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ABSTRACT 
 

Generally, once electronic products reach their end-of-life (EOL), they are sent to one of the 
EOL processes (Ex. remanufacturing, reuse and recycling). In most of the processes, a certain 
level of disassembly may be necessary in order to extract components from the products. 
Therefore, optimal disassembly sequences are very important in order to increase the efficiency 
of the disassembly process and must be generated in order to help minimize the disassembly 
complexity and time. Since the complexity of solving the disassembly sequencing problem 
dramatically increases with the increase in the number of product and component types, it is 
essential that an efficient methodology be developed. In this paper, we implement Genetic 
Algorithm, which employs heuristic search algorithm concept, to solve the problem. A numerical 
example is considered to demonstrate how the methodology can be applied to effectively solve a 
problem with multiple product and component types. 
 

Introduction 
 

In many countries, wastes generated at the end-of-life (EOL) of electronic products have become 
one of the most important problems as they grew inconceivably large. Rapid technology 
development, as well as high demands on electronic products with superior technologies, force 
products with inferior technologies to reach their EOL sooner and result in premature disposition 
of mostly good functioning products. As a result, a proper management of this problem is 
indispensable in order to prevent and diminish electronics wastes, and thus to minimizes the 
negative impact to the environment. 
 
There are several ways to manage EOL products. The most common choices are 
remanufacturing, reusing, recycling and disposal. Among these, disposal is the least desirable as 
it could possibly bring harmful to the environment if done improperly, take up landfill space and 
valuable natural resources. On the other hand, remanufacturing, reuse and recycling are 
preferable alternatives since they not only save on disposal cost, they also help conserve the 
environment. Governments, manufacturers and consumers are aware of such problems. This has 
consequently led to the implementation of several environmental regulations. 
 
In order to perform remanufacturing, reusing and recycling, components and materials from EOL 
products must be obtained through the disassembly process. Disassembly is basically the process 
of systematic removal of the desired components or materials from the original assembly so that 
the components or materials are obtained in the desired form. Therefore, disassembly sequence 
provides the order in which the components are disassembled. To ensure the maximum 
efficiency of the disassembly process, disassembly sequence must be generated in such a way 
that the precedence relationship among the components is maintained and the disassembly 
complexity and time are minimized. 
 
In this paper, the main objective is to generate the optimal disassembly sequences for multiple 
products with different strategies. Since the complexities of solving the problem increase as the 
number of products and components grow larger, Genetic Algorithm (GA), which employs 
heuristic search algorithm concept, is a reasonable technique to solve such complex problem. By 



using GA, the near-optimal disassembly sequences can be effectively generated in a very short 
time. 
 

Literature Review 
 

Disassembly has recently been studied by many researches. A recent book by Lambert and 
Gupta [11] is helpful in understanding the general area of disassembly. We briefly summarize 
some of the relevant useful literatures for this paper. 

Boon, Isaacs and Gupta [2] provided a net profit function for recyclers to investigate and report 
the factors that most influence the profit, and to assess the effect of changes in different variables 
on recycler’s profits. Kongar and Gupta [8] proposed a multi-criteria decision making approach 
for disassembly-to-order system to determine the number of end of life products to be taken back 
and disassemble to satisfy the demand of each item. Stuart and Lu [19] proposed models to 
maximize the net revenue with processing and inventory capacity constraints. Sodhi and Reimer 
[18] introduced two mathematical programming models, one to minimize the cost of recycling 
and the other to maximize the recycling profit. Jung and Bartel [6] presented an economic 
analysis for used equipments in computer take-back and recycling process. Inderfurth and 
Langella [5] introduced an approach for solving the disassembly-to-order problems under 
stochastic yields. 

In the area other than maximizing profit or minimizing cost, Lambert and Gupta [10] presented 
the tree network model, which combines the advantages of the disassembly graph approach, and 
the component disassembly optimization model. Rose, Stevels and Ishll [16] provides a web 
based tool called ELDA (End-Of-Life Design Advisor) to present a statistical analysis of the case 
studies, and they also introduced the preliminary work of End-Of-Life Strategy Environmental 
Impact Model (ELSEIM) to predict end of life strategies for products, and to present an 
alternative method that uses the environmental impact scores from an in-depth life cycle 
analysis. Veerakamolmal and Gupta [21] introduced the model using DFDI (Design for 
Disassembly Index) to compare the merits and drawbacks of different product designs. Zhou, 
Caudill and Sebastian [23] proposed a multi-lifecycle product recovery model to consider full 
potential of recovering and reengineering materials from one product to create others many times 
over. Stuart and Lu [20] introduced a mixed-integer programming model to consider whether or 
not to process continuously at a particular station. Yano and Lee [22] presented a review of lot 
sizing strategies with random yields. Linton [13] proposed options and obstacles on managing 
electronic products at their end-of-life. Moyer and Gupta [15] presented a survey of works 
related to environmentally conscious manufacturing, recycling and complexity of disassembly in 
the electronics industry. Ellis [3] presented a review based on environmental issues in electronics 
manufacturing. Kasteren, Van Schijndel and De Ron [7] described the heavy metal issues in 
consumer electronics recycling and a new way of solving these problems. 

