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Abstract

Environmental and sustainable issues have brought more and more attention to industries
in product design and manufacturing. It is important for a product to meet its lifecycle re-
quirements in repairing, replacing and recycling. Disassembly is required in product
maintenance and recycling. An efficient disassembly plan can reduce the cost of product
maintenance and minimize the product repair time. This thesis introduces an efficient
method for selective disassembly planning for the need of product maintenance and recy-
cling to reduce the product operation time and cost. The method is based on an efficient
product representation and effective sequence searching. It considers the product struc-
ture, removing direction of components, operation constraints and complex in the product
representation and sequencing planning. Examples are used to verify the proposed meth-

od. Challenges and further work are also discussed.
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Chapter 1

Introduction

1.1 Background

Huge pressure has been brought on environment due to the rapid economic growth since
the 1960s. Manufacturing industries have the most negative impact on environment [1].
For the sake of more profit, manufacturing companies produce more products and reduce
the lifetime of products. As a consequence, lots of resources are wasted. For example,
about 5 millions of computers are discarded annually in China, and million tons of harm-
ful chemical elements such as lead and mercury are transported to waste-treatment plants
[1, 2]. Manufacturing industries should make adjustments to reduce the environmental
stress and pursue a sustainable development.

In order to solve the environmental and resources problems essentially, the definition of
green manufacturing, as shown in Fig. 1-1, was proposed by Lu et al. [2]. Green manu-
facturing considers the lifecycle activities of products such as design, manufacturing and

maintenance to guarantee a minimum influence on environment and a maximum utiliza-
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tion of resources without sacrifices of product function, quality and production cost [3].
Recycling and reusing of scrapped products is the major measure of green manufacturing,

which can decrease the environmental pollution problems greatly [4].

I Green Design |
|

v v v v v v

Product Design Material Manufacturing Technologi- Product Product
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v X 7
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Re- of Raw of Manu- B PpIMaintenance of] 3§  ed embly of
sources| | Materials facturing Product Product Product| | Product

2

Processing Reusable Salvaged
Salvage € Matcria!
on-reusable |

Salvage Parts with Parts can
Parts can
reusable be reused
. be fixed .
material directl

Fig. 1-1 Green Manufacturing System [2]

Disassembly is a basic and important operation in product maintenance and recycling.
The purpose of disassembly operation is to collect and recycle valuable materials and re-
usable parts of products by removing parts and subassemblies systematically. Harmful
chemical elements are also collected and separated for further treatments. Studies on dis-

assembly sequence planning (DSP) are the foundation of product disassembly analysis.
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The DSP is to find and express the optimal or near optimal sequences of the product de-
pending on the principles.

Besides environmental issues, importance of DSP in product design stage has also been
identified by many researchers for product maintenance and recycling [5]. Manufacturing
industries have increased their responsibilities for the end-of-life products recently. They
not only manufacture products but also consider the service to repair, replace or recycle
the products. A product has to be taken into apart in the repairing or recycling process.
Usually, a product can be disassembled in various sequences. Disassembly sequences
have strong influences on the difficulty level of disassembly process and disassembly
cost [6]. Consequently, finding an optimal or near optimal disassembly sequence is one
of the most effective and important operations for maintenance of most industrial prod-
ucts. Pnueli and Zussman [7] indicated that the majority of product recycling cost is de-
termined at the product design stage, while only 10% to 20% of the recycling cost de-
pends on the product recycling process. They also expressed that disassembly is the last
and most important step in product value-added recovery operations. In conclusion, de-
termining an efficient disassembly sequence is a main task of disassembly planning.
Since time is a crucial factor related to the disassembly cost, a good disassembly planning
should be able to reduce time required in the product disassembly process [8].

Based on different disassembly tasks in a product lifecycle, disassembly can be classified
into three categories: complete disassembly, incomplete disassembly, and selective disas-
sembly. The complete disassembly separates the entire product into components or sub-
assemblies, which is similar to the reverse processing of an assembly. However, incom-

plete disassembly only separates some components of the product, which is usually used
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to recover the original function of the end-of-life products. In contrast, the selective dis-
assembly is mainly employed for the purpose of product maintenance or component up-
grading in a product. Selective disassembly removes particular components in a product,
the components may be damaged or need to be upgraded. Compared to the incomplete
disassembly, the target component of the selective disassembly is already known. Owing
to the importance of the selective disassembly in the product maintenance and repairing,

we will mainly consider the operation planning for the selective disassembly in this thesis.

1.2 Research Objectives

Disassembly sequence planning is a popular research topic in recent years. Lots of re-
searchers are studying related areas and each one of them pursues a specific aspect. Some
methods are only effective to a certain kind of models or products. Some of them may
have the problems of computation-intensive and time consuming. Whereas, there are also
some systems developed based on the existing 2D or 3D CAD software such as ProE, UG,
SolidWorks et al. However, there is not an effective method for the selective disassembly
planning.

In this thesis, a new method based on an efficient model representation method and an
optimized searching method will be proposed in order to generate a feasible disassembly
sequence in a short time, especially for selective disassembly sequence planning. Factors
affecting the difficulty level to disassemble a product will be considered, which guaran-

tees a reliable result and provides a realistic meaning for industries. Ultimately, simula-
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tion of the disassembly procedure will be provided using a professional simulation soft-

ware called Eon Studio.

1.3 Thesis Outline

Chapter two reviews three commonly used model representation methods as well as two
types of sequences searching methods. By stressing the pros and cons, suitable methods
are selected for solving the DSP problem.

Chapter three introduces the proposed representation method, a multi-layer constraint
matrix representation method. An example of a gearbox is used to explain the efficiency
of the method. Traversing searching method is also used in this chapter.

Traversing searching method is not an optimized method. In Chapter four, the ant colony
searching method is used instead of the traversing searching method. Evaluation criteria
and evaluation methods are also introduced in this chapter, which helps to find an near
optimum disassembly sequence. A searching program is developed based on the pro-
posed method, which improves the automatic search level of the method.

Simulation is used as a presentation tool in this research. Chapter five explains the related
knowledge on generating simulation for product models. Local coordinate system and
global coordinate system are also introduced in this chapter.

Three cases are used in Chapter six to further explain the proposed method and to prove
the efficiency of the method.

Chapter seven concludes the thesis and identifies the contributions of the research. Future

work is also discussed.
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2 Chapter 2

Literature Review

Disassembly planning decides the sequence of a product disassembly process as shown in
Fig. 2-1. A disassembly sequence is generated based on the product’s geometric structure,
components’ relationships, the selective part removing constraints from other parts, types
of fasteners, tools required in the operation, space accessibility for the tool application,
the complexity of parts, and fasteners to be removed in order to disassemble the selected
part et al. All of these factors will affect the feasibility of a disassembly plan. As planning
starts based on design information, the method of a product representation will directly
affect the way of disassembly planning. Product representation and disassembly sequenc-
ing have a close relation in disassembly planning [9]. In this chapter, three commonly
used representations of product models will be introduced, namely, graph based represen-
tation, constraint matrix and adjacency table representation. Two types of sequence plan-
ning methods are also discussed based on the graph representation and heuristic algo-

rithms.



Disassembly Sequence Planning for Product Maintenance 7

Product information

v

Simplification of Product Model

v

Representation of product, parts to be removed

v

Search possible sequences

v

Compare different sequences based on time and cost

v

Optimal disassembly sequence

Fig. 2-1 Flowchart of Disassembly Planning

2.1 Representation of Product Model

2.1.1 Graph Based Representation

AND/OR graph is a widely used graph-based modeling method, and it is a basic ap-
proach of product representation for the product assembly or disassembly analysis [10].
AND/OR graph consists of two parts: nodes and hyperarcs. The nodes stand for compo-
nents or subassemblies of a product, while disassembly tasks are represented by the hy-
perarcs. Two or more components or subassemblies can join together to form a more
complicated subassembly [11]. The nodes of the graph are labeled as either “AND” or
“OR” branches. The vertical links are “AND” relations. The “AND” successors are sub-
assemblies that are split from the upper node, while nodes’ links in the same level are
“OR” relations. “OR” branches indicate alternative subassemblies, any one of which can

generate a separate sequence. An AND/OR graph can explain all possible sequences for
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disassembling a product completely, and a model will be used to explain this representa-

tion below.

