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Abstract: Composite laminate  design  and optimization  requires discrete programming in order to find the 

correct number of plies with thicknesses, orientation angles, and material types which are usually restricted to 

a discrete set of values. Genetic algorithms are one of the few  optimization tools  available that are well 

suited to  such  discrete  problem solving environments. The main goal of  this  work  was to try  and 

improve the computational efficiency of the GA (its most serious drawback), and demonstrate the GA's 

ability to be easily adapted  to different  types of  composite  laminate  design  optimization  problems. Two   

different   versions   of  a   genetic   algorithm,   GA-I  and   GA-II,   were  developed specifically to accomplish 

these tasks. 

To demonstrate the flexibility of the GA structure, the GA-II algorithm was devised to handle more  complex  

composite  laminate  configurations  constructed  from multiple materials. The modified GA utilized two 

chromosome strings to represent the composite laminate. The first string defined the orientation angle of each 

ply, and the second string defined a  ply's  material type.  By  using two different  chromosome strings,  only 

small modifications  to  the  various  genetic operators  were  required.  The  two  chromosome string  concept  

was  tested  on  a  multi-objective  optimization  problem  which  involved minimizing laminate cost and weight 

of a simply supported composite plate subjected to various in-plane loading conditions, and numerous 

constraints. The cost of the laminate was based on the required lay up time and by its material make-up. To 

achieve high performance laminates  at  the  lowest cost, two  materials were  allowed  in  the  stacking 

sequence, one with high strength and cost, the other with lower strength and cost. The optimization  

formulation  was  carried  out  by  determining  separate  cost  and  weight objective functions. A convex 

combination of these two objectives was used for laminate fitness, and thus required  no  additional 

modifications  to the  GA. To  obtain  a  Pareto- optimal set of designs,  the influence of  cost  and weight 

on the overall fitness of a laminate configuration is adjusted from one extreme to the other by adjusting the 

convex combination accordingly. 

The objective of this Paper  is  to  devise a  genetic  algorithm  for  stacking sequence design of  symmetrically 

laminated composite plates. Stacking sequence design implies the determination of the number of plies in the 

laminate as well as their orientation. With this feature, the GA may be used to control laminate weight by 

adjusting the number of plies in the laminate stacking  sequence. The genetic  algorithm will not be 

allowed to adjust  the dimensions of the plate throughout the optimization process. Two different versions 

of a genetic algorithm are explored. 

 

I. COMPOSITE LAMINATES COMPRISED OF ONE MATERIAL 
For  the  GA-I   algorithm,  one  string  of  genes  is  used  to  represent  one  half   of  a 

symmetrically laminated composite plate. The  length of the  gene  string  is kept  fixed throughout the 

optimization process. Each gene in the string is represented by an integer value between 0  and 10 and 

determines whether  the  ply  stack  location  is  empty or occupied with a 3-ply stack which may be oriented 

at any angle between 00  and 900, in increments of 100, see Figure1. Although the gene string length is fixed, 

having empty plies makes it possible to change the laminate thickness during the optimization process. Coding 

the ply orientation angles as consecutive integers is not really necessary, since all the genetic operators could 

apply directly to the angles. However, the implementation of random  choices with given  probabilities  is  both 

easier to  describe and  program for integer intervals than for arbitrary sets of objects[1 ]. 

      All  plies  in  the  stacking  sequence  have  the  same  prescribed  thickness  value 00, 103
0  , etc.) to 

keep the number of and are  stacked in groups of  three (i.e., 03
0  ,  203 design variables used and the size 

of the design space to a minimum. An example of a decoded  stacking sequence is given in  Figure 5 .2, 

where  E represents an  empty 3-ply stack. Note that empty  stacks are  pushed to the outer edge (left end) of  

the laminate stacking sequence to avoid having voids in the laminate. 
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1.1 GA Procedure 

An initial population of genetic strings with randomly chosen genes is created first. The size of the 

population used in the present work remains constant throughout the genetic optimization. Various genetic 

operators are applied at given probabilities to generate new laminates. In order to form successive generations, 

parents are chosen from the current population based on their fitnesses, as described in the following 

subsection. The fitness calculation usually involves function values that are determined from separate 

analysis subroutines  or packages.  Next,  the crossover, mutation,  and  ply swap  operators are applied to 

create child designs, who are hopefully better suited to their environment than their  parents.  The  child  

population  is  then  analyzed  and  ranked.  To  complete  the generation cycle, a selection scheme is 

implemented which determines which laminates from  the  child  and  parent  population  will  be  placed  in  

the  next     generation.  One generation after another is created until some stopping criterion is met. A 

schematic of the genetic algorithm procedure is given in Figure 3. 

