
 

 

 

Department of Mechanical Engineering 

College of Engineering 

National Taiwan University 

Master Thesis 

 

Rule-Based Recursive Selective Disassembly Sequence 

Planning for Green Design 

 

 

  

Chen, Wei-Hsiang 

 

  

Advisor: Shana Smith, Ph.D. 

 

 

June, 2009 





 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 

Disassembly sequence planning not only reduces product lifecycle cost, 

but also greatly influences environmental impact. Therefore, many prior 

green design research studies have focused on complete disassembly of an 

end-of-life product to reuse, recycle, recovery, and remanufacturing useful 

or valuable components. To reduce environmental impact, many countries 

set up certain regulations to avoid importing environmental unfriendly 

products. In green design, it is important to consider environmental 

regulations during the disassembly sequence planning stages. However, 

complete disassembly is often not practical or cost effective if only a few 

components will be recovered and recycled from a given product. Selective 

disassembly sequence planning is usually used to only disassemble one or 

more components from a product to reuse, recycle, recovery and 

remanufacturing to reduce environmental impact. 

Most prior methods either enumerate all solutions or use a stochastic 

method to generate random solutions. Enumerative or stochastic methods 

often require tremendous computational resources while, at the same time, 

they often fail to find realistic or optimal solutions. This thesis presents a 

rule-based recursive method for finding an optimal heuristic selective 



 

disassembly sequence for green design. Based on certain heuristic 

disassembly rules, the proposed method can eliminate uncommon or 

unrealistic solutions. Thus, it can greatly reduce computational resources 

and find high-quality solutions effectively.  

Based on the defined rules, before any component can be removed, its 

attached fasteners need to be removed first. However, before the fasteners 

can be removed, other components or fasteners might need to be removed. 

In this research, three major functions are developed to handle the recursive 

removal of components and fasteners. In addition, rather than considering 

geometric constraints for each pair of components, the developed method 

only considers geometric relationships between a part and its neighboring 

parts. If a retrieved part can be disassembled, its geometric relationships 

with the neighboring parts will dynamically be deleted and updated. As a 

result, the developed method can effectively find an optimal heuristic 

selective disassembly sequence while greatly reducing computational time 

and space.  

Keywords. Selective disassembly sequence planning, rule-based, recursive, 

optimal, green design. 
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Chapter 1 Introduction 

In early study, many researchers focus on optimal assembly or disassembly 

sequence planning in manufacturing. The 

 purpose is to reduce the manufacturing cost and increase the product value. 

However, having an optimal assembly/disassembly sequence is not the only way to 

reduce the product cost. Other research focuses on reusing the useful components or 

valuable materials. Thus, disassembly sequence designers should consider not only 

finding an optimal disassembly sequence but also reusing, recycling, and 

remanufacturing useful parts.  

There is no clear definition to define what “Green Design” is. However, many 

studies consider planning optimal disassembly sequences, reducing environment 

impacts, and reusing, recycling, recovery and remanufacturing of end-of-life products is 

“Green Design”. In order to reduce the environmental impacts, many countries set up 

certain regulations to avoid importing environmentally harmful products. There are 

three general regulations: Waste Electrical and Electronic Equipment Directive (WEEE), 

the restriction of the use of certain hazardous substances in electrical and electronic 

equipment (Restriction of Hazardous Substances Directive 2002/95/EC, RoHS) and 

Energy Using Products Directive (EuP), which is used widely in electrical and 

electronic equipments and energy-using products.  
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WEEE proposes that products which can be easily disassembled and be easily 

removed can be easily reused, recovered, recycled and remanufactured [24]. It prevents 

manufacturers from producing special design products so that the end-of-life products 

can be easily disassembled for reuse, recycle, recovery and remanufacturing, unless the 

special designed products are good, efficient and useful for reducing the environment 

impacts [24]. RoHS restricts producers to include parts with hazardous substances 

above the maximum concentration values and the producers have to provide a 

documentation to show that the product is compliant RoHS. EuP requires manufacturers 

to consider life cycle design and ecodesign requirements in product design [26]. The life 

cycle means the consecutive and interlinked stages of an energy-using product from raw 

material to final disposal [26]. The ecodesign requirement means any requirement in 

relation to an energy-using product, or the design of an energy-using product, intended 

to improve its environmental performance, or any requirement for the supply of 

information with regard to the environmental aspects of an energy-using product [26].  

Selective disassembly sequence planning is especially important for green design 

because selective disassembly sequence planning usually disassembles one or more 

components from a product to reuse, recycle, recovery, or remanufacturing to reduce the 

environmental impacts. Selective disassembly sequence planning is a powerful and an 

efficient tool for solving de-manufacturing (DM) problem. DM involves separating 
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certain components and materials from a product for reuse, recycle, replace, and 

maintenance to increase product life cycle cost [6]. However, finding an optimal 

selective disassembly sequence is a very difficult and complex problem when multiple 

factors are involved, e.g., disassembly time, cost, reorientations, tools, and 

environmental regulations. 

Some prior studies have utilized advanced searching algorithms to find optimal 

selective disassembly sequences. Srinivasan et al. applied a wave propagation method to 

solve selective disassembly problems [19, 20, 21]. They used the geometric and 

topological information from the CAD models of components to determine the selective 

disassembly sequences. Their method does not only focus on disassembling one 

component but also multiple components, or even the total selective disassembly [19]. 

They assume four conditions for their selective disassembly sequence planning: 1) the 

relative motions of the components are determined without considering the tools, 

fixtures, or robots; 2) assemblies are assumed to be frictionless and nominal geometry; 

3) components are removed from an assembly by single linear motions and they are 

removable after removing one of their adjacent components. Fastener are not considered 

to be components; 4) the disassembly sequences remove one component at a time, and 

all components can be removed by a non-destructive disassembly method [19, 20]. They 

evaluate each selective disassembly sequence by the number of removed components. 
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They consider the optimal selective disassembly sequence to be the sequence with the 

minimum number of removals [19, 20, 21]. Although their evaluation function is simple, 

it might not satisfy the demand of certain product designs. Therefore, Chung and Peng 

[7] added more evaluation criteria when using wave propagation method in selective 

disassembly sequence planning, e.g., disassembly time, cost, and tool changes.  