Literatures related to the techniques implemented in this research are as follows. Altiparmak, 
Gen and Lin [1] proposed a Genetic Algorithm to design multi-product multi-stage supply chain 
networks and investigate its effectiveness and efficiency on different size problems. McGovern 
and Gupta [14] presented Genetic Algorithm for obtaining optimal or near-optimal solutions for 
disassembly line balancing problems. Kongar and Gupta [9] applied Genetic Algorithm to solve 
disassembly sequencing problem. Lambert [12] presented a survey based on numerous literatures 



in, and closely related to, disassembly sequencing area. Sinanoglu and Borklu [17] presented an 
assembly sequence planning system based on binary vector representations. 
 

Disassembly Sequencing 
 

As stated earlier, disassembly sequence is the sequence that provides the order of the 
components to be disassembled. For example, in figure 1, the product contains 8 components 
which are components A, B, C, D, E, F, G and H. The product’s structure also represents the 
precedence relationship among components. The components on the top level will be 
disassembled first while the components on the bottom level will be disassembled last. Some of 
the possible disassembly sequences of the product are as shown in table 1. Components A, D and 
F have to be disassembled prior to components B and G. Accordingly, components B and G have 
to be disassembled prior to components C, E and H. 
 

 
Figure 1. Product’s structure 

Disassembly Sequences
1 A->D->F->B->G->C->E->H
2 F->D->A->G->B->C->E->H
3 A->F->D->B->G->E->C->H
4 D->F->A->G->B->H->E->C  

Table 1. Possible disassembly sequences 

We also consider penalty time due to the delay of changing disassembly type and direction. For 
example, changing from non-destructive to destructive disassembly will cause the delay from 
changing the equipments, changing the disassembly direction from x axis to y axis will cause the 
delay from configuring the machines, etc. In order to maximize the effectiveness of the 
disassembly process, disassembly sequence has to be generated in such a way that the 
disassembly complexity (changes in disassembly type and direction) and total disassembly time 
are minimized. 

In the following section, we introduce a technique based on the evolutionary concept, Genetic 
Algorithm, and describe how the technique can be implemented to solve the disassembly 
sequencing problem. 
 

Genetic Algorithm 
 

Genetic Algorithms (GA) is an adaptive heuristic search algorithm based on the evolutionary 
ideas of natural selection and genetics. The algorithm was inspired by Darwin's theory of 
evolution. In recent years, GA has become a popular optimization tool in many research areas 



due to its ability to reduce the combinatorial complexity of NP-complete problems and to exploit 
a random search within a defined search space in order to obtain the best solution. 

Initially GA starts with the set of randomly generated feasible solutions which form the initial 
population. Each member of the population (each solution) is encoded as an artificial 
chromosome. Chromosomes are normally represented by a combination of numbers, alphabets 
and/or other characters, which contain information about the solution mapping. Each 
chromosome is then assigned a score based on a predefined fitness function (a measure of how 
good is the solution). Chromosomes with good scores are chosen as parents to create the next 
generation of population in the hope of achieving chromosome with the best score. 

At each step of creation, crossover and mutation may occur. Crossover is a process that produces 
an offspring chromosome from a combination of two or more parent chromosomes. Mutation is a 
process that produces an offspring chromosome from a parent chromosome with altered 
elements. The examples of both processes are shown in figure 2. These two processes help bring 
more diversity to the chromosomes and expect the offspring with better scores. The 
chromosomes with good scores from the new population are then again used to create the next 
generation of population. The process continues as the population keeps evolving until the 
terminating conditions are met. Normally terminating conditions are to stop the process when the 
number of evolution step reaches a limit or when there is no improvement after a certain number 
of evolution steps, etc. 

 
Figure 2. Crossover and mutation process 

In order to solve the disassembly sequencing problem, we first randomly generate 12 sets of 
disassembly sequences for all product types. For each set, disassembly sequences are put 
together to form a chromosome. The example of the disassembly sequence chromosome is as 
shown below. 