 

1.2 Parent Selection 

Parent  selection  is  accomplished  using  a  roulette  wheel  concept.  This  method  of selection 

differs from other evolutionary algorithms because it gives every member of the population a chance to 

become a parent (i.e., a non-extinctive breeding procedure). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: GA-I code key for laminate stacking sequence. 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Figure  2: Sample stacking sequence arrangement for GA-I. 
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Figure 3: Genetic algorithm procedure. 

 

Before parent selection can begin, all laminates  must be  ranked from best to  worst according  

to  the  value  of  each  laminate's  objective  function [2].  A  roulette   wheel  is implemented  where  the iTH 

ranked laminate in  the  population is given an interval [ĭi-1, ĭi),  whose size depends on the population size, P, 

and its rank, i, in the population: 

 

 

 

 

 

 

 

1         Φi=0    and i = 1,……, P. For example, if there are three laminates in a population, the roulette wheel is  ivided 

into three pieces  with the best laminate taking 50% of the wheel, the second best taking 33%, and the  oorest 

taking 17%, see Figure 4-a. 

A uniformly distributed random number is generated between 0 and 1; laminate i is selected as a 

parent if the number lies in the interval   [ĭi-1, ĭi), Continuing with the above example, if  random numbers r1  

= 0.3 ȯ   [0, 0.5) and  r2  = 0.7 ȯ  [0.5,  0.83) are drawn, then  laminate  1 and  laminate  2  will  become  

parents of  the first  child, see  the shaded regions in Figure 5.4-b. Parents of a child are required to be 

distinct laminates from the population [3]. 

 

1.2 Crossover 

      Children  are  created  by  combining  a  portion  of  each  parent's  genetic  string  in  an operation  

called  one-point  crossover.  To  determine  the  crossover  point,  a  uniformly distributed random number is 

chosen and then multiplied by one less than the maximum number of non-empty genes in the two parents. 

The integer ceiling value of this product determines the crossover point, see Figure 5.5. The gene string is 

then split at the same point in both parents. The left piece from parent 1 and the right piece from parent 2 are 

combined to form  a  child laminate. To  ensure that empty plies are not  swapped, all empty plies are 

pushed to the left side of the coded string (this corresponds to 
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a) Roulette wheel distribution for 3 laminates.        b) Parent selection using random numbers, r1 and r2. 

Figure 4: Parent selection using a roulette wheel. 

 

THe outer edge  of  the laminate). The  random  crossover point  is  restricted to fall in  the non-empty 

region  of  both  parent laminates to  ensure that the  child laminate is unique, see Figure 5 .5. If, during the 

creation of the child population, crossover is  not applied then one of the parent laminates is cloned into the 

child string. Child laminates are also forced  to be distinct from each  other and from laminates in  the parent 

population. If a distinct  child cannot be  found after  a  prescribed number  of iterations, then  one  of the 

parents is cloned into the child population also. The crossover process is repeated as many times as 

necessary to create a new population of laminates [4]. 

 

1.3 Mutation 

After a child is created, the operations of adding, deleting, or mutating genes occur with small 

probabilities. These  operators  make up genetic  mutation, and are  illustrated in Figure 6. When adding a 

ply stack, a uniform random number is chosen to determine the  orientation.  For  the  design  problems  

considered  in  this  work,  outer  plies  in  the laminate  will  get  set  up faster because  they have  a  greater 

influence  on  the objective function. Thus, added ply stacks are always introduced at the mid-plane of the 

laminate, see Figure .6-a. 

To delete  a  ply  stack, a  random  number is  chosen  and the  corresponding stack is removed from 

the stacking sequence by replacing it with a 0 gene. The laminate is then re-stacked so that all empty plies are 

pushed to the outer edge of the laminate, see Figure 5.6-b. 