Ant colony optimization (ACO) algorithms are also used in the optimal selective 

disassembly sequence planning problem [23]. Most ACO-based selective disassembly 

sequence planning consider the geometric constrains of the assembly and evaluate each 

selective disassembly sequence with the number of reorientations and the number of 

removed components to get the optimal solutions [23, 24, 25, 27]. 

Other than the wave propagation method and ACO, some other methods are also 

used in the selective disassembly sequence planning problems, e.g., Kara et al. [14] 

reversed and modified assembly sequences to obtain disassembly sequences. They used 

a liaison diagram to show the geometric connections, Chung and Peng [7] used heuristic 

methods, e.g., genetic algorithms, to solve the selective disassembly planning problem, 

Aguinaga et al. [2] used a rapid-growing random tree method to solve the selective 

disassembly planning problem. However, their method generates too many paths, and, 

thus, it takes a significant amount of time to find optimal sequences. In addition, their 

results might not be consistent. 
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Shyamsundar and Gadh [18] developed a recursive method which analyzes the 

geometric information and considers both separation directions and disassembly 

directions to remove a target component from an assembly. It is not easy to set up the 

input information for the separation directions and disassembly directions. Srinivasan 

and Gadh also developed a global selective disassembly method which considers 

non-interfering (collision free) geometrical constraints, including the spatial constraints 

and user-defined constraints [22]. 

Most searching methods use specific information in their searching processes: 

geometric constraints [2, 11, 15, 22, 23, 26], topological positions [7, 15, 22, 26], liaison 

relationships [14], AND/OR graphs [2, 11], precedence graphs [11], fastener 

accessibility [5], and component accessibility [22]. Criteria used to evaluate 

disassembly sequences include the number of removed components [1, 7, 11, 15, 22, 23, 

24, 26], disassembly time [2, 6, 13, 14, 25], reorientations [23, 25, 27], and tool changes 

[7, 25, 27]. Usually, “cost” is a controlling evaluation factor. To reduce disassembly cost, 

most selective disassembly sequence planning methods focus on minimizing the 

number of removed components, disassembly time, and reorientation time. Table 1 

shows the existing selective disassembly sequence planning methods and their 

approaches and evaluation methods. 
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Table 1. Approaches of the existing selective disassembly sequence planning methods.  

Author(s) Methodology Input Information Evaluation  
Srinivasan et al. 
[19, 20, 21] 
 

Wave propagation Geometric and 
topological information  

Minimal removals 

Garcia et al. [11] Wave propagation Geometric information, 
precedence graph, and 
AND/OR graph 

Minimal removals 

Mascle and 
Balasoiu [15] 

Wave propagation Tool or components 
accessibility and 
topological information 

Minimal removals 

Chung and Peng 
[5,6] 

Wave propagation Topological 
information, tool 
accessibility, and 
fastener accessibility 

Time 

Yi et al. [26] Wave propagation Geometric and 
topological information  

Minimal removals 

Wang et al. 
[23,24] 

Ant colony 
optimization 

Geometric information, 
pro toolkit, and Pro/E 
CAD models 

Minimal removals 
and reorientation 

Xue et al. [25] Ant colony 
optimization 

Disassembly hierarchy 
information graph 
(DHIG) and 
disassembly precedence 
constrain matrix (DPM) 

Time, 
reorientation, and 
tool changes 

Zhan et al. [27] Ant colony 
optimization 

Hybrid graph Reorientation and 
tool changes 

Shyamsunder and  
Gadh [18] 

Recursive method Geometric information 
and virtual prototype 

Minimal removals 

Aguinaga et al. 
[1,2] 

Rapid-growing 
random tree 
(RRT) 

Geometric information , 
AND/OR graph, and 
CAD 

Time 

Srinivasan and 
Gadh [22] 

Global selective 
disassembly 

Geometric and  
topological 

Minimal removals 
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algorithm Information, and 
component accessibility 

Kara et al. 
[13,14] 

Reversing and 
modifying a 
methodology 
developed by 
nevins and 
whitney (1989) 

Liaison relationship Time 

Chung and Peng 
[7] 

Genetic 
algorithms (GAs) 

Topological 
information 

Removals, time, 
tool changes, and 
weights 

 

According to Table 1, most selective disassembly sequence planning methods 

focus on minimizing the removal of components, the disassembly time, and the 

reorientation times to reduce the cost of the selective disassembly process. The purpose 

is to find optimal selective disassembly sequences and increase the value of EOL 

products and reduce the environmental impacts through the effective DM methods. 

Selective disassembly sequence planning research aims to find optimal solutions to the 

selective disassembly planning problem. However, finding an optimal solution is a 

difficult problem. Most prior methods either enumerate all solutions or use stochastic 

methods to generate random solutions. Methods which enumerate all solutions can find 

optimal solutions. However, they might require a tremendous amount of computational 

resources. Therefore, they are generally not practical for solving realistic product design 

problems. As a result, most recent methods aim to find near-optimal or heuristic 
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solutions. Stochastic random methods, such as ACO and GAs, might generate solutions 

which meet geometric and topological constraints. However, the given solutions might 

not be practical for use in reality. 

This paper presents a rule-based recursive method for obtaining optimal heuristic 

selective disassembly sequences. The method uses certain disassembly rules to 

eliminate uncommon or unrealistic solutions. The geometric and topological 

information and fastener accessibility of a product will be examined from inward to 

outward to set up any possible disassembly sequences until the target component is 

removed. Use the proposed recursive techniques, only the geometric relationship of a 

component with its neighboring components and fasteners need to be considered. It 

greatly reduces the searching complexity which considers the geometric constraints 

between each pair of components.  

Although the prior methods which use wave propagation and recursion also 

analyze the geometric information from the inward target component to the outward to 

generate disassembly sequences, prior methods require some conditions for an assembly 

and such conditions limit general application of their methods [18, 19, 20, 21]. 