Fig. 2-2 Single-speed Reduction Gearbox

Fig. 2-2 is the model of a simplified single-speed reduction gearbox. Usually, a gearbox
consists of a lot of parts, for example, lock washer, seal gasket, water drain valve et al.
However, in order to simplify the explanation, all small parts of the gearbox are ignored
in this simplified model. 17 parts of the gearbox are considered as components of the 4
subassemblies: the upper body (LS1), the reducer box (LS2), the first transmission axis

(LS3) and the second transmission axis (LS4). Table 2-1 lists parts of the model, and this
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model will be used for the comparison of different product representations. Fig. 2-3 is the

AND/OR graph representation for this model.

Table 2-1 Parts of the Gearbox Model

Part No. | Subassembly No. Part Name
1 LS1 (A) Upper Body
2 LS1 (A) Upper Cover
3 LS1(A) Vent Hood
4 LS2 (B) Reducer Box
5 LS2 (B) Oil-level Pointer
6 LS3 (O) Transmission Axis
7 LS3 (C) Cover 1
8 LS3 (C) Bearing 1
9 LS3 (C) Key
10 LS3 (C) Gear 1
11 LS3 (O) Bearing 2
12 LS3 (O) Cover 2
13 LS4 (D) Gear Axis
14 LS4 (D) Cover 3
15 LS4 (D) Bearing 3
16 LS4 (D) Bearing 4
17 LS4 (D) Cover 4
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4 And Relations ‘4 OR Relations

Fig. 2-3 AND/OR Graph of the Gearbox

AND/OR graph was used by Mello and Sanderson [12] for the representation of a ten-
part space-based satellite equipment. The objective of this representation was to solve
maintenance and repair problems of robots in hazardous environments such as space, un-
dersea and nuclear power plants. This representation has been proved to be efficient in
increasing the assembly flexibility by allowing an intelligent robot to pick more conven-
ient course of actions according to instantaneous conditions.

AND/OR graphs are still being used in recent years to solve various problems. For exam-
ple, by making a combination of weight value and the AND/OR graph, a weighted
AND/OR graph was proposed by Min et al. [13]. This graph was successfully used to
deal with a disassembly problem of an 11-part product, which expounded and proved that

weighted AND/OR graph is efficient for representation product structure and element
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constraints. AND/OR graphs made a good foundation for the mechanical product auto-

matic disassembly decision.

Fig. 2-4 Adjacency Graph of the Gearbox

Adjacency Graph is a visualized representation of relationships between parts. For exam-
ple, Fig. 2-4 shows an adjacency graph of the gearbox model in Fig. 2-2. Nodes of the
graph represent parts of the product. Relationships between connected parts are repre-
sented by directed lines or undirected lines. A directed line or undirected line in adjacen-
cy graph usually represents two relations of components (relationship of part A to part B
and relationship of part B to part A), and this figure seems much neater than the
AND/OR Graph representations.

The adjacency graph was used by Song et al. [19] to represent the door of a dishwasher,
their visualized representation led to the success of sequence planning. Zhang et al. [20]
made a combination of adjacency graph and matrix. They also used the door of a dish-
washer as an example to prove the feasibility of their method.

Compared to other graph-based representations, the adjacency graph focuses more on
constraints between parts. While AND/OR graphs and some other graphs concentrate on
the product structure. Sharing the same disadvantage as other graph-based representations,

the adjacency graphs result in a poor automatic level when searching for sequences. Ra-
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ther than using directly for sequence planning, adjacency graphs are usually transformed
into adjacency tables or adjacency matrix for computers to calculate and search for possi-

ble sequences.

Fig. 2-5 Petri Net Graph of the Gearbox

There are also some other kinds of representations that are the variants of AND/OR
graphs, for example, Petri net graph. A Petri net mainly consists of tokens, plac-
es, transitions, and arcs. Tokens stand for real-world products, places represent an assem-
bly and subassemblies, while transitions and arcs equal to actions and hyperarcs in
AND/OR graphs. Arcs run from a place to a transition or vice versa. They never run be-
tween places or between transitions. The places from which an arc runs to a transition are

called input places of the transitions, while places to which arcs run from a transition are
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called output places of the transition [14]. Fig. 2-4 is the Petri net graph of the gearbox. In
2010, Petri net graph was used to cope with the disassembly and recycling problems in
end-of-life (EOL) electrical and electronic equipment (EEE) by Tsai and Wang [15]. An
ADSL router was taken as an example to prove the feasibility of the representation.

The AND/OR graph and its variants are able to represent relationships among different
parts or subassemblies of a product, and AND/OR graphs manage to provide a super easy
way for finding all possible sequences. But as it is discussed in literatures [10, 11, 12, 13,
14, 15], the problem of this method is that the graph is difficult to generate automatically.
It can only be used in dealing with models with simple structure and few parts. Otherwise,
the representation may become very complicated. However, real-life manufacturing
products usually consist of lots of parts, therefore, AND/OR graphs and other graph-
based representations are impractical for dealing with the product with a large number of

components.

2.1.2 Constraint Matrix

Constraint matrices are also very popular representation methods of product. They can be
used to represent product structure information, parts constraints and precedence. Usually,
graph-based representations are converted into matrix-based representations. There are
several different kinds of constraint matrices. Some of them are used to represent rela-
tionships between every two parts, while others only consider the contact parts. Some
methods consider only one direction, while others consider two or more directions. How-
ever, no matter which matrix is to be implemented, there is always a rule to follow. Con-

straint matrix representation provides a possibility for dealing with DSP problems with
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numerous parts, and it will also lead to a higher automatic level. Besides the generation
of the matrix, it is also convenient for computers to deal with matrix formats, instead of
graphs, when searching possible sequences. Fig. 2-6 is a constraint matrix representation
for the model in Fig. 2-2. The number “1” in the matrix stands that the corresponding part
cannot be moved in the positive direction because of another part. On the contrary, the “-
1 indicates the negative direction restriction. “0” means there are no restriction relation-
ships between the corresponding two parts.

Chung and Peng developed a disassembly system based on the constraint matrix repre-
sentation in 2006, which improved the automatic level of sequence planning problem
[16]. Wu and Peng also solved the product maintainability evaluation problem based on
an improved constraint matrix in 2009, which contributed to the efficiency of product
life-cycle operations and the reduction of operation cost [17].

Although constraint matrix representations have many advantages, they also have disad-
vantages. Usually, the matrix records relationships between every two parts even though
there is no constraint between the two parts. In other words, some recorded data in the
matrix do not have to be considered or recorded, for instance the number “0” in the ma-
trix shown in Fig. 2-4. It brings the problem of storage space waste and it increases the

searching space.

-1 |1 |0 |0 Fig. 2-6 Constraint Matrix
of the Gearbox

ol Q] W »
o
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2.13 Adjacency Table

A typical adjacency table for the relationships of parts in Fig. 2-2 is shown in the Fig. 2-7
. The data in the first column of the table represent parts of the model, while the data in
the following column represent parts that have constraint relationships with the part in the
first column. It is obvious that this representation is more concise than the constraint ma-
trix representation. Adjacency tables are usually translated from a graph. Hopcroft [18] il-
lustrated the advantages of adjacency tables when dealing with traversal problems in his
book.

Comparing the constraint matrix representation and adjacency table, the former shows
much clearer relationships between elements, while the latter saves more memory for
computers. Considering clearer constraint relationships are extremely important when
dealing with sequence planning problems, the constraint matrix is believed to be a better

representation than the adjacency table in this situation.

A BCD
B N/A
C B

D B

Fig. 2-7 Adjacency Table of the Gearbox

Evaluating all aspects of the DSP problem, the constraint matrix is considered to be easy
for generation, implementation and calculation. Thus, it is chosen as the ultimate repre-

sentation method for the product model in this research.
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2.2 Sequence Planning

2.2.1 DSP Based on Graph Representation

As it has been mentioned in the previous sections, the AND/OR graph can manage to
generate all possible operations for a product disassembly [17], and each route from an
upper node to the lower node is a unique disassembly sequence.

Gao et al. [21] took a partial disassembly of PC as an example to illustrate the disassem-
bly planning for recycling. They also used the AND/OR graph method in concurrent de-
sign to evaluate the disassembly-recycling property of the PC product.