Product Type 1 2 3
Disassembly Sequence A->C->D->E->B C->B->E->A->D E->C->A->B->D
Chromosome A C D E B C B E A D E C A B D  

Figure 3. Example of the disassembly sequence chromosome 

To make the problem more realistic, we also consider the precedence relationship among the 
components (For example, as seen in figure 5, component A has to be disassembled before 
component D for all product types). Then, for each chromosome, we calculate score based on 
predefined fitness function. Since our main objective is to minimize the disassembly complexity 
and time, fitness function comprises of disassembly time for component type j of product type i 
(DTij) and penalty time due to the changes of disassembly type (PDTij) and direction (PDDij) for 
component type j of product type i. Therefore fitness function is as shown below. 
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The disassembly time for each component type (DTij) depends on the required disassembly type 
(equal to non-destructive disassembly time (NDTij) for non-destructive disassembly process and 
destructive disassembly time (DDTij) for destructive disassembly process). If any changes in 
disassembly type are required, penalty time (PDTj) is set to disassembly type changing time 
(CDTj), otherwise it is set to 0. Accordingly, if any changes in disassembly direction are 
required, penalty time (PDDj) is set to disassembly direction changing time (CDTj), otherwise it 
is set to 0. 
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The calculated fitness value is basically a total disassembly time of the product which will be 
used as a chromosome’s score. After all chromosomes’ scores are obtained, the chromosomes 
are then ranked by from best to worst (the chromosome with the lowest disassembly time is the 
best). Subsequently, the best three chromosomes are chosen as parent chromosomes to create the 
next generation through the crossover and mutation process. The 12 chromosomes for the next 
generation are described below. 

Table 2. The 12 Chromosomes for the next generation 
1st Chromosome: First rank chromosome from the last generation
2nd Chromosome: Second rank chromosome from the last generation
3rd Chromosome: Third rank chromosome from the last generation

4th Chromosome:
Crossover between the 1st and the 2nd chromosomes
(with a probability of p and 1-p  that the elements will come from the 
1st and the 2nd chromosome respectively)

5th Chromosome:
Crossover between the 1st and the 3rd chromosomes
(with a probability of p  and 1-p  that the elements will come from the 
1st and the 3rd chromosome respectively)

6th Chromosome:
Crossover between the 2nd and the 3rd chromosomes
(with a probability of p  and 1-p  that the elements will come from the 
2nd and the 3rd chromosome respectively)

7th Chromosome: Mutation of the 1st chromosome (with a probability of m  for mutaion)
8th Chromosome: Mutation of the 2nd chromosome (with a probability of m  for mutaion)
9th Chromosome: Mutation of the 3rd chromosome (with a probability of m  for mutaion)

10th Chromosome: Mutation of the 4th chromosome (with a probability of m  for mutaion)
11th Chromosome: Mutation of the 5th chromosome (with a probability of m  for mutaion)
12th Chromosome: Mutation of the 6th chromosome (with a probability of m  for mutaion)

*Note that the probabilities are all from uniform distribution  



The process keeps repeating until one of the terminating conditions is met. In this case, the 
terminating condition occurs when the number of evolution step reaches 1000, or when there is 
no improvement in the best chromosome for 200 steps. In this paper, Genetic Algorithm 
application is built by using Delphi programming language. The procedure to solve the DTO 
problem using GA is summarized in figure 4. 

 
Figure 4. Procedure to solve the DTO problem by using GA 

 
Case Example 

 

We consider a case example involving four types of notebooks as take-back products. The 
structures of the products and important input data of the components are shown in the figure and 
the table below. 

 
Figure 5. Take-back products’ structure for case example 

 



Table 3. Disassembly time and direction for each component 
Non-Destructive

Disassembly Time 
(sec)

Destructive
Disassembly Time 

(sec)

Disassembly
Direction

[A] LCD Monitor Type I 15 8 x
[B] LCD Monitor Type II 15 8 x
[C] Motherboard Type I 20 10 y
[D] Motherboard Type II 20 10 y
[E] Processor 5 3 z
[F] Memory 4 2 z
[G] Harddrive 20Gb 8 4 -x
[H] Harddrive 30Gb 8 4 -x
[I] CD Drive 6 3 -y
[J] Combo Drive 6 3 -y
[K] Network Card 4 2 z
[L] Modem 5 3 z
[M] Keyboard 8 4 z
[N] Battery 5 3 -z
[O] Power Adaptor 4 2 -z

Components

 
Penalty time for changing disassembly type (between non-destructive and destructive 
disassembly), changing 90 degree disassembly direction (Ex. from x to y) and 180 degree 
disassembly direction (Ex. from x to -x) are 5, 2 and 4 seconds respectively. Precedence 
relationships among the components are as shown as level forms in figure 6. For Example, in 
notebook type 1, components in the first level (A, M, N and O) must be disassembled prior to the 
components in the lower levels (second, third and fourth levels). Accordingly the components in 
the second level (G and I) must be disassembled prior to the components in the third and fourth 
levels. 

