheme shows to be efficient 

without penalty functions because they all 

present intermediate solutions. According to the 

results, when a penalty function is used, scheme 

5 proved to be the best DMO scheme. However, 

for large analyses it’s better to use scheme 1 

with two penalizations due to his shorter 

computation time. 

Finally, it has been proved that this 

new way of using DMO method is feasible for 

flat or cylindrical structures, with one or more 
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reinforcements and different kinds of loads or 

boundary conditions. 

Considering the work developed and 

the results obtained in this thesis, some 

proposals for future work could be to: 

 Analyze different ways of cutting (ex: 

triangular shape) and bending (ex: 45º instead of 

90º) 

 Study and develop a new cutting way 

that makes it possible to reinforce the four sides 

of the hole. 

 Study and develop new and better 

weight functions to this problem, instead of 

DMO schemes. 

 Study the influence of different loads 

(pressure, moments…) and different boundary 

conditions. 

 Consider multiple load cases. 
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