Comparing to AND/OR graphs, Petri nets representation has extensively applications in
different engineering areas. Fuzzy Petri nets were used by Cao et al. [22] to solve the
problem of sequence planning in a robotic system. The Petri nets proved to be an efficient
tool for modeling and representing feasible and complete process schemes. Based on the
Petri nets, Moore et al. [23] developed a new approach to search the possible disassembly
sequence automatically. They used a cost function to select the near optimum sequence.
This approach can be used not only in simple products but also in complicated products
with a large amount of elements. Zha [24] developed a novel methodology for the inte-
gration of design and assembly planning on the basis of Petri nets. Hsieh [25] used an op-
timized Petri nets to tackle the assembly or disassembly processes with unreliable re-
sources.

Although a lot of research activities have been done based on AND/OR graphs, Petri net

graphs and other graph-based representations, these methods have some disadvantages.
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The concentration of the entangled hyperarcs is high [23], and they require enormous
search space for achieving a near optimum scheme. In conclusion, graph-based methods
are computationally complex, which may cause combinatorial explosion problems, and
they are nearly impossible to handle disassembly path scheming or maintenance for real-

life products with numerous elements [21, 23].

2.2.2 Heuristic Algorithms for Disassembly Planning

Heuristic algorithms usually use functionality, performance, manufacturability, reliability,
eco-compatibility etc. as criteria to select the near optimum disassembly sequence [26].
Comparing with the graph-based searching method, heuristic algorithms are much more
efficient, which is practical for solving Computer-aided path planning problems. Normal-
ly, matrices are introduced to represent constraints, precedence relationships, interfer-
ences and structure information of a product [27]. A lot of different matrices have been
defined to express product information such as part constraints, fasteners and interfer-
ences [28]. These matrices can then be used to search feasible schemes.

In order to tackle the problem of gripper selection problems in assembly cells, Pedrazzoli
et al. [29] developed a set of rules to search a near optimal assembly sequence. Once the
sequence is decided, required grippers or robots can be chosen. A set of related problems
can be addressed later on. With the help of the rule-based method, Zhang et al. [30] car-
ried out a research on assembly modeling and sequence planning. They succeeded in the
assembly of a ball valve. Smith et al. [31] developed a rule-based recursive selective dis-
assembly method for finding a near-optimal disassembly sequence for products. They in-

troduced four matrices and five disassembly rules. The four matrices are: disassembly
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matrix for fasteners (DF), disassembly matrix for components (DC), motion constraints
for fasteners (MF) and motion constraints for components (MC). The five rules define the
disassembly order or priorities among components. They then introduced a cost function
in the method to find the near optimal disassembly sequence with the lowest cost. By us-
ing this method they solved selective disassembly sequence planning problems with both
single-target component and multiple-target components.

The Heuristic algorithms concern the geometric and topological information of the com-
ponents. Compared to other existing disassembly methods, it is easier to be implemented
for general products with less time to find a better conclusion. Genetic algorithms and ant
colony searching methods belong to the large class of Heuristic algorithms [32].

Genetic algorithm (GA) has many applications in solving optimal search problems, and it
mimics the process of natural evolution processes [11]. Using the genetic algorithm, a
number of strings are generated. The fittest one survives to be used for further analysis.
Genetic algorithms can provide the near optimum disassembly sequence in a short time.
This method can consider precedence relationships and additional constraints in the
product structure [10].

Genetic Algorithm was used for the study of the disassemble planning of a torch by Li et
al. [11]. The result was proved to be feasible and is in accordance with the manual disas-
sembly of the torch. Mohanta et al. [33] combined the Genetic algorithm with the Petri
nets method to solve the path planning problems. The result shows that the proposed
method could handle the robot collision avoidance more effectively than other methods.
Xie et al. [34] developed a new disassembly sequence planning method named simulated

annealing and genetic algorithm (SAGA) by making a combination of the simulated an-
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nealing (SA) and genetic algorithm (GA). As has been mentioned, the graph theory has
the problem of combination explosion, while the genetic algorithm has the problem of
premature phenomena in disassembly sequence planning. However, by making the com-
bination, both problems in the existing DSP can be solved.

Genetic algorithms are simple to be implemented, but their behaviour is difficult to un-
derstand. In particular, it is hard to know why these algorithms frequently succeed in
generating solutions of the high fitness when applied to practical problems. What’s more,
this method also requires very expensive fitness function evaluations.

Ant colony optimization algorithm (ACOA) was initially proposed by Marco Dorigo [35]
in his thesis, and he then explained the contributions of this method in his book Ant Col-
ony Optimization. This method is designed based on the behaviour of ants seeking a path
between their colony and a source of food, and the method is efficient in solving compu-
tational problems to find an optimal or near optimal path through a graph.

Based on the ant colony algorithm, Wang et al. [36] solved the disassembly problem of
an automotive engine, which consists of 50 parts after the simplification. Disassembly
Feasibility Information Graph (DFIG) was defined in the paper. Based on the DFIG, the
problem of disassembly path planning was transformed into the problem of searching
near optimal sequence in this directed, weighted graph. In conclusion, ant colony algo-
rithm is an efficient search method and it can be used to cope with practical problems and
products with lots of elements.

All methods listed above have their pros and cons. Although they were used in dealing
with different disassembly planning problems, there is a lack of real-world considerations

for applications of the planning solutions. One is environmental factor in the operation,
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such as the operation accessibility when applying tools in the disassembly, and collision
detections not only between components, but also between parts and surrounding devices.
Others are operators’ factors and product complexity levels, which affect the feasibility
of the disassembly plan. Therefore, this research improves exiting methods with an effi-
cient product representation method for the near optimal search process considering nec-

essary factors in product operations.

2.3 Summary

This chapter reviews three commonly used model representation methods, as well as two
types of optimized searching methods. The pros and cons are also discussed for each
method. Considering the real-life situation for product disassembly sequence planning

problems, a proposed method will be introduced in following chapters.
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3 Chapter 3

Proposed Method

This chapter introduces a method for disassembly sequence planning (DSP). The pro-
posed method is developed based on an efficient representation method of product mod-

eling.

3.1 Introduction

General procedures of the proposed method are similar to what is shown in Fig. 2-1. The
method consists of three main parts: representation of product models, searching, and
evaluating of disassembly sequences. Simulation of the near optimal result is built after-
wards.

Reducing the search size of models is an important issue in this research. In order to
achieve this goal, matrices with multi-layer constraints are used to represent the product
structure and relationships between components based on the bill of materials.

Reducing computational complexity is as equally important as reducing the search size of

models, and this will lead to a high efficiency of the method. An optimized searching



Disassembly Sequence Planning for Product Maintenance 22

method is developed based on the ant colony algorithm, and this will be introduced in the
next chapter.

Criteria related to the product disassembly complexity are considered in evaluating all
possible sequences, which guarantee the reliability of the final result. At last, a near op-
timal disassembly sequence is generated with the least time required and fewer parts to be
removed in the disassembly operation of the selected part. This sequence will be used for
following simulation model. Detailed procedures of the proposed method will be ex-

plained in the following parts.

3.2 Bill of Materials

Products usually consist of lots of components. For example, the component number of
General Motors automobiles can be millions [37]. In the manufacturing process, depend-
ing on the product complexity, individual parts may be firstly combined into small subas-
semblies. These small subassemblies are then combined to form larger subassemblies. At
last the larger subassemblies are assembled into the final product. Tian et al. [6] pointed
out that product parts of the same subassembly are very likely to be assembled in the
same assembly line. Although disassembly is not the exactly reverse processing of the as-
sembly operation, it is still very likely for a subassembly to be disassembled as a whole in
the disassembly process. In this research, based on the bill of materials, a multi-layer rep-
resentation method is used to represent the product model.

A bill of materials (BOM) is a list of components, from the end item all the way down to

the raw materials [38]. It explains the structure of a product. In this research, the number
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of layers of a product decides the number of layers of the constraint matrices when repre-
senting this product. For example in Fig. 3-1, an end product consists of two first-level
subassemblies. While the first-level subassembly 1 consists of two second-level subas-
semblies, and each of the second-level subassembly contains two pars. Thus, there are
four layer components and three layers composition relations in this bill of materials.

Therefore, the end product can be represented by three layers of constraint matrices.

End product
First-level subas- First-level subas-
sembly 1 sembly 2
Second-level Second-level
subassembly 1 subassembly 2
| ! !
Part 1 Part 2 Part 3 Part 4 Part 5

Fig. 3-1 Example for Bill of Materials
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3.3 Product Representation Based on Multi-layer Con-
straint Matrices

The detailed procedures for generating constraint matrices are shown in Fig. 3-2, which

will also be explained with an example.