Our method can handle both single-component and multiple-component 

disassembly problems. The evaluation function includes disassembly time, 

reorientations, number of removed components and fasteners, environmental impacts, 
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and green design regulations. Disassembly time refers to the time required to remove a 

fastener or a component from an assembly. Reorientation refers to changing the  next 

disassembly direction to remove a component from an assembly. Minimizing the 

number of removed components and fasteners can reduce the reorientation times, tool 

changes and disassembly time to increase the effectiveness of the DM process. 

Environmental impacts and green design regulations are used to reduce pollutant goods 

and increase the EOL product value. Three major regulations are used: Waste Electrical 

and Electronic Equipment Directive (WEEE) [9], the restriction of the use of certain 

hazardous substances in electrical and electronic equipment (Restriction of Hazardous 

Substances Directive 2002/95/EC, RoHS) [8] and the Energy Using Products Directive 

(EuP) [10]. 
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Chapter 2 Definitions of Geometric Relationships 

In this thesis, a component means a non-fastener element in a product. A part 

means either a component or a fastener in a product. Here, we consider parts are 

removed from an assembly by single linear motions. 

 

2.1 Disassembly Parameters for Fasteners 

We define a disassembly parameter matrix for fasteners, DF, which records the 

disassembly directions of each fastener. If a fastener can be disassembled out of an 

assembly along its axial direction without any collision, the corresponding tuple in DF 

is set to be 0; otherwise, it is set to be -1. It is because we set positive integrate for 

components and fasteners identification. For example, in Figure 1, there are four 

fasteners, 5, 6, 7, and 8, and four components, 1, 2, 3, and 4. In Figure 1, the fastener 5 

can be removed along +y direction, but not in other directions. Thus, DF5 (+x : –x : +y : 

-y) = (-1 : -1 : 0 : -1). Likewise, DF6 (+x : –x : +y : -y) = (-1 : 0 : -1 : -1), DF7 (+x : –x : 

+y : -y) = (0 : -1 : -1 : -1), and DF8 (+x : –x : +y : -y) = (-1 : -1 : 0 : -1). A fastener 

disassembly parameter matrix DF is composed of the disassembly parameters for all the 

fasteners. Thus, DF = [DF5 DF6 DF7 DF8]T: 
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Figure 1. Example assembly 1. 

 

In this study, we assume all fasteners can only be disassembled in one direction. If 

a fastener is welded to a component, it becomes an integral part of that component. 

Thus, in this study, the fastener will not has parameters like (+x : –x : +y : –y) = (-1 : -1 : 

-1 : -1). 
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2.2 Disassembly Parameters for Components 

We define a disassembly parameter matrix for components, DC, which records the 

immediately touched components and fasteners which constrain the motion of a target 

component in only one direction of a principal axis. We set the parameter value 0 if 

there are not any components and fasteners constraining the target component to 

disassemble. Parts constrain the motion of a target component in both directions of a 

principal axis will be considered in the next session. 

If a component will collide with any fasteners or components when moving along a 

principal direction, the corresponding tuple in DC will record the immediate collided 

fasteners and components. Here, we use lower case letters to represent fasteners and 

upper case letters to represent components. For example, in Figure 1, DC1 (+x : –x : +y : 

-y) =(0 : 0 : 5,8 : 2,4). Likewise, DC2 (+x : –x : +y : -y) = (3 : 6 : 1,5 : 0), DC3 (+x : –x : 

+y : -y) = (4,7 : 2,6 : 0 : 0), and DC4 (+x : –x : +y : -y) = (7 : 3 : 1,8 : 0). A component 

disassembly parameter matrix DC is composed of the disassembly parameters for all the 

components. Thus, DC = [DC1 DC2 DC3 DC4]T: 
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2.3 Motion Constraint Parameters 

We define two motion constraint parameter matrices, one records motion 

constraints for fasteners (MF), and the other records motion constraints for components 

(MC). Before MF and MC can be defined, “first-level parts” needs to be defined. 

First-level parts are parts which do not immediately touch the target components or 

fasteners but which are the first parts beyond the immediately touching parts which 

would block movement of fasteners or target components in given moving directions.  

The MF matrix records both the first-level parts of a fastener and any immediately 

touching components of the fastener in a given disassembly direction. For example, in 

Figure 2, there are six fasteners, 7, 8, 9, 10, 11 and 12, and six components, 1, 2, 3, 4, 5, 

and 6. The fastener 12 can only be disassembled along the +y direction. However, since 

component 1 is the first component which fastener 12 would collide with, in the given 

disassembly direction, component 1 is a first-level component of fastener 12. Thus, 

MF12 (+x : –x : +y : -y) = (0 : 0 : 1 : 0). 

Recall that the disassembly parameter matrix for components, DC, only records 

immediately touching components and fasteners which constrain motion of a target 

component in one direction of a principal axis. In contrast, MC records only the 

first-level parts of a target component, omits fasteners, and includes components and 

fasteners which constrain motion of the target component in both directions of a 
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principal axis. For example, in Figure 2, the first-level part of component 6 is 

component 5, and component 6 is also constrained by fastener 12 in both directions of 

the x-axis. Thus, MC6 (+x : –x : +y : -y) = (12 : 12 : 5 : 0). In the two parameters we set 

the parameter value 0 if it is not satisfying with the two conditions, “first-level parts” 

and the constraint includes in both directions of a principal axis. If we set -1 in the two 

parameters, it means to constrain the target component to disassemble in the 

corresponding direction. 

 

 

Figure 2. Example assembly 2. 
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Figure 3 shows another example. The assembly in Figure 3 includes two 

components, 1 and 2, and one fastener 3. For the given assembly, DC1 (+x : –x : +y : -y) 

= (0 : 0 : 2,3 : 0), MC1 (+x : –x : +y : -y) = (2,3 : 2,3 : 0 : 0), DC2 (+x : –x : +y : -y) = (0 : 

0 : 3 : 1), and MC2 (+x : –x : +y : -y) = (1,3 : 1,3 : 0 : 0).  

 

 

Figure 3. Example assembly 3. 
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Chapter 3 Selective Disassembly Sequence Planning 

We define six rules for our recursive selective disassembly planning processes. In 

the rules below a parent part is a part which has already been selected for disassembly. 