Consider the results from Imtanavanich and Gupta [4], the number of products sent to each of the 
disassembly station and how to selectively disassemble the products are summarized in the tables 
below. 

Table 4. The number of products sent to each process 
Product Type 1 Type 2 Type 3 Type 4
Number of take-back products 241 261 400 321
Number of good-for-disassembled products 236 253 396 315
Send to
Complete Non-Destructive Disassembly 236 68 186 165
Complete Destructive Disassembly 0 0 5 0
Selective Mixed Disassembly 0 185 205 150  



Table 5. The details on how to selectively disassemble the products 
Product 2

(From 185 Units) Non-Destructive Destructive Ignore

110 Units A,D,F,H,L,N E,I,J,M,O -
25 Units A,D,F,H,L,N I,J,M,O E
19 Units A,D,F,H,I,L,N J,M,O E
19 Units A,D,F,H,L,N E,J,M,O I
12 Units A,D,F,H,I,L,N E,J,M,O -

Product 3
(From 205 Units) Non-Destructive Destructive Ignore

107 Units E,F,J,K,O B,C,G,M I,N
19 Units E,F,J,K,O B,C,G,I,M N
18 Units C,F,G,J,K B,I,N E,M,O
15 Units C,F,G,J,K B,I E,M,N,O
14 Units F,G,J,K,O B,C,I E,M,N
13 Units E,F,J,K,O B,C,G,I M,N
10 Units F,J,K,O B,C,G,I E,M,N
9 Units C,F,G,J,K,O B E,I,M,N

Product 4
(From 150 Units) Non-Destructive Destructive Ignore

105 Units B,F,J,L,M D,E,H,K,N O
14 Units B,J,K,L,N D,E,H,M F,O
14 Units B,J,L,M D,E,H,K,N F,O
12 Units B,J,L D,E,H,K,M,N F,O
5 Units B,J,L,N D,E,H,K,M F,O  

By using Genetic Algorithm, The optimal disassembly sequence and total disassembly time for 
each product type in each disassembly station and strategy is shown below. Total run time was 
approximately 15 seconds. 

Table 6. The optimal disassembly sequences (bold fonts represent non-destructive disassembly) 
Non-Destructive Disassembly Station

Product Type Amount Time (sec/unit)
1 236 M->A->O->N->G->I->K->F->E->C 100 sec
2 68 A->M->O->N->J->I->H->F->L->E->D 92 sec
3 186 B->N->O->M->I->J->G->K->E->F->C 90 sec
4 165 B->N->O->M->J->H->F->L->E->K->D 83 sec

Destructive Disassembly Station
Product Type Amount Time (sec/unit)

3 5 B->M->N->O->G->I->J->F->E->K->C 59 sec
Mixed Disassembly Station

Product Type Amount Time (sec/unit)
2 110 A->N->O->M->J->I->H->E->F->L->D 91 sec
2 25 A->N->O->M->J->I->H->F->L->D 78 sec
2 19 A->N->O->M->J->I->H->F->L->D 81 sec
2 19 A->N->O->M->J->H->E->L->F->D 88 sec
2 12 A->N->O->M->J->I->H->E->F->L->D 94 sec
3 107 O->B->M->G->J->K->E->F->C 70 sec
3 19 O->B->M->G->I->J->K->E->F->C 73 sec
3 18 B->N->I->J->G->K->F->C 68 sec
3 15 B->I->J->G->K->F->C 63 sec
3 14 O->B->I->G->J->K->F->C 68 sec
3 13 O->B->G->I->J->E->F->K->C 69 sec
3 10 O->B->G->I->J->F->K->C 64 sec
3 9 B->O->J->G->K->F->C 62 sec
4 105 N->B->M->H->J->F->L->K->E->D 82 sec
4 14 N->B->M->J->H->L->K->E->D 80 sec
4 14 N->B->M->H->J->L->K->E->D 78 sec
4 12 N->B->M->H->J->L->K->E->D 74 sec
4 5 N->B->M->H->J->L->K->E->D 74 sec

Disassembly Sequence

Disassembly Sequence

Disassembly Sequence

 
 



Conclusions 
 
We apply GA technique to solve the disassembly sequencing problem. In the real situation, 
solving the disassembly sequencing problem involves high complexity and requires very long 
calculation time when the number of products and components grow large. GA, which employs 
heuristic search algorithm, is absolutely an appropriate alternative to exhaustive search 
algorithm. GA proves itself to be very effective in achieving the optimal disassembly sequences 
of several products with different strategies in a very short time. For each evolutionary step, 
implementing crossover and mutation processes helps bring diversity to the solving procedure. 
Moreover, selecting best three chromosomes as parent chromosomes guarantees the process to 
create better, or at least equally good, population. 
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