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ABSTRACT 

Today’s rapidly developing technologies and product designs have enabled manufacturers to deliver new 

products to consumers at a dramatic rate. This has in turn resulted in shorter lifespan for products, 

because, more often than not, they are discarded even though they are still in excellent working 

conditions. An overflowing stream of used scrapped products has become an alarming problem for waste 

management, as it is quickly elevating the level of environmental detriments. Countries around the world 

have also observed an explosive growth in the waste stream that is filling up municipal landfills and 

clogging up incinerators. These problems, in addition to the limited material resources on Earth have 

made the recycling of End-Of-Life (EOL) products a rapidly expanding research area. However, before 

recycling of EOL products can be done, they need to be disassembled. Therefore, this paper focuses on 

the automation of disassembly of EOL car dampers that are found wasting away in many auto repair 

workshops. It discusses the application of the component-mating graph and newer CAD methods in the 

disassembly modeling of an EOL mechanical damper.   
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1 Introduction 

In the recent years, the knowledge of conserving energy, material resources, and landfill (dump sites) 

capacity, and recycling regulations, has put pressure on many manufacturers to produce and dispose of 

products, in an environmentally friendly manner. It has also aroused consumer interest in “green 

products”, and has promoted environmentally responsible use, consumption, and disposal of products. 

Many governments worldwide are also stiffening legislation, thereby requiring manufacturers to use as 

much recycled material as possible, and to play a key role in recycling products at their end of life (EOL) 

[1] – [6]. 

Throughout the world, many reclamation facilities have been established by product manufacturers, for 

study and disassembly of their products. Sony Corporation (a Japanese Electronics Manufacturer), has 

built the Sony Disassembly Evaluation Workshop, at Stuttgart, Germany, to assess the reuse and recycling 

qualities of their electronic products. The International Business Machines (IBM) Corporation, which is 

one of the world’s largest manufacturers of computers, has also established the Reutilization Centre at 

Endicott, New York, to disassemble and recover reusable components from their personal and notebook 

computer products. Even though a significant amount of research has focused on the design of products 
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from an environmental and disassembly perspective [9] – [10], disassembly still plays an important role in 

material and product recovery. [11]. 

1.1 Objective of Study  

The objective of this work is to apply the component-mating graph and modern CAD methods to a newly-

analysed EOL mechanical device, a car damper that is commonly disposed. This entails the use of: 

Autodesk Inventor, Computer Aided Design (CAD) software; MATLAB; SimMechanics Link Utility software 

for linking the CAD software with MATLAB for disassembly modeling; graph representation of the car 

damper and modularity analysis. 

2 Methodology 

One of the modeling methods is the Component-Mating Graph, through which the Modularity Analysis of 

the Damper is performed, in this paper. This is also referred to as Component-Fastener Graph. It is an 

undirected graph which can be constructed using data from Computer Aided Design (CAD) software that 

was used to design the product. For this paper, Autodesk Inventor Professional 2013 software was used. 

In a Component Mating Graph [12] – [13], � = (�,�), where vertices � =  {��,   ��,…,   ��} 

represent components; and edgesn denote geometrical relationships among components, where � is the 

number of edges. It is clear that the upper limit for |�| is �. Figure 1 shows the CAD model of the Damper, 

with its four component parts. The labels (shown) in parenthesis are chosen arbitrarily to make the 

components identifiable during the disassembly modeling process. The components of the Damper model 

were mated/ constrained, and their motion was simulated within Autodesk Inventor. An XML file was 

generated from the CAD model within Autodesk Inventor, and this new file was exported to, and saved in 

MATLAB’s current directory 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Damper CAD Model 

At the command prompt in MATLAB, the mech_import command was executed. This brought up the 

Import Physical Modelling XML dialog box, and the previous XML file was selected.  A SimMechanics 

model of the damper was then generated in MATLAB. This model showed the connection between the 
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parts of the imported 3D CAD model, as well as their various properties, such as; mass, principal moments 

of inertia, volume and surface area. The SimMechanics model is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: SimMechanics Model of the Damper 

 

Figure 3: Component-Mating Graph of the Damper 

3 Application of Component-Mating Graph to Damper 

The Connection Graph (shown in Figure 3) was then constructed from the SimMechanics model by 

excluding the additional feature blocks created by the software The Connection Graph of Figure 3 can be 

written mathematically as:  �� = (�,�),  

Where:  � =  {�,   �,   �,   �} ,  i.e. (set of vertices),   � =  {��,   ��,   �,   �} ,  i.e. (set of edges) 

Number of vertices, or components (�) = 4.  Let �� =  ����� be ��′� adjacency matrix.  