The Sequence_Store is a storage space to store an incomplete or a complete disassembly 

sequence.  

Rule 1:  IF (there is any fastener attached to a component) THEN (the fastener needs to 

be disassembled first) 

Rule 2:  IF (there are corresponding tuples in both DFi and MFi which are 0) THEN 

(disassemble fastener i along the direction associated with the tuples and store 

fastener i in Sequence_Store) 

Rule 3:  IF (there are tuples in DFi which are 0 but the corresponding tuples in MFi 

which are not 0) THEN (remove the parts in the corresponding tuples in MFi 

but which are not parent parts of fastener i, before i can be disassembled) 

Rule 4:  IF (there are corresponding tuples in both DCn and MCn which are 0) THEN 

(disassemble component n along the direction associated with the tuples and 

store component n in Sequence_Store) 

Rule 5: IF (there are no corresponding tuples in both DCn and MCn which are 0) THEN 

(remove the parts which are in DCn and the first-level components which are in 

MCn, but not the parent components of n, before component n can be 
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disassembled) 

Rule 6: IF (the motion of component n is constraint by the same parts in both directions 

of a principal axis in MCn) THEN (the both directions of the principal axis 

cannot be chosen as disassembly directions) 

As shown in Figures 4-6, our recursive selective disassembly planning method 

includes three basic functions: Func_Component(), Func_Remove_Component(), and 

Func_Remove_Fastener(). The first function, Func_Component(), checks if a 

component n is fixed by any fasteners or components. If component n is fixed by any 

fasteners, according to Rule 1, all the fasteners need to be disassembled first, and 

function Func_Remove_Fastener() is called. If component n is not fixed by any 

fasteners but fixed by some other components, according to Rule 5, all the components 

need to be disassembled first, and function Func_Remove_Component() is called. If 

component n is not fixed by any fasteners or any components, according to Rule 4, it 

can be disassembled and stored in Sequence_Store.  

Func_Remove_Fastener() will check if a fastener i is fixed by any fasteners or 

components. If fastener i is fixed by any other fasteners, according to Rule 3, all the 

fasteners need to be disassembled first, and function Func_Remove_Fastener() itself is 

called. If fastener i is not fixed by any fasteners but fixed by some other components, 

according to Rule 3, all the components need to be disassembled first, and function 
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Func_Remove_Component() is called. If fastener i is not fixed by any fasteners or any 

components, according to Rule 2, it can be disassembled and stored in Sequence_Store. 

If a fastener or a component is disassembled, its index will be deleted from the DC, MC, 

and MF matrices. 

For example, in Figure 2, if component 2 is a target component, since DC2 

(+x : –x : +y : -y) = (3,5,6 : 8 : 1,7 : 0), fasteners 7 and 8 need to be disassembled first. 

Since DF7 (+y) = MF7 (+y) = 0, fastener 7 can be disassembled in the +y direction. 

After fastener 7 is removed, DC2 (+x : –x : +y : -y) = (3,5,6 : 8 : 1 : 0). Since DF8 (-x) = 

MF8 (-x) = 0, fastener 8 can be disassembled in the -x direction. After fastener 8 is 

removed, DC2 (+x : –x : +y : -y) = (3,5,6 : 0 : 1 : 0), and all the fasteners attached to 

component 2 have been removed. After fasteners 7 and 8 are removed, DC2 (-x) = MC2 

(-x) = 0, Thus, component 2 can be disassembled in the -x direction. Component 2 is 

then deleted from DC, MC, and MF. 

The process is rule-based and recursive. Thus, not all possible solutions are  

generated and checked. However, the method generates reasonable and near-optimal 

heuristic solutions both efficiently and effectively. The given rules reduce searching 

time by eliminating unrealistic and uncommon solutions. 
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Chapter 4 Cost Function 

Our cost function for evaluating disassembly sequences includes disassembly time, 

reorientations, and number of components and fasteners removed. 

partswionsreorientatwtimewvalueCost 
�
�
	 321  Eq. (1) 

 In Equation 1, we can choose weight values w1, w2, and w3 to establish the 

weighted importance of each of the cost parameters in determining the outcome of the 

search process. The final heuristic optimal selective disassembly sequence will have the 

lowest cost value. 

 

4.1 Time 

Some prior studies use time as an evaluation parameter. However, the time values 

cannot be easily verified. Here, we use experimental time values from Boothroyd et al. 

[3]. It considers the effect of part symmetry, grasping or manipulating with hands or 

with the aid of grasping tools, and part inserted with no secured immediately or secured 

immediately by screw fastening with power tool [27].  

The parts that can be grasped and manipulated with hands or the aid of grasping 

tools include the parts that can be handled by one hand without the aid of grasping tools 

or can be handled by one hand but require two hands because they severely nest, tangle, 

flexible, or require forming etc [27]. The part that inserted with no secured immediately 
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or secured immediately by screw fastening with power tool include the part that can be 

inserted but not secured immediately or secured by snap fit and part inserted and 

secured immediately by screw fastening with power tool [27]. Boothroyd et al. show the 

handling time in seconds in Table 2 and Table 3.  

The two Tables are designed for assembly, not for disassembly. There are some 

differences between assembly and disassembly. In assembly, handling a component 

from a box and manipulating it into a correct direction and position requires more time 

than disassembling the component. In disassembly, it does not need to spend time to 

check if the component is in right direction or position because it is fixed on a product. 

We just need to remove it from the product. However, since there are no documented 

disassembly times, here, we use the recorded assembly times as reference to estimate 

the disassembly times. The data is more credible than the time defined arbitrary by 

designers. 

Tables 2-4 are used to calculate disassembly time. For part handling, we only 

consider if any grasping tools are used, parts need two hands to handle, and the 

thickness of part. For the inverse of part insertion (disassembly), we only consider if the 

parts need holding down or need a power tool. Table 4 gives an example of part 

symmetry for calculating part handling time. 
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Table 2. Selected manual handling time standards, seconds (parts are within easy reach, 

are no smaller than 6mm, do not stick together, and are not fragile or sharp) [3]. 