Gene  alteration  is shown  in  Figure  6-c.  Each  gene  in the  string  switches  with  a small probability 

to any other permissible integer value (as defined in Figure 1) except  [5]. 

0 and the value of the gene before ply alteration occurs. Ply alteration does not operate on empty 

genes either. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: One-point crossover. 

1.4 Ply Swap 

In previous works,  a  permutation operator (see Figure.2) was  often  used to aid  the genetic search 

but was found to shuffle the digits in the gene string too much [12]. Thus, a  less  disruptive  operator,  ply  
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swap,  was  designed  and  will  be  used  in  favor  of permutation for the  design  problems considered in 

this  work. The  ply swap  operator is implemented by randomly selecting two genes in the string and 

switching their positions, see  Figure.7.  Ply swap can  be  effective for problems  where certain  parts  of  

the laminate stacking sequence get set  up faster than others  [6]. For example,  if the  optimal stacking 

sequence for the outer section of the laminate has been determined first (as is the  case for  laminate  design  

problems  which  involve  bending),  the  ply swap  operator may help the GA determine the optimal 

orientations for the inner part of the laminate by swapping plies from each section. 

 

1.5 Composite Laminates with Multiple Materials 

In this section, modifications to the GA-I algorithm to allow for stacking sequences with multiple materials 

will be discussed. The second version of the genetic algorithm will be called GA-II. In the previous section, 

the entire laminate was comprised of one material. Thus, one chromosome consisting of one gene was 

sufficient to represent the laminate stacking    sequence.    However,    to    accommodate   two    or   more   

materials,    each chromosome is expanded to include two gene strings, one for ply orientation and another one  

for material definition.  The  representation of  genes by integers  in  each  string is maintained. Genes in the 

first string will once again determine whether the ply location is empty or filled with a ply of prescribed 

orientation. Corresponding genes in the second string determine the ply material if the ply is present. By 

employing two gene strings, the number of materials that may be used in the stacking sequence may be 

changed easily by adjusting the size of the material gene alphabet [7]. 

In the  application of the two material  design  problem, single ply stacks are used instead of  

stacks of 3 plies, with ply  orientation choices  of  00, through 900  with   150 increments,  see  Figure 8.  

Ply  thickness  may  take  one  of  two  prescribed  values depending on the material that a ply is comprised 

of, as shown in the sample stacking sequence of Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)   Ply Addition (at least 1 empty stack) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Ply Deletion (at least 2 full stacks) 
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c) Single Ply-Stack Alteration (filled plies only) 

Figure.6: Mutation 

 

 

 

 

 

 

 

 

 

 

7:  Ply swap. 

 

2.1 Decoding the Gene Strings 

To  incorporate  the  two  material   concept  into  the  GA,  a  more  complex  decoding procedure 

was required. Orientation genes that are coded as integer values between  2 and  6  represent  either  the 

positive  or  the negative value  of  the  corresponding  ply orientation angle defined in Figure 5 .8. For 

example, a 4 represents either a +450  or a í450 ply in the orientation gene. For the problem considered in 

Paper 5 laminates will be constrained to have a balanced stacking sequence to simplify analysis procedures. 

To maintain a balanced laminate or obtain a laminate as close to balanced as possible, the  θ  plies are 

decoded alternately.  For  example,  the first 4 (starting from the outer edge of the laminate) encountered for a 

particular material is decoded as a +450 ply and the next 4 for the  same  material  is decoded as a  í450   

and  so  on.  This decoding methodology applies for all plies accept those oriented at 00 and 900, which are 

decoded in the normal fashion. Thus, a laminate stacking sequence  of   θ   plies is balanced if each + θ  ply 

is matched with a - θ , ply of the same material. If the   θ  plies are balanced for one material but not the 

other, the laminate is unbalanced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: GA-II code key for laminate stacking sequence. 
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Figure 5.9: Sample stacking sequence arrangement for GA-II. 

 

2.2 Modifications to the genetic operators 

The procedure for the GA-II algorithm remains mostly unchanged from the one used in the GA-I 

version, except for small modifications made to the genetic operators [8]. When a parent is selected for 

reproduction, both the ply orientation gene string and material gene string are used when  creating a child. In  

the crossover procedure, the orientation and material gene strings are split at the same point in both parents. 