 

∴ �� =          �

0 1 1 0
1 0 1 0
1 1 0 1
0 0 1 0

� Were ��� =  �
1,�� ��������� � �� ��������� �� ��������� �

0,��ℎ������
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3.1 Modularity Analysis 

To reduce the complexity of an EOL product, an assembly (module) can be decomposed into several 

subassemblies (sub-modules). The subassemblies can be further decomposed into simple subassemblies. 

Before describing the decomposition methodology, the concepts of cut-vertices, pendant vertices, and bi-

connected graphs must be defined. Cut-Vertex (CV): a vertex whose removal disconnects the graph. In a 

module, cut- vertices refer to the connection component between two other components. Pendant 

Vertex: only one edge incident on the vertex is a pendant vertex. In a module, it represents a single 

component. Bi-connected graph: a connected graph with no cut-vertices. In a module, a bi-connected 

graph means a sub-module. 

3.2 Subassembly 

There are three types of geometric assembly methods: Type I: An assembly which has no main component 

(or CV). In this type of assembly method, all the components are assembled with others. Type II: An 

assembly which has a main component (or CV). In this type of assembly method, other components or 

subassemblies are directly assembled or indirectly assembled with the main component. Type III: A 

combination of Type I and Type II. From the Component Mating Graph of Figure 3, it is obvious that the 

Damper contains the Type II subassembly category. When considering the disassembly processes, the 

following disassembly rules are adopted: Rule 1: If a type I subassembly is found, the subassembly can be 

further disassembled as sub subassemblies, or single components. Rule 2: If a type II subassembly is found, 

the subassembly can only be further disassembled as single components. Rule 3: If a type III subassembly 

is found, the subassembly can be further disassembled into more subassemblies and/ or single 

components. 

3.3 Depth First Search (���)  

The ��� algorithm used in this paper was adopted from the algorithm shown in the book of Algorithmic 

Theory and Practice (Gilles and Paul, 1988). The search was done by following a path from the top to the 

bottom component of the Damper. 

 
Figure 4: Depth First Tree (�� ) for the Component Mating Graph (��) of the Damper 

The label: ������ [��], which appears on each node is the algorithm for the ��� procedure, and is 

illustrated as follows: 

������ [1]  ���(�)  Initial call 

������ [2]     ���(�)  Recursive call 

������ [3]        ���(�)  Recursive call 
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������ [4]           ���(�)  Recursive call 

The broken line represents an edge that was present in graph ��, but which was not present in graph �� . 

3.4 Cut Vertex Search  

From the tree  ��  of Figure 4, the ������[��] for each node is calculated in post order (i.e. from last node 

to first node of the ��� procedure). This is given by the relation: 

������[��] �� �[��] = ����������[��],   ���{������[� �]},   �����������������.                 

Where:   ������[��]:  the search order for each node �� (from ��� procedure) 

������[� �]: if a node �� has a back edge (shown with dashed line) to one or more 

node(s) (say �� ) higher up the tree in �� , then ������[� �]=

���{������[�� ]}  for the node(s) adjacent to only the back edge; 

otherwise, ������[� �]=  ∞ . 

�����������: for each child � of node �� in �� , �����������= ���������� for all 

the children. If node �� has no child, then  �����������=  ∞ . 

The results are shown below: 

������[�]= ����������[�],   ���{������[� � ]},   �������������� ��� 

       = ���{4,∞ ,∞ }    = 4. 

������[�]= ����������[�],   ���{������[� �]},   ����������������� 

       = ���{3,1,4}      = 1. 

������[�]= ����������[�],   ���{������[� �]},   ����������������� 

       = ���{2,∞ ,3}     = 2. 

������[�]= ����������[�],   ���{������[� � ]},   �������������� ��� 

        = ���{1,3,2}   = 1. 

Figure 5 shows the comparison between ������[��] and  ������[��]  for all the nodes of �� . 

 

Figure 5: Comparison of ������[��] and ������[��] for Nodes of Graph ��  of the Damper 

The cut vertex is determined from the following rules: 

Rule 1:  The root (first vertex) of graph ��  is a cut vertex of ��  if and only if it has more than one child. 

Since the root vertex [�] has only one child [�], it is not a cut vertex. 

Rule 2:  A vertex �� other than the root of ��  is a cut vertex of ��  if and only if �� has 
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 a child � such that ���������� ≥ ������[��]. From Figure 4.8, the only vertex that satisfies this 

condition is [�].  

Therefore, the Cut Vertex (��) of the graph ��  is vertex [�]. 