Identify first-level

Product model LS subassemblies of the L) Label each first-level

product model subassembly
Identify second-level
subassemblies of Label each second-
each first-level sub- =] level subassembly
assemblv

N
2;=0, If sub i and sub j are con-
=+l tacted, i=j=0
a=-1, If sub i is in the positive di-
=+l rection of sub j
vy
;= 1 5 j:j+1
¢ i
Y
i=i+1
N
Fig. 3-2 Procedures for 0
Generating Constraint v

Matrix

Matrix Generated




Disassembly Sequence Planning for Product Maintenance 25

Design information is obtained from the product model, and each layer of subassemblies
of the product model can be identified and labeled with a number. In a disassembly oper-
ation, a product is firstly separated into several first-level subassemblies, and the product
structure is represented in a constraint matrix including the information about relations of
the first-level subassemblies and moving constraints. This is the first-level adjacent ma-
trix. Since most components can only be removed from one direction, only one-degree
motion along axial direction of its Local Coordinate System (LCS) is considered (Details
about Local Coordinate System will be introduced in Chapter 5). A general formation of

the constraint matrix is represented as shown in Fig. 3-3.

ar arp ... Adin
A Ay ... Ao
dni A ... Adnn

Fig. 3-3 Constraint Matrix for Large Subassemblies

The matrix has an initial size of #n x n, where n stands for the number of first-level subas-
semblies in the product. Elements of the matrix a; (i=1, 2, ..., n;j=1,2, ..., n; i #j ) is ei-
ther 0, 1 or -1. They stand for the restriction relationships between subassemblies. The “1”
indicates that one element will stop another one from moving in the positive direction. In
contrast, the “-1” illustrates that the element will stop another one from moving in the

negative direction. In this research, only relationships between contacted subassemblies
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will be concerned, otherwise aj; state will be set as “0”, where there are no direct re-
strictions between these subassemblies. The principal diagonal elements of the matrix
stand for the time required to disassemble a subassembly. For example, a;;=50 (i=/=k)
represents that 50 seconds is required to disassemble the subassembly k. Exact time re-
quired for disassembling a subassembly can be calculated using criteria, and the criteria
will be introduced in Section 4.2.1.

First-level subassemblies contain one or several second-level subassemblies, and each of
the first-level subassemblies is represented by one adjacent matrix as well. These matri-
ces are the second level matrices. The generating method and information of these second
level constraint matrices are almost the same as the first level constraint matrix. The dif-
ference is that the matrices represent relationships between small subassemblies instead
of large subassemblies.

The multi-layer matrices representation of a product is efficient in solving disassembly
sequence planning problems. Firstly, smaller memory is required to save multi-layer ma-
trices than one level matrix when dealing with complexity problems. For example in Fig.
3-4, the single-speed reduction gearbox consists of 17 components totally, and these 17
components form four large subassemblies: the upper body (LS1), the reducer box (LS2),
the first transmission axis (LS3) and the second transmission axis (LS4). The upper body
contains three components, while the reducer box is made up of two components. The
first transmission axis consists of seven components, and the second transmission axis
composes of five components. Using one level matrix, /7 x 17 = 289 elements need to be
recorded. However, by using the multi-layer matrices representation method, this gearbox

can be represented by a set of matrices (one 4 x 4 matrix, one 3 X 3 matrix, one 2 x 2 ma-
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trix, one 7 x 7 matrix and one 5 X 5 matrix). Then, 4x 4+3x3+2x2+7x7+5x5=
103 elements will be recorded. The one-level matrix and multi-layer matrices representa-

tion of the gearbox are listed in Figs. 3-5 and 3-6, respectively.

LS1: Upper Body
(1-3)

12 LS4: Second

17  Transmission Axis
LS3: First 15 (15-17)
Transmission
Axis (6-12)

LS2: Reducer Box
(4-5)

4

1 5 -1 0 o0 o0 o0 o0 o o0 o0 o0 o0 o0 0 0 O

-1 0 0 s -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
0o o0 0 1 m o o0 o0 o0 o0 o0 o0 o0 o0 o0 o0 o0
-1 0 0 1 0 30 0 1 -1 -1 -1 0 0 0 O 0 O
-1 0 0 1 o o0 20 -1 0 0 o0 0 0 0 O0 o0 O
-1 0 0 1 0 -1 1 5 0 o0 0 0 0 o0 o0 o0 O
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-1 0 0 1 0 1 o o0 20 0 o0 o0 o0 o0 o0 o0 o0
-1 0 0 1 0 1 0 0 1 25 -1 0 0 O O o0 O
-1 0 0 1 0 1 0o o0 0 1 5 -1 0 0 O 0 O
-10 0 1 o o0 o0 o0 o0 o0 1 20 0 0 O o0 O
-10 0 1 o o o0 o0 o o o0 o0 40 O -1 1 0
-1 0 0 1 o o0 o0 o0 o0 o0 o0 o0 o0 20 1 0 o
-10 0 1 o o0 o0 o0 o0 o0 o0 o 1 -1 15 0 0
-1 0 0 1 o o0 o0 o0 o0 o0 o0 o0 -1 0 o0 15 1
-10 0 1 o o o0 o o0 o0 o0 o0 o0 o0 o0 -1 20

Fig. 3-5 One-Level Constraint Matrix Representation of the Gearbox

50 1 I 1
CMl= |-1 50 -1 -1
-1 1 80 O
-1 1 0 80
CM 1

Fig. 3-6 (a) Multi-Layer Matrices Representation of the Gearbox — First Level Matrix

0 20 -1 0 0 O

S O o o o

-1 1 15 0 0 O 40 0 -1 1 O
1 0 0 20 0 O 0 201 0 O
50 -1 0 1 0 o0 1 25 -1 1 -1 15 0 0
1 15 -1 50 -1 1 0 0 o0 1 15 -1 -1 0 0 15 1
0 1 10 1 10 o o0 o0 o0 o0 1 20 o o0 o0 -1 20
CM 2.1 CM22 CM23 CM24

Fig. 3-6 (b) Multi-Layer Matrices Representation of the Gearbox — Second Level Matrix
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It is obvious that multi-layer matrices require smaller sized memory to store the models.
The searching time for the near optimal sequence is also reduced because of the smaller
search size. An example will be used to explain the efficiency improved comparing to
other existing methods in section 3.4. Besides the reduction of searching time, the disas-
sembly time of a large subassembly is usually less than the total disassembly time of each
element in this large subassembly. For example in the gearbox, the disassembly time for
LS1 is 50 seconds, while the total disassembly time for the three components of LS1 is
70 seconds. That means that this representation may even lead to a reduced total disas-

sembly time.

3.4  Searching for Possible Sequences Using Traversing

Search Algorithm

A product model is represented by multi-layer matrices. The first level matrix represents
the model, and it is marked as Matrix 1. The second level matrices represent the first-
level subassemblies of the model, and the matrices are marked as Matrix 2.p, where “p”
stands for the numbers of the first-level subassemblies. The other level matrices follow
the same procedure. If a target part is confirmed, the positions of the target part in each

level matrices are firstly identified. Theses matrices will be searched in following pro-

cesses. The framework of the traversing searching method is shown in Fig. 3-7.
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/Two-level matrices and target part/

v

Search Matrix 1 and Matrix 2.t, respectively

Search the ith line, i starts from 1 P

Whether the ith line con-
tains both 1 and -1

Record the possible lines in different groups. flag=0,
flag=flag+1. Delete a,; and a;;,, get a new matrix,
m=1,2,...n

v

Record all possible sequences

v

Only record the parts until reach the target
component in the sequence. Delete the redun-
dant sequences.

Fig. 3-7 Framework of the Traversing Searching Method

Take Fig. 3-3 as an example. If a row in the matrix has both “1”” and “-1”, this subassem-
bly is fixed temporally in current state of the product. Otherwise, this subassembly will
be able to move from at least one direction of the LCS. After a subassembly of the prod-
uct is removed, the corresponding row and column of the matrix are deleted, and the ma-
trix is simplified into a smaller size. The next row will then be searched likewise. Follow-
ing this process, the matrix can be simplified into a smaller and smaller size. A disassem-

bly sequence of first-level subassemblies can be generated following the search process.
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Following the similar procedures, the matrices contain the target part will be searched,
while the other matrices will be skipped. This procedure helps to reduce the search size
greatly. After the searches of each level matrices are finished, sequences of disassembling
each level subassemblies will be combined together. Then all possible disassembly se-
quences are finally generated. By evaluating all possible sequences, a near optimum se-
quence can be selected finally.