(a) The parts can be grasped and manipulated with one hand without any grasping 

tools 

 

(b) The parts are severely nest or tangle, are flexible or require forming etc. require two 

hands to handle 
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Table 2. (continued) 

(c) Part thickness, handling difficulties and part nests 

 

 

Table 3. Selected manual insertion time standards, seconds (parts are small and there is 

no resistance to insertion) [3]. 

(a) Part inserted but not secured immediately or secured by snap fit 
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(b) Part inserted and secured immediately by screw fastening with power tool (rimes are 

for 5 revs or less and do not include a tool acquisition time of 2.9s) 

 

 

 

 

Table 4. Various parts illustrate the alpha and beta rotational symmetries [3]. 
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In Table 2, alpha is the rotational symmetry of a part about an axis perpendicular to 

its axis of insertion. For parts with one axis of insertion, end-to-end orientation is 

necessary when alpha equals 360 degrees, otherwise alpha equals 180 degrees. Beta is 

the rotational symmetry of a part about its axis of insertion. The magnitude of rotational 

symmetry is the smallest angle through which the part can be rotated and repeat its 

orientation. For a cylinder inserted into a circular hole, beta equals zero. 

In Table 3, holding down required means that the part will require gripping, 

realignment, or holding down before it is finally secured. Easy to align and position 

means that insertion is facilitated by well designed chamfers or similar features. 

Obstructed access means that the space available for the assembly operation causes 

a significant increase in the assembly time. Restricted vision means that the operator has 

to rely mainly on tactile sensing during the assembly process. Based on the two Tables, 

we can calculate the time parameter. 

Table 4 illustrates the alpha and beta rotational symmetries for various parts. 

Thickness is the length of the shortest side of the smallest rectangular prism that 

encloses the part. However, if the part is cylindrical, or has a regular polygonal 

cross-section with five or more sides, and the diameter is less than the length, then 

thickness is defined as the radius of the smallest cylinder which can enclose the part. 

Size is the length of the longest side of the smallest rectangular prism that can enclose 
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the part. 

 

4.2 Reorientation 

During disassembly, if the number of disassembly direction reorientations is 

reduced, disassembly time is also reduced [23, 24, 25, 27]. Since we only consider 

principal disassembly directions, each reorientation requires either a 90-degree or a 

180-degree direction change. For example, if the disassembly direction changes from 

+x to +y, –y, +z, or –z, the reorientation requires a 90-degree direction change, for 

which we set the reorientations cost function parameter to 1. However, if the 

disassembly direction changes from +x to -x, the reorientation requires a 180-degree 

direction change, for which we set the cost function parameter to 2. When no 

reorientations are needed, we set the reorientations cost function parameter to 0.  

 

4.3 Parts 

Many research studies consider the problem of reducing the number of components 

to be removed. It is a basic criterion in evaluating the quality of a disassembly sequence 

[2, 11, 15, 21, 22, 23, 24, 26]. If fewer parts are removed in disassembling a target 

component or multiple-target components, lower cost and less time are required in the 

disassembly process. Therefore, the optimal selective disassembly sequences will be the 
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ones with the least cost value.  
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Chapter 5 Examples and Discussions 

5.1 Example 1 

We used three examples to test our rule-based recursive selective disassembly 

method. Figure 7 shows the first example. Figure 8 shows the corresponding DC and 

MC matrices. For target component 3, there are no fasteners. Since DC3= (0 : 0 : 4 : 2) 

and MC3= (1 : 1 : 0 : 0), there is no tuple which is 0 in both DC3 and MC3, Therefore, 

Rule 5 is executed. Since component 1 is not a first-level component of 3, only 

components 4 and 2 are passed into Func_Remove_Component(). 

If component 4 is retrieved, there is no tuple which is 0 in both DC4 and MC4. 

Therefore, Rule 5 is executed. Since components 3 is a parent component of component 

4, only component 5 is passed into Func_Remove_Component(). If component 5 is 

retrieved next, DC5= (0 : 0 : 0 : 4) and MC5= (1 : 1 : 0 : 0). Therefore, component 5 can 

be removed in the +y direction. After component 5 is removed, DC4 is updated to (0 : 0 : 

0 : 3), and MC4 is updated to (1 : 1 : 0 : 0). Thus, component 4 can be removed in the +y 

direction. Finally, one disassembly sequence, 5-4-3, can be generated. Similarly, a 

second disassembly sequence, 1-2-3, can also be found. The two disassembly sequences 

are shown in Figure 8. 

The assembly in Figure 7 has five components and, therefore, there are 5! = 120 

possible disassembly sequence possibilities. However, our rule-based recursive 
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selective disassembly planning can eliminate considering many unrealistic or 

uncommon solutions. The developed method can find optimal heuristic selective 

disassembly sequences quickly and effectively. 

 

 

Figure 7. Example assembly. 
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Figure 8. The DC and MC matrices for the example assembly in Figure 7. 
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Figure 9. Disassembly sequences. 

5.2 Example 2 

Figure 10 shows an example of power brake, given by Mascle and Hong (2008). 

The material list is given in Table 5. We use website 

http://www.fastener-world.com.tw/giga to define which parts are fasteners and which 

parts are components. In this example, single-component selective disassembly for 

component 17 is shown. 
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Figure 10. Exploded view of power brake [16] . 
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Table 5. Components and fasteners lists of power brake in figure 10 [16] . 

Fig. and 

Index No. 

Component (C) 

or Fastener (f) 

Nomenclature Units per 

Assy. 

1 C Housing 1 

2 f Stud 1/4” 10 

3 f Nut 10 

4 f Washer 10 

5 C Cover 1 

6 C Gasket 1 

7 f Washer 2 

8 C Seat 2 

9 f Spring 2 

10 f Ball 1/4” Dia. 2 

11 f Spring 2 

12 f Pin 2 

13 f Spacer 11/2 Dia. 2 

14 C Packing - Neoprene 2 

15 f Nut 1 1/8 2 



 

35 
 

16 f Pin 3/8” Dia. 2 

17 C Piston 2 

18 C Packing - neoprene 8 

19 f Spacer 1 1/8” 2 

20 f Nut 7/8” 14 NF 2 

21 f Capnut 2 

22 f Washer 2 

23 f Nut 10 – 32 NF 2 

24 f Screw 1 – 32 NF 2 

25 C Link 2 

26 f Shaft 5/8” Nickel Steel 2 

27 f Shaft 9/11” Dia. Nickel Steel 2 

28 C Lever - Assembly 1 

29 f Nut 5/16 2 

30 f Screw 3/8 Dia. 5/16 2 
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Figure 11. (continued) 
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Figure 11. (continued) 
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(d) 

Figure 11. Illustrate the DC, MC, DF, and MF of power brake. 