The left pieces of both the orientation  and  material  gene  strings from  parent  one and the  corresponding  

right pieces  from  parent  2 are then combined to  form  a child laminate,  see Figure 10. Crossover  may  

also  have  the  effect  of  changing  some  +ș  plies  to  íș  also.  This phenomenon is also seen in Figure 

2.10 if one looks at the plies that are coded as 3 in both parents. In the second parent there is only one 3 for 

material 2 which gets decoded as +300 ply. When the child is created, the ply coded as a 3 that is passed from 

parent 2 now gets decoded as a í300 ply. This is because parent 1 also passed a ply to the child laminate that 

was coded as a 3 made of the same material. Since the 300 ply from parent 1 will be closer to the outer edge of 

the laminate, it will be decoded as +300 where as the second 3, which came form parent 2 gets decoded as 

í300. 

The procedure for the mutation operator is  modified slightly  also. Ply addition and deletion are done 

simultaneously on both the orientation and material gene strings. Added plies are once again introduced at the 

mid-plane of the laminate. When a ply is added, the corresponding material gene is also added, see Figure 

11. When a ply is  deleted, it is picked at random with the corresponding material gene also being deleted,  

see  Figure 12.  Gene  alteration  is implemented  separately on  each gene string, with the same or different 

probabilities. If a gene is altered in the orientation gene, the  corresponding  material  gene  may  not  

necessarily  be  altered,  see  Figure  13. Furthermore, when genes are switched in the ply swap operator, both 

the orientation and material genes are swapped simultaneously, see Figure 14. As in crossover, the other 

genetic operators  may switch  the  sign  on  the  orientation  angle  of a  ply when they are applied, see for 

example the plies coded as 3 in the ply alteration procedure depicted in Figure 14. 
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Figure 10: Modified crossover operator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Modified mutation operator - ply addition

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: Modified mutation operator - ply deletion. 

 

III. OTHER IMPLEMENTATION CONCERNS 
Aside  from  the  modifications  addressed  for  the  inclusion  of  multiple  material  in  the laminate  

stacking  sequence,  the  genetic  procedures  for  both   the  GA-I  and  GA-II algorithms are largely the  
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same.  However, there are some  general  implementation concerns pertaining to both versions of the 

algorithm that need to be discussed and are the focus of this section [9]. 

 

3.1 Selecting a Stopping Criterion for the GA 

The first issue is the stopping criterion for the genetic algorithm. The genetic search may be stopped 

after a prescribed number of iterations with no improvement of the top design in  the  population.  This  

stopping  criterion  is  well  suited for  measuring  the  search if  an effort to improve the efficiency of the GA is 

being made. A simpler stopping criterion is to use an upper bound on the total number of function 

evaluations conducted by the GA. The  second   stopping   criterion  may  be   preferred   when   conducting  a   

number  of independent searches, and simplifies the calculation of the statistics of the GA at the end of  the 

search  since each  optimization  run  will  have  the same  number  of  generations.  The  first stopping criterion 

will be used in Paper  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Fitness Calculation 

The weight of the laminate can be implicitly or explicitly defined in the objective function for a 

laminate. Although the  thinnest  laminates will yield the  best  performance, they  are heavily  penalized  if  

the  material  fails  under  the  given  loading  condition [10].  Thus,  the laminates that yield the best 

performance without failing the material strength constraint will automatically be the lightest (i.e.,have the 

fewest number of plies). 

For the  multi-objective  optimization problem presented in  Paper 6, two  objective functions will be 

utilized. The first objective function  will explicitly contain the  weight of the laminate by counting the total 

number of plies in the stacking  sequence. A second function  will  contain  information  about  the  

manufacturing  and  material  cost  of  the laminate.  The  physical  weight and  cost  the  of the  laminate are 

then  adjusted using information pertaining to the buckling and strength constraint satisfaction of the laminate 

[11]. The  objective  functions  are  then  scaled  by the  corresponding  objective functions  of  a nominal  design  

to ensure  that the  cost  and  weight  of the  laminate are  represented accordingly. The overall fitness of the 

laminate is obtained as a convex combination of the two objective functions. The convex combination can 

then be adjusted to allow cost and weight  to  contribute  to  the  fitness  calculation in any  desired  manner [12]. 

An  in-depth discussion is given in Paper 6. 
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