Taking the gearbox in Fig. 3-4 as an example, part 5 is chosen as the target part. There
are 17! = 3.55 x 10" sequences to be searched if using one level matrix representation
method to search the matrix in Fig. 3-5. However, using multi-layer representation meth-
od, the product model can be represented by two-level constraint matrices. And only ma-
trix 1 and matrix 2.3 are searched. The total search number will be 4! + 7! =5064, which

reduces the computational complexity greatly.

3.5 Summary

The search size and computational complexity of product models are greatly reduced by
using the multi-layer constraint matrices representation method as this method requires
small memory of computers to run when dealing with complexity problems.

However, the traversing searching method is not efficient enough. A lot of unrealistic se-
quences may be searched and generated. In Chapter 4, the ant colony method will be in-
troduced to increase the solution efficiency. A computer program is developed to increase

the automatic search level of this method.
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4 Chapter 4

Optimized Searching Method for DSP

An efficient searching method for the near optimal disassembly sequence is important to
reduce the search time of product models. Two types of commonly used searching meth-
ods, which are discussed in the literature review, have their own advantages as well as
disadvantages. Since the ant colony optimization searching method is efficient in solving
practical problems as discussed in literature review, it is chosen as the searching method

for the optimal disassembly sequence in this research.

4.1 Ant Colony Optimization Algorithm

In the natural world, ants travel randomly while looking for food. However, once foods
are found, ants will lay down pheromone trail in their way back to colony. Other ants will
stop travelling randomly upon finding the path, and there is a very high possibility that
they follow this path [36]. The pheromone trail starts evaporating over time, and the at-
tractive strength of the trail reduces simultaneously. Thus, it is very possible that some

other paths to be found. Whenever a good path from the colony to the food source is
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found, other ants are very likely to follow this path. The positive feedbacks eventually

lead to all the ants following this path [39].

Start Point

<~ Parts under this route can be disassembled

<—=%— Parts under this route cannot be disassembled

Fig. 4-1 Ant Colony Algorithm for Disassembly Planning [40]
The idea of the ant colony operation algorithm is to mimic ants’ behaviour, and the evap-
oration of pheromone can stop the solution from convergence to a locally optimal solu-
tion [41]. Considering the real-life problem of disassembly sequence planning, if an ele-
ment of a path cannot be disassembled, then this path is an impossible one, and there is
no necessary to consider the components afterwards. Fig. 4-1 shows operation principles
of the ant colony algorithm [41]. A tour of ants can be used to represent a possible prod-
uct disassembly solution. If an ant has passed N-1 possible operation nodes of its route, it
moves to the next node where the operation possibility is false. That means the route is
unreasonable, and the following nodes will not be calculated. By applying this principle

for disassembly sequence planning, the computational complexity can be reduced a lot
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comparing with traversing searching methods. The efficiency of the searching process is
also improved. Moreover, if the target part is already disassembled in the previous opera-
tion, the searching stops and no other components need to be considered in future opera-
tions. Once a possible path is found, criteria will be used to evaluate the quality of the
path for a near optimum sequence.

If a product contains “n” elements, there are totally “n!” sequences to be searched using
the traversing search algorithm. However, applying the ant colony method in searching
the constraint matrices can reduce the searching time and computational complexity in
following two aspects for selective disassembly sequence planning:

1). This method can recognize unrealistic sequences to be skipped from the beginning of
the search. For example, if there are both “1” and “-1” in the first row of Matrix 1 shown
in Fig. 3-4 in searching, the large subassembly (LS1) cannot be the first element to be
removed. Therefore, sequences starts with “LS1” are unrealistic, which will not be
searched. A total of (n-1)! - 1 searches will be saved, which is approximately 1/n of all
searches compared to using the traversing search. For example in Fig. 4-1, components C
and E cannot be disassembled as the first components, then all sequences starts with C
and E are not possible, and they will not be searched. In the same way, if “LS1” can be
removed as the first element, but “LS2” cannot be disassembled as the second element,
sequences starts with “LS1-LS2” will be skipped, and (n-2)! - 1 searches will be saved.
The same process happens when searching small subassemblies. A lot of unrealistic
searches can be avoided.

2). The method keeps detecting the target part whenever a component is disassembled.

This helps to recognize the time when the searching is completed, which avoids repetitive
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searching. For selective disassembly sequence planning, if a large subassembly with the
target part is disassembled, the searching process moves to the next level (small subas-
sembly level). Or if the target part itself is disassembled, the searching process stops. For
example in Fig. 4-1, taking component A as the target part, after finding the sequence B-
A, this sequence will be recorded. Other sequences starting with B-A will not be searched
any more, even though component C and component E can still be disassembled. The
disassemble possibility of component C as the first element to be removed will be
checked subsequently.

Taking the gearbox in Fig. 3-3 as an example, if the small subassembly (SS5) is chosen
as the target part, according to the above description, matrix CM 1 and matrix CM 2.3 in
Fig. 3-5 should be searched. When searching the matrix 1, there are totally 4/ = 24
searches using the traversing search algorithm. However, only 14 sequences (24— (3/-
1)— (3/- 1)- (1!- 1)- (1/- 1) = 14) are searched based on the ant colony method. Among
the 14 sequences, 10 can finally lead to the disassembly of the target part (possible se-
quences). When searching matrix 2.3, there are 7/ = 5040 searches if using traversing
search algorithm. Only 77 sequences are searched using the ant colony method, and there
are 22 possible sequences among the 77 searches. Overall, searching time and computa-

tional complexity can be greatly reduced by using this method.
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4.2  Criteria for Evaluating Sequences

The searching efficiency is improved by using the proposed method. However, there may
be multi-sequences generated when searching the solution for DSP problems, especially
when there are lots of parts in a product. Sometimes there might be hundreds of different
valid sequences. Even though each of these sequences can finally lead to the removal of
the target part, it is essential to decide which one is better (based on different require-
ments) to reach the target part efficiently. Usually, there are different standards for evalu-
ating sequences. In this research, total disassembly time for a sequence and the total
number of components removed are considered to be the evaluation standards. To calcu-
late the total disassembly time of a sequence, criteria for product disassembly complexity

are built.

4.2.1 Criteria for Optimal Product Disassembly Sequence

The number of parts removed to reach the target part is the most obvious factor when
evaluating possible sequences. However, time spent is accompanied with operations of
product disassembly. Therefore, time is also one of the most important and effective fac-
tors in the evaluation. In this research, sequences with the least disassembly time required
and the minimum number of parts to be removed is selected as the optimum one.

The time required to disassemble a part is different from one to another depending on the
part location and complexity. Some parts take longer time than others for processing. The

longer moving time may result from the difficulty of a disassembly operation. Data relat-
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ed to the product disassembly complexity in geometry, additional time required, and pro-

cesses are collected from literature as listed in Tab. 4-1 [42].

Tab. 4-1 Product Disassembly Complexity [42]

Criterion | No. | Complex level Additional
time required
Geometry | 1 Part size:
complexity (1) Regular size 0s
(2) Small size 23s
(3) Large/heavy 25s
(4) Super large/heavy subassembly | 86s
(need additional assist)
2 Handling difficulty:
(1) Tool or fixture required 20s
(2) Difficulty 18s
3 Features may cause jam and tan-
gle:
(1) Yes 12s
(2) No 0Os
Process 4 Fastening type:
complexity (1) Multi-pieces (nuts and bolts) 24s
(2) Screws and nails 24s
(3) Rivets, staples and adhesive 20s
5 Enough space for disassembly op-
erations
(1) Yes 0s
(2) No 20s
6 Interference with other parts
(1) Yes 22s
(2) No 0Os
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4.2.2 Evaluation Method of Disassembly Sequences

Based on the above criteria of the optimal or near optimal product disassembly planning,
the total disassembly time to remove the target part can be calculated for possible se-
quences to select the best one which needs the least time.

Firstly, the total disassembly time of a component is formulated as following:
Tpi =To + X3-1Tq (1

Where Ty stands for the basic time required for disassembling a regular part. A regular
part in this research is defined as a part with regular size (larger than 64 cm’ and smaller
than 6.4x10" cm®), regular weight (less than 20kg) and normal shape, which will not
bring difficulty in a disassembly operation. In this research, To=15s. While j is the criteria
number listed in Tab. 4-1, and i is the number of the removed part. T; represents the ad-
ditional time required for different criteria, which is also listed in Table 1. If part i satisfy
the criteria j, then the corresponding additional time T,; will be added to the total disas-
sembly time of this component i. Otherwise, the additional time will not be calculated.
According to the formula 1, time required for removing different parts could all be calcu-
lated.