 

Using the developed method, here component 17 is chosen as a target component. 

Component 17 is input to the Func_Component() function. From the DC of the target 

component 17, we can see that it requires disassemble some fasteners before component 

17 can be disassembled. Thus, function Func_Remove_Fastener() is called. If fastener 

11 is firstly chosen, it can be removed along +y or –y directions. From MF11, we know 



 

39 
 

that , before disassembling 11, 8 needs to be disassembled along the +y direction or 12 

needs to be disassembled along the -y direction. However, 12 cannot be selected, 

because 12 is a parent component of 11. Therefore, the next part to be chosen is 

component 8, and Func_Remove_Component() is called. 

Inside of Func_Remove_Component(), Func_Component() is calledCheck the DC 

of 8, there are three fasteners, 2, 7, and 11 require to be disassembled. Thus, 

Func_Remove_Fastener() is called. However, since 11 is a parent part of 8, 11 will not 

to be considered here. If 2 is selected to remove, check DF and MF of 2. We found that 

2 cannot be removed unless 4 is removed first. Thus, Func_Remove_Fastener() is called 

again. However, before 4 can be removed, 3 needs to be removed first. Thus, 

Func_Remove_Fastener() is called again. Finally, fastener 3 can be removed from the 

+y direction. After that, fasteners 4, and 2 can be removed and the incomplete 

disassembly sequence (3-4-2) is stored in the Sequence_Stack, and we need to go back 

to select fastener 7 to disassemble. 

Check the DF and MF of 7, there are parts 8 and 9 which have to be disassembled 

before 7. However, since 8 is a parent component of 7, we cannot choose 8 to 

disassemble. Therefore, the next part to be chosen is fastener 9, and function 

Func_Remove_Fastener() is called. Check the DF and MF of 9, we found that fastener 

10 needs to be disassembled before 9. Thus, Func_Remove_Fastener() is called. 
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However, 10 cannot be disassembled along +y direction before part 5 is disassembled. 

Thus, function Func_Remove_Component() is called, and inside of which, function 

Func_Component is called. Check the DC of 5, we found that component 5 has no 

fasteners attached to it. The parameters in the +y direction in DC and MC of component 

5 both are 0. Thus, component 5 can be disassembled along the +y direction. Therefore, 

disassemble 5, 10, 9 and 7 and store the incomplete disassembly sequence (5-10-9-7) in 

the Sequence_Stack and go back to check the DC and MC of 8. 

Now, we need to check the DC and MC of component 8. We found that component 

6 needs to be disassembled first so that function Func_Remove_Component() is called, 

and inside of which, function Func_Component() is called. Since at this moment, all 

parts blocking the motion of component 6 have been removed, component 6 can be 

removed along the +y direction. After component 6 is disassembled, component 8 and 

fastener 11 can be disassembled afterward, and the incomplete disassembly sequence 

(6-8-11) is stored in the Sequence_Stack. Now, fasteners 12 and 13 need to be 

disassembled in the +y direction. If we select 12 as the next part to be disassembled. 

Check the DF and MF of 12, since 11 has been removed, 12 can be removed along the 

+y direction. The incomplete disassembly sequence (12) is stored in the 

Sequence_Stack. Follow the same process, fastener 13 can also be removed directly 

along the +y direction. The incomplete disassembly sequence (13) is stored in the 
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Sequence_Stack. Finally, check the DC and MC of 17, we found that fasteners 16 and 

15 need to be removed. Check DF and MF of 16, we found that 16 can be removed in 

the -x direction. The incomplete sequence (16) is stored in the Sequence_Stack. After 

that, check DF and MF of 15, since 16 has been removed and 17 is a parent of 15, 15 is 

not considered here.  

After that, all the fasteners of 17 have been checked, and +x, -x, +z, -z are all 0 in 

DC17 so that they are possible disassembly directions for component 17. However, 

according to Rule 6, component 17 is blocked by 1, 14, 15 in both directions of the x 

principal axis and is blocked by 1, 14, 15 in both directions of the principal z axis, so 

both x and z axis are not considered as the disassembly directions. Therefore, the 

possible disassembly directions will be +y and –y. If we choose the –y direction, 

fastener 15 needs to be removed, and component 17 needs to be removed before 15. 

However, since 17 is a parent of 15, we will not consider the –y direction. Now, we 

chose +y direction as the next disassembly direction, so component 14 needs to be 

removed. Function Func_Remove_Component() is called, and inside of which, function 

Func_Component() is called. Check the DC and MC of 14, we found that 14 can be 

removed in the +y direction. The incomplete sequence (14-17) is stored in the 

Sequence_Stack. After that, we found a selective disassembly sequence planning for 

disassembling component 17: 3, 4, 2, 5, 10, 9, 7, 6, 8, 11, 12, 13, 16, 14 and 17. The 
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complete disassembly sequence can be shown in Figure 12. 

 

 

Figure 12. Disassembly sequence for example 2. 

 

There are fifteen parts to be disassembled and one reorientation, 13 to 16 and 16 to 

14. In equation 1, Cost Value = w1*Time + w2*Reorientation + w3*Parts. The cost value 

= 0 + 2+ 15 = 17. The time parameter used here is the same as Mascle and Hong (2008). 

To compare with the results by Mascle and Hong, we set w1 to be “0” to ignore the time 

parameter, and w2 and w3 are “1”. The cost value of the results by Mascle and Hong is 
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also 0 + 2 + 15 = 17. However, the results by Mascle and Hong (2008) needs to remove 

fastener 2 first. From Figure 10, we can see that fastener 2 cannot be removed unless 

fasteners 3 and 4 are removed first. Therefore, our method can provide a better solution. 

