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Abstract 

 

In a circular economy (CE), products and materials remain in use for as long as 

possible. Based on the traditional linear economic system, a CE creates a closed 

loop economic system by reconnecting end-of-use resources, materials, products 

to the market. As part of a CE, remanufacturing returns the previously sold, leased, 

used, worn, or non-functional product or component to “like-new” or “better-

than-new” condition. Disassembly, cleaning, inspection, repair/replacement, 

reassembly, and testing are the main steps in remanufacturing. According to the 

literature, the degree of automation in disassembly is low, with manual 

disassembly being performed in the majority of cases. Automating disassembly 

requires automating disassembly planning.  Digitalisation is a promising 

technique for accelerating automation in disassembly planning. Computer-aided 

design (CAD) is a well-established technology that has been used in digitalising 

assembly planning. However, few attempts at adopting CAD modelling and 

simulation can be found in disassembly planning. Starting from collecting 

disassembly information through a CAD model of the end-of-life (EoL) product, 
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this work aims to build an integrated system for applying CAD static and dynamic 

data extraction techniques to remanufacturing disassembly sequence planning. 

Disassembly plans generated by the system are intended for an industrial robot as 

the disassembly operator to increase the eventual degree of automation in 

disassembly. This system further adopts an intelligent metaheuristic optimisation 

algorithm, the Bees Algorithm (BA), to generate the optimised disassembly 

sequence for the product. The system places particular emphasis on data mobility 

and transferability.  

 

The thesis first explains the overall design of the system, then introduces the 

method of collecting disassembly information from the CAD model. According 

to a pre-set optimisation objective which is the minimal total disassembly time of 

the EoL product, disassembly information includes the number of components, 

names of components, basic disassembly time for each component, etc. An add-

in tool is designed to retrieve this information automatically.  

 

The second part of the thesis describes the generation of the product's space 

interference matrix required for collision-free disassembly planning. In the CAD 

environment, a collision detection function is applied on each part to capture its 

interference relationship with the other parts. The results are collected by an 

algorithm into the space interference matrix of the product.  
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In the last part of the thesis, the collected product disassembly information and 

the generated space interference matrix are used as the input of the disassembly 

sequence optimisation algorithm. Using the enhanced discrete version of the Bees 

Algorithm, the overall disassembly sequence of the product is optimised, and the 

best combination of parameter settings is evaluated by a set of optimisation 

performance measurement standards.  
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Chapter 1   Introduction 

 

 

 

This chapter contains five sections. The first section introduces the research 

background, laying a foundation for this thesis. The topics include circular 

economy (CE), remanufacturing disassembly, robotic disassembly automation, 

and computer-aided design (CAD) simulation. The second section, based on the 

background investigation, presents a research hypothesis and corresponding 

research questions. The third section explains research objectives. The fourth 

section describes the methodologies in this work. The fifth section, using an 

outline, highlights the key points in the following chapters. An overall structure 

of the thesis is also provided in the fifth section.  
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1.1  Background 

1.1.1  Circular economy and remanufacturing engineering 

 

The circular economy is an economic system aimed at eliminating waste and the 

continual use of resources [1], [2], [3], [4], [5]. At the same time, the traditional 

economy follows a linear model summarised as “take, make, and dispose” [1], 

[2]. CE contrasts with the conventional linear economy. In the last few years, the 

concept of CE, which has been defined as a global economic model to minimise 

the consumption of finite resources [1], [4], [5], has been established, with a focus 

on the intelligent design of materials, products, and systems [6]. In a CE system, 

resources are kept in use for as long as possible by extracting the maximum value 

from them and then recovering and regenerating products at the end of their 

service life. This model is underpinned by three core principles: designing waste 

and pollution, keeping products and materials in use, and regenerating natural 

systems [7]. The CE has gradually received increasing amounts of attention since 

the last decade. Factories are increasing capital investments by adding circular 

processes, thus producing sustainable products [6]. Manufacturing enterprises 

adopt closed-loop life cycle models to support a circular economy strategy [8]. 

Stakeholders are shifting towards CE-oriented businesses as well. Sustainable 

performance through business processes is now considered by manufacturing 

firms [7]. 
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CE principles aim to increase resource use efficiency to achieve a better balance 

and harmony between the economy, environment and society [7]. Traditionally, 

CE is based on the so-called 3R principles, i.e., reuse, remanufacturing, and 

recycling [2], [9], [10], [11], [12], which aim to reuse the product directly at the 

end of its life cycle; remanufacture an used product to restore it to its original 

performance, specifications, and warranty; and recycle the product to reuse its 

materials and reduce resource consumption and pollution generation [7]. Properly 

recycling and utilising harmful and hazardous substances contained in waste 

electronic and electric equipment significantly decreases environmental pollution 

[7]. Recovering materials, especially valuable materials, has become an 

obligation due to the limited availability of natural resources on Earth [8]. 