If a subassembly contains several components, the total removing time of these compo-
nents can be calculated by adding all removing time spent for different components to-

gether.

Toup = X Tpi = 2(To + 216'=1 T<¢) ()
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Results obtained from the formula (2) are then put into the principal diagonal positions of
constraint matrices. They are used for the calculation of total disassembly time of differ-
ent sequences.
If a disassembly sequence given, the total operation time can be calculated by adding all
removing time spent for different subassemblies together. Formula (3) is used to calculate
the final result of a sequence.

Taw = LTy =2 5Ty + 2021 Te) — (3)
The total number of components disassembled for a sequence is N¢om. Thus, the objective
function of this research is as follows.

min f(x) = [Tau, Neom] “)

When both the least disassembly time and removing the minimum number of components
cannot be met, the total disassembly time of a sequence is considered as more important
than the total number of components disassembled, and a near optimum sequence will be

applied.

4.3 Implementation of Ant Colony Algorithm

The basic principles of the ant colony method and its advantages have been introduced in
the previous parts. The implementation of this method in this research will be explained

below. Fig. 4-2 is the framework of the ant colony operation algorithm.
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Once a matrix is generated, the disassembly ability of each component is checked. If the
component cannot be disassembled, sequences start with this component will not be
searched any more, and other components will be checked continuously. Otherwise, the
component disassembled will be recorded and compared to the target part. If the compo-
nent is not the target part, the matrix will be simplified and the next level searching starts.
If the component is the target part, the disassembly sequence will be recorded and its cost
will be calculated. This disassembly cost is used to compare to the minimum cost. If the
cost is smaller than the minimum cost, the disassembly sequence and its corresponding
cost will be used to replace the optimized sequence and minimum cost. If the disassembly
cost equals to the minimum cost, the number of components removed will be considered.
Sequence and cost with fewer components movements will be saved as the optimized se-
quence and minimum cost. Otherwise, if the disassembly cost is larger than the minimum
cost, the optimized sequence and minimum cost keep the same, and the system continues
searching other sequences. Following these processes, an optimized sequence with the

least disassembly cost and fewer movements of components will be finally generated.

4.4  Program Coding

The proposed optimized searching method has improved the planning efficiency. How-
ever, when dealing problems with a large number of product components, there might be
hundreds of possible sequences searched. Based on the above method, a program coding

is developed for searching the near optimum sequence automatically.
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The program coding is written in Matlab. Fig. 4-3 shows the user interface of the search

program. Fig. 4-4 explains the working processes of this program.

) Disassembly_Sequence_Planning_Program
Load Data | .
Location of Matrix
Load Sub ‘
Target Parts:
0
=l
2l
Show Results|
=l

Fig. 4-3 Interface of the Developed Program

Inputs of this search program are the constraint matrices and the part number of the target

part. Each of the matrices is saved in an Excel file separately. Firstly, users click on the
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“Load Data” button, and a window will show up to let users choose/input the location of
Matrix 1. Matrix 1 records relationships between first-level subassemblies. The search
program can also extract the number of first-level subassemblies. Based on the number of
the first-level subassemblies, the program sets the number of second-level matrices for
input. It is not necessary for users to click on “Load Sub” button each time, the system

can record/identify the operation automatically.

Run Program

v

Click on “Load Data” Button

v

Choose/Input the Location of First
Level Matrix File

¥

Click on “Load Sub” Button

A

Choose/Input the Location of Se-
cond Level Matrices one by one

e

Input the Target Part No.

\

iy Shown in the Input Window

 — Shown in the Input Window

All Possible Sequence and Corre-
p———  sponding Cost Shown in Output
Window

Click on “Show Results” Button “’

Optimal Result shown in Final Re-
sult Window

Fig. 4-4 Flowchart for Using the Program

As long as “Load Sub” button is clicked, a window will show up for users to choose the

location of Matrix 2.1, and then Matrix 2.2, Matrix 2.3 ... automatically. All input matri-
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ces, both the first-level matrix and second-level matrices, are shown in the right upper
blank window. Once all second-level matrices are loaded, the number of the target part is
required in the blank window as “Target Part”. At this point, all the inputs required are
loaded in the program. After clicking on the “Show Results” button, the program will
start to search and compare sequences automatically. At last, a near optimum sequence
with the minimum time in the operation and fewer movements of all parts will be select-
ed and recorded in the lower blank window of the user interface. This sequence is consid-
ered as the near optimum sequence, and it will be used for the simulation to verify the so-

lution later.

4.5  Example

Fig. 4-5 shows an example used to explain the working procedures of the ant colony
method and its efficiency. The model is a transmission system of a car. It has two forward
gears and one reverse gear. There is a spline on the first transmission axis and another
one on the second transmission axis. Fig. 4-6 (a) shows the structure of the first transmis-
sion axis, and Fig. 4-6 (b) shows the structure of the second transmission axis. When the
spline 1 works on the green and blue gears while the spline 2 works on no gears, the
transmission system works as a high-speed forward gear, shown in Fig. 4-7 (a). However,
when the spline 1 works on the red and blue gears while the spline 2 works on no gears,
the transmission system works as a low-speed forward gear, shown in Fig. 4-7 (b). If the
spline 1 works only on the blue gear, while spline 2 works on the green and blue gear, the

transmission system works as a backward gear, shown in Fig. 4-7 (c).
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Fig. 4-5 Transmission System of a Car

Splinel

Spline2

(b)
Fig. 4-6 (a) Structure of the First Transmission Axis

(b) Structure of the Second Transmission Axis
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Fig. 4-7 (a) High-speed Forward Gear
(b) Low-speed Forward Gear
(c) Backward Gear

(©)

The transmission system contains 31 elements. Using one-level constraint matrix repre-
sentation method, it can be represented by a 31x31 matrix. However, based on the func-
tion of each element, the transmission system can be separated into five first-level subas-
semblies: body, three transmission axes, and a cover. The relationships of the first-level
subassemblies are represented by matrix 1. The relationships of the first-level subassem-
blies and its constraint matrix are shown in Fig. 4-8. Each first-level subassembly con-
tains several parts, and a constraint matrix is used to represent each first-level subassem-

bly. Fig. 4-9 shows each first-level subassembly and its corresponding constraint matrix.
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LS1 LS3  LS2 LS4 LS5
202 1 1 1 0
-1 130 0 1 0
-1 0 130 1 0
-1 -1 -1 123 1
0 0 0 -1 104
(a) (b)
Fig. 4-8 (a) Subassemblies of the Transmission System
(b) First-level Constraint Matrix of the Product
]
1
12 13
2 64 1 0 0 0 0 0 0 0 0 1
l/ -1 64 1 0 0 0 0 0 0 0 1
3 0 -1 64 1 0 0 0 0 0 0 1
0 0 -1 94 1 1 1 0 0 0 0
0 0 0 -1 64 0 0 0 0 0 1
0 0 0 -1 0 69 1 1 0 0 0
0 0 0 -1 0 -1 84 0 0 0 1
0 0 0 0 0 -1 0 64 0 0 0
84 1 0 0 0 0 0 0 0 0 0 64 1 -1
-1 &4 1 0 0 0 0 0 0 0 0 -1 64 0
0 1 86 -1 -1 -1 0 -1 0 -1 0 1 0 123
(@) (b)




Disassembly Sequence Planning for Product Maintenance

o/
{40

4 0 0 0 0 o0 o0 1 69 0 0 0 1 0 0
0 40 0 O 1 0 0 O 0 58 1 0 0 0 0
0 0 44 1 1 0 0 1 0 -1 58 0 0 0 O
o o0 -1 40 1 0 O0 O 0 0 O 58 0 1 0
o -1 -1 -1 8 1 0 O -1 0 0 0 8 1 0
o o0 o0 0 -1 4 0 1 o o o0 -1 -1 8 0
0o 0 o0 0 O 0 40 -1 o 0 o0 o0 0 0 44
-1 0 -1 0 O -1 1 69 o -1 -1 -1 0 -1 1
(©) (d)