 

Table 6. The selective disassembly sequence planning of power brake by Mascle and 

Hong (2008) [16] . 
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5.3 Example 3 

A gear reducer assembly from Srinivasan and Gadh (2000), as shown in Figure 13, 

is used to test the developed selective disassembly method for single-target-component 

and multiple-target-component disassembly. To simplify the problem, we only consider 

the disassembly direction in the x direction. Thus, in this case, the following 

components can be ignored in DC, DF, MC, and MF: 9, 10, 11, 12, 13, 14, 15, 16, 17, 

18, 27, 28, 33, 34, 35, and 36, because they do not directly interfere other parts 

removing along the x direction. Figure 14 shows the corresponding DC, DF, MC, and 

MF. 

 

 

Figure 13. Gear reducer assembly [19]. 
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Figure 14. (continued) 
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Figure 14. DC, MC, DF, and MF for the gear reducer assembly. 

 

5.3.1 Single Target Component 

Following the process shown in Figure 4 to disassemble target component 5. From 

DC we know that 5 is not fixed by any fasteners. Thus, choose any direction parameter 

which is 0 in the DC. Suppose +y direction is chosen, then the corresponding tuples in 

MC will be the constraints for 5 moving in the y direction, which are 6, 7, and 8. Same 

constraints exist in the z direction. Thus, component 5 has to move along the x axis 
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direction. However, in DC, we can see that component 4 blocks component 5 in moving 

in the +x direction and component 6 blocks component 5 in moving in the –x direction. 

Thus, component 4 and 6 are the subparts of 5. Now, component 4 is first taken as a 

subpart to be a new target part. 

Now check DC of 4 to see if there are any fasteners. Follow the same procedure, 

find that component 4 must be removed in the x direction. Component 4 is constrained 

by 5 in the –x direction and 3 in the +x direction. Since 5 is a “parent” component of 4, 

the next component to be selected as the subpart of 4 is 3. 3 is thus a new target part to 

be considered. Repeat the same procedure and find out the subpart of 3 is 2. Up to now, 

since none of the fasteners and components are disassembled, none of the tuple values 

are changed. 

Finally, there are three fasteners, 24, 25, and 26 in the DC of component 2, and 

DC2 = (1,24,25,26 : 3,8 : 0 : 0 : 0 : 0). Thus, fasteners, 24, 25, and 26 will be the next 

candidate to be removed. According to DF, 24, 25, and 26 can only be disassembled 

along the +x direction. In addition, since the corresponding tuple (+x) in MF is 0, 

fasteners 24, 25, and 26 can be disassembled along the +x direction without any 

collision. After the three fasteners, 24, 25, and 26 are removed, DC2 is be updated to (1 : 

3,8 : 0: 0 : 0 : 0), and MC2 is updated to (0 : 0 : 1,3,7 : 1,3,7 : 1,3,7 : 1,3,7). 

After all the fasteners are removed from 2, follow the same procedure and find that 
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2 must be removed along the x axis. Since 3 is a parent component of 2, the subpart of 2 

will be 1. 1 thus become the new target component. Now check DC of 1 to see if there 

are any fasteners. Follow the same procedure, find that both +x tuple in DC1 and MC1 

are 0. Thus, 1 can be disassembled along the +x direction without any collision. After 1 

is removed, all the tuples which involve 1 will subtract it from them. Thus, DC2 will be 

updated to be (0 : 3,8 : 0 : 0 : 0 : 0), and MC2 will be updated to be (0 : 0 : 3,7 : 3,7 : 3,7 : 

3,7). Since both the +x tuple in DC2 and MC2 are 0, 2 can be disassembled from the +x 

direction. 

By continuing to follow the process diagram, one disassembly sequence 24, 25, 26, 

1, 2, 3, 4, 5, can be found. The disassembly sequence includes 3 fasteners and 5 

components. Since Srinivasan and Gadh (2000) did not consider time and reorientation 

in their study, in order to compare with their results, in example 2, we set our cost 

function for time and reorientation parameters to 0. Use the Equation 1 (Cost Value) to 

calculate the cost of the sequence: Cost Value = w1*Time + w2*Reorientation + w3*Parts; 

w1 = w2 = 0, w3 = 1. Therefore, the Cost Value = 0 + 0 + 8 = 8. 

If another direction is chosen, i.e., component 6 is chosen instead of 4, to 

disassemble component 5, The disassembly sequence will be: 29, 30, 31, 32, 23, 22, 21, 

20, 19, 6, and 5. There are 4 fasteners and 7 components. The Cost Value = w1*Time + 

w2*Reorientation + w3*Parts; w1 = w2 = 0, w3 = 1. Therefore, the Cost Value = 0 + 0 + 
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11 = 11. 

Compare the two disassembly sequences, the first sequence is better than the 

second one because the first one only removes 8 objects and the second one removes 11 

objects. Thus, based on the evaluation results, the best disassembly sequence to 

disassemble 5 is: 24, 25, 26, 1, 2, 3, 4 and 5. For single-component disassembly, in their 

example, Srinivasan and Gadh (2000) chose component 3 as the target component, and 

they did not consider disassembly of fasteners, in which case, 1, 2, and 3 is the obvious 

best disassembly sequence solution. 

 

5.3.2 Multiple- Target Components 

In this multiple-target component disassembly, two situations are considered. One 

situation is to disassemble component 5 first and 19 later, the other situation is to 

disassemble component 19 first and 5 later. 

 

5.3.2.1 The First Target Component is 5 

For the single target component case, 5 can be disassembled in either the +x or -x 

direction. Likewise, 19 can be disassembled in either the +x or –x direction, too. 