3.5 Pendant Vertex and Sub-Graph Classification  

To find the pendant vertex, it can be assumed that ��′� row and column vectors are zero in the adjacency 

matrix ���. If the total edge number of a vertex (except for the edge that is connected with ��) is 0, then 

that vertex is a pendant vertex based on the ��.  

Recall:  

 

∴ �� =          �

0 1 1 0
1 0 1 0
1 1 0 1
0 0 1 0

�   

For any vertex �, if �� � =  ∑ ���
�
�� � = 0, where � ≠ ��, then � is a pendant vertex.  

 

From the matrix ��  above, only vertex ID 4 satisfies this condition. 

�� � =  ∑ ���
�
�� � =  ��� +  ��� +  ��� +  ��� = 0 + 0 + 0 + 0      = 0. 

Therefore, the Pendant (�)  Vertex is vertex [�]. To find the sub-graphs in the graph �� , it can be 

assumed the ��′� row and column vectors are zero in the adjacency matrix ���. This means that the �� 

and � vertices are completely removed from the graph ��. To achieve this, the ��� procedure will be 

carried out on the new graph �′� =  �� − �� − �, as shown in Figure 6. The algorithm is as shown: 

 

������ [1]  ���(�)  initial call 

������ [2]     ���(�)  recursive call 

 

 

 

 

Figure 6: Depth First Tree (�′� =  �� − �� − �) of the Car Damper 

From the ��� procedure of Figure 6, there is one sub-graph (subassembly) within the graph �′�, and this 

is denoted by: � =  {�,   �}.  
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3.6 Decomposition and Modularity Analysis  

Introducing �� and � back into the graph �′� , and doing some re-arranging, produces the modularity 

graph shown in Figure 7. 

 

Figure 7: Modularity Analysis I of the Damper. 

The next step is to determine whether �� ⊂  �. When examining the total number of edges for the 

subassembly (�) that are connected with ��, the �� will be grouped with the subassembly that has the 

highest number of edges connected with it. From Figure 7, subassembly S has two edges connected with 

the CV. Therefore � =  {�,   �,   �}, as shown in Figure 8. Since the Damper module has now been 

decomposed into sub-modules, the disassembly process is analyzed by the DPMs. Disassembly 

precedence means a component � cannot be removed until component � is removed. The precedence 

relation is local to the parts concerned, and signifies the partial order of disassembly. In this paper, six 

disassembly directions are adopted (Eq. (1) – (6)): ± �, ± �, and ± � (from the CAD model of Figure 1).  

 

Figure 8: Modularity Analysis II of the Damper. 

3.7 Disassembly Precedence Matrices (DPMs) Analysis 

��± � =  �������
1,��������� � ����� �� �� ������� ������ ��������� �,����� ± �

0,��ℎ������
 

 

 

 

(1), (2) 
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(3), (4) 

 

 

(5), (6) 

 

3.8 Merging of the DPM’s  

The six DPM’s can be written as (Eq. (7) – (12)): 

 

 

(7), (8) 

 

 

(9), (10) 

 

 

(11), (12) 

Therefore, the six DPM’s can be represented as one DPM ��� as shown in Eq. (13) 

 

(13) 

From the matrix “��”, the subassembly or component can be disassembled if ���� = 0. Therefore, 

subassembly  � =  {�,   �,   �} can only be disassembled from the − � direction, and component {�} can 

only be disassembled from the + � direction. 
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4 Result of Disassembly Analyses 

The disassembly tree and sequence are obtained as a final outcome of the disassembly analyses of the 

car damper as shown in Fig. 9. From the disassembly tree, in level 0, the Damper assembly is represented 

as a parent vertex {�,   �,   �,   �}  which is in the level 0 (��) . In level 1 (��) , the assembly is 

decomposed into one subassembly � =  {�,   �,   �}, and component [�]. The Modularity Analysis and 

Disassembly Precedence Matrix (DPM) test are processed recursively until all the components are 

disassembled from the whole assembly. In level 2, the subassembly � is decomposed into components 

{�},{�},and {�}. Thus, the disassembly process is complete.  

 

Figure 9: Disassembly Tree Representation of the Car Damper 

5 Conclusion 

A graph-based product design representation is presented for generating disassembly sequences of an 

Automobile Damper assembly. A Modularity Analysis was also used to generate feasible disassembly 

sequences. The process involved the use of the Component-Fastener Graph and Disassembly Precedence 

Matrix (DPM) that were developed for the Damper. The Component-Fastener Graph represents the 

hierarchy of the product structure, while the DPM represents the local and partial order of disassembly. 

The final result of the analysis was the disassembly tree, which shows complete disassembly sequences 

of the Damper. This sequence of disassembly is to incorporated in the automation of the recycling process 

of the damper. 
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