Fig. 4-9 (a) Body of the Transmission System
(b) Input Transmission Axis

(c) Second Transmission Axis

(d) Output Transmission Axis

(e) (e) Cover of the Transmission System
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Taking element 17 as the target part, Table 4-2 compares one-level matrix representation
traversing searching method, two-level matrix representation traversing searching method,
and two-level matrix representation ant colony searching method over the search size,
number of searches, number of sequences searched, and number of possible sequences. It
is obvious that the two-level constraint matrix representation method reduces the search

size greatly, and the ant colony searching method help avoid a lot of unnecessary search-

ing.
Table 4-2 Comparisons of Different Methods
Target Part: 17 Search | Number of | Sequences | Possible se-
size searches searched quences

One-level matrix representation 961 8.2x10% N/A N/A
Traversing searching Algorithm

Two-level matrix representation| 284 4.0x10* 4.8x10° 891 8(26x343)
Traversing searching Algorithm

Two-level matrix representation| 284 630(26+604) 15704 8918(26x343)
Ant colony searching Algorithm

4.6 Summary

The multi-layer matrices representation has reduced the search size greatly. The remov-
ing of unnecessary data avoids unnecessary searches. The ant colony operation algorithm
can further reduce the search size, which helps to reduce the searching complexity. The
combination of the multi-layer constraint matrices representation method and ant colony
searching method improved the efficiency of disassembly sequence planning, especially
for the product with many parts. The evaluation criteria guaranteed a near optimal se-

quence selected, the program developed helps to improve the automatic level.
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5 Chapter 5

Simulation of Disassembly Process

Simulation is the imitation of an operation in a real-world process or system over time
[43]. One of the functions of simulation is to show details of a design or process using the
computer generated model. Simulation is widely used for education and training purposes
[43]. In this research, simulation is used to show the product disassembly process to veri-
fy the suggested solution for an easy way to learn the disassembly operations of a product.
Eon Studio is an interactive 3D software tool based on the Virtual Reality technology
[44]. 1t provides visualized solutions to improve communication and knowledge transfer
using simulation. Eon Studio is used for the simulation of the generated disassembly plan

in this research.

5.1 Building of 3D Models

Simulation is generated based on the product model built in the computer. In Eon Studio,
18 data formats are supported including 3DS, DWG, STL, SLDASM and so on. However

in the application, it is found that these formats are sometimes difficult to be converted
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into suitable formats for the model importing. For example, when importing SLDASM
(data format of Solidworks) format into Eon studio, product models sometimes cannot be
presented properly in color, shape, size, and location. The STL format is found to have a
good performance in most cases, and it is therefore selected as the data format to import
product model into Eon.

STL is a data format native to the stereolithography CAD software, it is also supported by
many other software packages. Considering the convenient level when building a product
model, Solidworks is chosen as the 3D model building software instead of stereolithogra-
phy CAD. Of course, the STL format can be transformed from Solidworks format direct-
ly and easily. Fig. 5-1 shows the process to generate a suitable format of the product

model.

Building 3D Mod- Save the 3D Mod- Input the * stl” file
els using Solid- :> el file as “.stl” :> . e s
works software format into Eon Studio

Fig. 5-1 Framework of Generating Suitable Model Format

SolidWorks is a Parasolid-based solid modeller, which uses a parametric feature-based
approach to create models and assemblies [45]. However, STL files describe only a raw
unstructured triangulated surface by the unit normal and vertices (ordered by the right-
hand rule) of the triangles using a 3D Cartesian coordinate system. When transferring
SLDASM models into STL models, common CAD model attributes, such as color and
texture, are ignored. Even though these attributes cannot be imported into Eon Studio,

they can be created in Eon Studio if necessary.
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52 GCS and LCS

In order to simulate the product disassembly process, directions of the removing compo-
nents should be indicated. The coordinate systems allow problems in geometry to be
translated into problems of numbers, such as matrices or vectors, to make the process
easy to deal with. In this research, a global coordinate system (GCS) as well as a local

coordinate system (LCS) is used as shown in Fig. 5-2 [46].

&%= ocs |

Fig. 5-2 GCS and LCS of the Gearbox

There is only one GCS in one product model, and the origin position of the GCS locates
in the base of a product model, while each component in the disassembly model has its
own LCS. The relationships between the GCS and the LCSs were set up when building

the model using Solidworks, and they were transferred into Eon Studio with the importa-
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tion of the model. Therefore, it is not necessary to consider the relationships between
GCS and LCS in this research. A vector is used to represent the moving direction and dis-
tance of a component, and the vector is generated under its LCS. These data are used
when simulating of the disassembly process. For example in Fig. 5-2, if the moving di-
rection of the indicated gear is Xl (positive direction) and the moving distance is 10, then
(10, 0, 0) will be used to represent the disassembly condition of the gear. The time cost
for disassembling the gear is also indicated when doing simulation using Eon studio. Fig.
5-3 shows the information input into the Eon studio in order to do motion presentation. In
this case, the removal time of the gear is 25 seconds, and the icons “RelX” “RelY” and

“RelZ” are checked because the vector is under the LCS.

oerepes L =
Settings

Movement Time to move
x 25 [s]

y: 25 [s]
z 25 [s]
0 [s]
0

0

OK ] [ Cancel

Fig. 5-3 Removing Information of the Indicated Gear
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53 Simulation operations

After the product model is imported into Eon Studio, parts are listed in the simulation tree
automatically. Nodes of the parts can be renamed, and attributes can be added to these
nodes. Fig. 5-4 is the simulation tree of the gearbox shown in Fig. 5-2. When running the
program, the product model will be shown on the computer screen with attributes added.
Eon Studio provides lots of programming nodes with functions such as motion models,
sensors, operations, collision, as well as prototypes with the encapsulated function. The
visual interface of Eon is supported by the routes function, which allows developers to
build a simulation quickly. However, sometimes these nodes and prototypes are not
enough for real needs, it is always possible for users to create their own nodes through

programming functions.

SimulationTree

& Simulation
£ Scene
+-1) Camera
+-(@ Ambient
+-F= Resources
%) Gearbox
9 A
698
-3 C
+-(3) Trans Axis
-1 Cover 1
-1 Bearing 1
-G Key
+-(£1) Gear 1
+-59) Bearing 2
-39 cover 2
S gD
(1) Gear Axis

+-(+3) cover 3
i P

Fig. 5-4 Simulation Tree of the Gearbox
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Fig. 5-5 shows the simulation interface, and it is used to simulate the disassemble proce-
dures. Whenever a sequence is generated, users can click on the number buttons to
choose the part for disassembly. This helps users to learn the disassemble operations. It
can also be used to compare different disassemble processes visually to prove the near

optimum solution.

0 Simulation

N - -
1S4 881 8§82
S§83 S54 S§S5

Bl =N ==
Bl SN ==
8812 S$S13 SS14.
S§S815 SS16 §817
‘Results Comoarison

Fig. 5-5 Interface of the Simulation
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5.4 Summary

Eon studio is used to simulate the disassemble operations in this research, which provides
a visual evaluation for the disassembly planning. The simulation can also helps to verify

the near optimum sequence.
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6 Chapter 6

Case Study

6.1 Case one

Fig. 6-1 Wrist of a Painting Robot
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A product model as shown in Fig. 6-1 is used for the case study to explain and verify the
proposed method. The model is an oblique axis non-spherical hollow wrist of a spraying
painting robot. The wrist is designed with a compact structure, and it consists of three
wrist joints: LS1, LS2, LS3 (shown in Fig. 6-1).

With the flexibility, the wrist can realize three continuous rotational motions to meet the
requirements of working environments in spraying industry. Fig. 6-2 is the kinematic di-
agram of the wrist that shows how the three wrists are driven to rotate about their axes.
From Fig. 6-2, gear “Z4” is driven by gear “Z1”, and gear “Z4” drives “LS1”, “LS2” and
“LS3” to rotate about the axis “a” together. Gear “Z2” drives gear “Z5”, while gear “Z5°”
drives gear “Z8” to rotate about the axis “b”. “LS2” and “LS3” rotate with gear “Z8” to-
gether. Gear “Z6” is driven by gear “Z3”, and gear “Z7” is driven by gear “Z6’”. Gear

“Z9” is driven by gear “Z7°”, and “LS3” rotates about the axis “c” with gear “Z9”.

1 75~ LS1
3 42| 76’
- 2171
£3 |zs Z4
26
a
a2 Z7 28
Base -~
J‘ 4 5 - ’
lg -
' - LS3
. 9
77’ -
b‘ Lc
LS2
Output
2

Fig. 6-2 Kinematic Diagram of the Wrist
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In this research, the three joints are regarded as three subassemblies, while the three sub-
assemblies contain 27 parts in total. Fig. 6-3 shows the structure and components of the
product model, and each of the subassemblies and parts is indicated with a number. Table

6-1 records the detailed information of the product components.