However, since it is not valid to remove 5 in the –x direction and 19 in the +x direction, 

or to remove both 5 and 19 the -x direction, there are only 2 valid sequences for the 
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multiple-target component case. Following the same disassembly process to find each 

sequence and calculating the corresponding cost values, if both 5 and 19 are both 

disassembled in the +x direction, the best selective disassembly sequence is: 24, 25, 26, 

1, 2, 3, 4, 5, 6, 19. There are three fasteners and seven components. The Cost Value = 

w1*Time + w2*Reorientation + w3*Parts; w1 =0, w2 = w3 =1. The cost value = 0 + 0 + 10 

= 10. If 5 is disassembled in the +x direction and 19 is disassembled in the -x direction, 

the best selective disassembly sequence is 24, 25, 26, 1, 2, 3, 4, 5, 29, 30, 31, 32, 23, 22, 

21, 20, 19. There are seven fasteners, ten components and one reorientation (from 5 to 

29). The Cost Value = 0 + 2 + 17 = 19. Based upon the two cost values, the best 

disassembly sequence is 24, 25, 26, 1, 2, 3, 4, 5, 6, 19. The cost value is 10 and both 5 

and 19 must be disassembled in the +x direction. 

 

5.3.2.2 The First Target is 19 

Similarly, if component 19 is the first target component, there are two valid 

disassembly sequences. If 19 and 5 are both disassembled in the -x direction, the 

selective disassembly sequence for the multiple-target component disassembly is 29, 30, 

31, 32, 23, 22, 21, 20, 19, 6, 5. The cost value is 11. If 19 is disassembled in the -x 

direction and 5 is disassembled in the +x direction, the sequence is 29, 30, 31, 32, 23, 22, 

21, 20, 19, 24, 25, 26, 1, 2, 3, 4, 5. The cost value is 19. Thus, if component 19 is the 
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first component which is disassembled, the best selective disassembly sequence plan is 

29, 30, 31, 32, 23, 22, 21, 20, 19, 6, 5, for which both 19 and 5 are disassembled along 

the -x direction. 

Srinivasan and Gadh(2000) only evaluated selective disassembly sequences by 

number of removed components. They did not consider disassembly time, number of 

fasteners removed, and reorientations. For multiple-component selective disassembly, 

they determined that 1, 2, 3, 4, 5, 6, 19 and 23, 22, 21, 20, 19, 6, 5 are the two possible 

and equivalent disassembly sequences for removing 5 and 19. Without considering 

number of fastener removes and reorientations, the results given by the developed 

method in this paper is the same as Srinivasan and Gadh both their results. However, if 

we consider number of removed fasteners, number of removed components, and 

reorientations, we find that there is only one best solution, 24, 25, 26, 1, 2, 3, 4, 5, 6, 19, 

with a cost value of 10. 
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Chapter 6 Graphical User Interface 

 Figure 15 shows the user interface of the program. The program allows the users to 

upload figures of the products. The button, Start, executes the algorithm. In the middle 

of the program, users can input DC, MC, DF, and MF. The cost value and the resulting 

disassembly sequence are shown at the right side of the program. 

 

 

Figure 15. The user interface of the program. 
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6.1 Example 1 

 The first step is to open the picture of example 1 in the program, as shown in 

Figure 16. The second step is to set up the parameters of the geometrical and topological 

information in DC, MC, DF, and MF, as shown in Figure 17 (a)-(d). Since there is no 

fastener in this example, DF and MF both are empty in this program in Figure 17(c) and 

17(d). Finally, we need to input a target component, which is 3 in this example, as 

shown in Figure 18. The disassembly directions for 2D products are 4, which includes 

+x, -x, +y, and –y. The disassembly directions for 3D products are 6, which includes +x, 

-x, +y, –y, +z, -z. 

 

 

Figure 16. The graphical user interface. 
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(a) 

Figure 17. (continued) 
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(b) 

Figure 17. (continued) 
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(c) 

Figure 17. (continued) 
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(d) 

Figure 17. Input parameters for (a) DC, (b) MC, (c) DF, and (d) MF for example 1. 
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Figure 18. Input a target component. 

 

 After the program is executed, it finds two selective disassembly sequences: one is 

5-4-3 in the +y direction; the other one is 1-2-3 in the –y direction, as shown in Figures 

17 (a) and (b). The cost value of the two sequences both are 3. The two sequences are 

the optimal solutions for this example. Using the developed method to solve example 1 

for selective disassembly sequence planning, it only creates two possible sequences. It 
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eliminates other unrealistic or uncommon solutions. If an exhaustive method is used to 

generate all possible solutions, it will have 5! (5 x 4 x 3 x 2 x 1 = 120) different results. 

If other randomized method is used to solve the problem, e.g., GAs, it might create 

many uncommon and unrealistic solutions. Thus, our rule-based recursive method can 

greatly reduce the searching time and find a heuristic solution effectively.  

 

 

(a) 
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Figure 19. (continued) 

 

(b) 

Figure 19. Two solutions: (a) E, D, and C (b) A, B, and C. 
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Chapter 7 Conclusions 

In this thesis, we present a rule-based recursive selective disassembly sequence 

planning method. The method can be used to solve selective disassembly sequence 

planning problems with only simple geometric and topological information supplied by 

a user. The method is based upon six disassembly rules which are used to eliminate 

unrealistic and uncommon disassembly sequences to increase the credibility of the 

solutions. With the given rules, the searching process can effectively and efficiently find 

reasonable and near-optimal selective disassembly sequence solutions for complex 

disassembly problems. With the proposed rule-based recursive approach, users only 

need to supply information concerning the geometric constraints of a component with 

respect to its neighbouring components and fasteners. Compared to methods which 

consider geometric constraints between each pair of components, the developed method 

greatly reduces required information storage space and searching complexity. The 

method can solve both single-target component and multiple-target component selective 

disassembly sequence planning problems. Compared to most existing methods, our 

method is much easier to implement for general products. 

In the future, method for defining and disassembling subassemblies needs to be 

investigated. Therefore, how to modulate parts become important. Sometimes 

disassembling of a target component from an assembly requires dividing the original 
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assembly into two or more subassemblies. To reduce the time and cost, we just need to 

treat the subassembly which contains the target component as a target module (or a 

target integrated component) and to disassemble the module. Therefore, the concept of 

modules in selective disassembly planning is another important issue. The other issue is 

that engineers require a more credible database to set up the time or cost parameters.  
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