13141516 17 18 19 20 21

s ulgﬂlwn.

2223 24 25 26

I IM

5 IIII

123

LS3

8 910 11 12

Il=lni

Fig. 6-3 Components of the Product Model

Table 6-1 Details of the Product Model

Part No. Part Name Moving Time T,
LS1 First Joint 202
1 Bevel Gear 1-1 104
2 Bevel Gear 1-2 84
3 Housing 1-1 69
4 Housing 1-2 123
5 Cover 1-1 69
6 Housing 1-3 94
7 Housing 1-4 91
8 Spur Gear 1-1 86
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9 Spur Gear 1-2 64
10 Spur Gear 1-3 64
11 Shell 1-1 130
12 Base 1-1 69
LS2 Second wrist 202
13 Bevel Gear 2-1 56
14 Cover 2-1 44
15 Housing 2-1 66
16 Bearing 2-1 58
17 Housing 2-2 40
18 Bearing 2-2 80
19 Bevel Gear 2-2 119
20 Bevel Gear 2-3 94
21 Shell 2-1 130
LS3 Third wrist 180
22 Flange 3-1 44
23 End Cover 3-1 44
24 Housing 3-1 66
25 Bearing 3-1 64
26 Bevel Gear 3-1 91
27 Shell 3-1 130

Using the proposed representation method, the product model is represented by two-level
constraint matrices, which are shown in Fig. 6-4 (A) (B) (C) (D). The matrices are input
into the sequences searching program. Taking component 17 as a target part, a near opti-
mal result is to be searched. Fig. 6-5 shows the search processing and the near optimum
result. Base on the search result, sequence ”LS3-LS2-SS13-SS18-SS17” is chosen as the

final result. Totally two subassemblies and three parts are disassembled in order to re-
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move the target part 17, and the total disassembly time for this sequence is 558 seconds.

This sequence will be verified using simulation later.

202 -1 0
1 202 -1
0 1 180

Fig. 6-4 (a) The Product Model and Matrix 1

8 910 11 1

56 7
!
= lm
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-1 84 1 1 0 0 O O 0 O 0 0
0 -1 69 1 1 I 0 0 o0 O 0 0
-1 -1 -1 123 0 o0 1 0 1 O 0 0
0 0 -1 0 6 1 0 0 0 O I 0
0 0 -1 0 -1 %4 o0 1 O O 0 0
-1 0 0 -1 O 91 0 -1 1 1 0
0 0 O o o0 -1 0 8 I O 0 O
o o o -1 o0 0 1 -1 64 1 0 O
0 0 O 0o 0 o0 -1 0 -1 64 1 0
0 0 O o -1 0 -1 0 O -1 130 1
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Fig. 6-4 (b) The First Joint and Matrix 2.1
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Fig. 6-4 (c) The Second Joint and Matrix 2.2
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Fig. 6-4 (d) The Third Joint and Matrix 2.3
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Fig. 6-5 Searching Case 1 for near Optimum Sequence

The product model is built using SolidWorks, and it is saved as “.stl” format before im-
puting into the simulation software Eon Studio. The moving direction is also defined and
input into the simulation as discussed above. Fig. 6-6 shows the simulation tree and route

window of the program. After a near optimum disassembly sequence is found, clicking
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on each component number shown on the operation window in order, the corresponding

components will be disassembled.
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Fig. 6-6 Simulation Tree and Route Window of the Program

The simulation is also used to compare two different disassembly sequences, which can
prove the efficiency of the near optimum sequence. Fig. 6-7 shows the comparison of two
different disassembly sequences. Both sequences aim at disassembling the component
SS17. The upper disassembly process follows the near optimum sequence “LS3-LS2-
SS13-SS18-SS17”, and five components are disassembled with the total disassembly
time 558 seconds. While the lower process follows the sequence “LS1-LS2-SS14-SS16-
SS15-SS13-SS18-SS17” with eight components disassembled and 748 seconds cost for

the disassembly process. It can also be observed easily from the simulation that the lower
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process takes more time than the near optimum process, which proves the efficiency of

the near optimum sequence.

& siv

Optimum Sequence
LS3-LS2-S513-5518-SS17
Time Cost: 558s
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Fig. 6-7 Comparing the Two Different Disassembly Sequences of Model 1
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6.2 Case two

Taking the gearbox in Fig. 3-3 as the second case, the model representation is shown in
Fig. 3-5. A near optimum sequence is generated after loading the constraint matrices into
the searching program and selecting the target part 8, it is “LS1-LS3-SS7-SS8”. The total
disassembly time for this sequence is 165s. Total components removed are 4. Searching

process and searching result are shown in Fig. 6-8.
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Fig. 6-8 Searching Case 2 for near Optimum Sequence
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Fig. 6-9 shows the disassembly simulation and comparison of the near optimum sequence
with another sequence. The comparison sequence is “LS1-LS3-SS12-SS11-SS10-SS7-

SS8”. Total components removed are 7, and the total time required is 225s.
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Fig. 6-9 Comparing Two Different Disassembly Sequences of Model 2

6.3 Case three

The transmission system model of a car shown in Fig. 4-5 is also used as a case to ex-
plain the proposed method. Fig. 4-8 and Fig. 4-9 show the constraint matrices of the
model. Taking part No. 6 as the target part, the near optimum sequence is generated as
“LS1-LS2-SS4-SS5-SS6”, which is shown in Fig. 6-10. Two first-level subassemblies
and three parts are removed, and the total disassembly time for this sequence is 524s. The
simulation of the near optimum sequence and the comparison with another sequence is

shown in Fig. 6-11. The total disassembly time for the comparison sequence is 549s, and
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three first-level subassemblies and three parts are removed. The number of parts removed
of the near optimum sequence is fewer than the comparison sequence and the total disas-

sembly time is also fewer.
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6.4  Summary

By applying to the three cases, the proposed representation and searching methods are
explained in this chapter. The simulations show processes of disassembly operations. The
comparisons of the near optimum sequences with random sequences provide verifications

for the proposed method and research solutions.
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7 Chapter 7

Conclusion and Future Work

7.1 Research contributions

It is demanded to recycle useful components or materials when products come to the end
of their life. Before materials and components can be reused or recycled, a disassembly
process is required. An efficient product disassembly sequence helps to save time, cost,
and energy. In this research, an optimized method is proposed to deal with selective
product disassembly sequence planning.

Based on the reviewed methods and the bill of materials, a multi-layer constraint matrices
representation method is developed. The representation method considers the product
structure and assembly procedures, thus, the optimum or near optimum sequence selected
out has practical meaning. Compared to the one-level constraint matrix representation
method, multi-layer matrices representation method can reduce the search size greatly in
disassembly planning, which reduces the computational complexity of the search prob-

lem.
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The ant colony searching method brings benefits when searching for the near optimal
disassembly sequences. Whenever an unrealistic sequence is detected, a bunch of corre-
sponding invalid sequences can be avoided using the ant colony searching method. If the
target part is approached, the searching process stops without repeat searching. The ant
colony searching method, together with the proposed multi-layer constraint matrices rep-
resentation method, improves the efficiency of disassembly planning.

Factors including geometry complexity and process complexity are used for calculating
the total removing time to evaluate different sequences. Based on the proposed method,
the evaluation standards of minimum time cost and minimum number of components re-
moved, a near optimum sequence can be decided. The evaluation criteria and the evalua-
tion standards guarantee the reliability of the final solution.

The automatic search level of the proposed method is also improved by developing the
searching program. The simulation of the sequences shows details of a product’s disas-
sembly procedures. The near optimum result can also be confirmed by comparing differ-

ent disassembly procedures with the near optimum sequence.

7.2 Future Work

Even though the proposed method has improved the selective disassembly sequence
planning, there are still some aspects to be further studied as follows.

The current searching process relies on the manual input of the product matrices. An au-
tomatic process should be developed to generate the constraint matrices based on the

product design.
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In this research, different procedures such as product modeling, product representation,
searching for near optimum sequences, and simulation are conducted using different
software tools and programs. These separated procedures should be built in one program
in the future work.

The criteria for the solution evaluation are important for an accurate result. More factors
in the product life cycle management should be included in the evaluation for different
products and applications.

Other optimization algorithms such as genetic algorithms may also be studied to compare

the final results.
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