 

The benefits of adopting a CE are multifaceted, touching on environmental, 

economic, and social spheres. Environmentally, CE contributes to significant 

reductions in waste, greenhouse gas emissions, and the depletion of natural 

resources, fostering a more sustainable interaction with our planet [2], [3]. 

Economically, it offers businesses opportunities for growth through innovative 

business models, product longevity, and the potential for reduced material costs 

[1], [13]. Socially, CE can lead to the creation of jobs and the development of 

new skills required for a sustainable future, improving societal resilience against 

resource scarcity and environmental crises [4], [9]. 
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The CE business model is opening new possibilities for organisations in terms of 

cost and environmental impact optimisation, which will be crucial for the survival 

of organisations in the future [7]. Industry 4.0, as a technical approach, can 

support manufacturing organisations in transforming their business model from a 

linear to a circular economy [1], [14]. An investigation assessed 278 Indian 

manufacturers with an integration of Industry 4.0 technologies based on their  

circular economy performance (CEP) in 2023 [1]. The results show that these 

organisations greatly benefited from green procurement and remanufacturing 

activities. CE models allow the creation of highly skilled jobs and economic 

growth, save on the disposal costs that manufacturers must support by law and 

promote economic savings by recovering the residual value contained within 

products after their first useful life [7]. 

 

CE encompasses a wide array of practices and strategies, including sustainable 

design, maintenance, repair, reuse, refurbishment, remanufacturing, and 

recycling [2], [4], [5], [9]. These components work in synergy to keep products, 

components, and materials at their highest utility and value. The emphasis is on 

extending the life cycle of materials and products, thereby reducing the need for 

new resources. Remanufacturing represents a critical endpoint in this sequence 

before materials are ultimately recycled, signifying a process that brings used 

products back to like-new or better conditions [9], [11], [12]. 
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Remanufacturing is a comprehensive and rigorous industrial process by which a 

previously sold, worn, or nonfunctional product is returned to a 'like-new' or 

'better-than-new' condition from both a quality and performance perspective [9], 

[15], [16], [17]. This process involves disassembly, cleaning, inspection, repair, 

replacement of parts, reassembly, and testing to ensure that the remanufactured 

product meets or exceeds the original specifications [18], [19], [20], [21]. 

Remanufacturing differs from other recovery processes by offering a higher value 

addition, essentially providing second life to products with potentially lower 

environmental impacts than new manufacturing. 

 

Due to the shortage of global resources and the vision of reducing environmental 

pollution, remanufacturing has attracted much attention for facilitating 

sustainable development [22]. Companies dealing in sales and imports were 

obligated to collect and process used equipment [8]. Remanufacturing is defined 

as an essential closed loop cycle [4], a central ‘value-retention process’ [10], 

which plays a vital role in the CE. The design for remanufacturing is identified 

as an important factor in the CE [10]. The remanufactured products, such as 

broken or regularly replaced items, are returned to the market in an as-new or 

better condition. The ecological, social, and economic aspects of remanufactured 

products are superior to those of newly manufactured products [10]. 

 



 

 

 

6 

The achievements in remanufacturing are substantial, offering both tangible and 

intangible benefits. From an environmental perspective, remanufacturing 

significantly reduces the demand for raw materials, lowers energy consumption, 

and minimises greenhouse gas emissions compared to new manufacturing 

processes. Economically, it allows companies to utilise existing materials and 

components, reducing production costs and offering consumers high-quality 

products at a lower price. For example, the automotive remanufacturing industry 

has a large aftermarket in Europe. Automotive remanufacturing has a long history 

of development, a large group of employees, and a billion-level turnover [10]. 

Manufacturing factories, industry companies, and decision makers are 

encouraged to adopt remanufacturing [5]. Remanufacturing support can smooth 

the transformation of the business mode from a linear economy to a circular 

economy, boosting the economy’s circularity. Additionally, remanufacturing 

fosters innovation in product design and production processes, encouraging 

manufacturers to design products with future remanufacturing in mind. Socially, 

it contributes to job creation in sectors related to the collection, processing, and 

remanufacturing of used products, thus playing a vital role in the transition 

towards a more sustainable and circular economy. Digitalisation can be achieved 

through remanufacturing to boost CE [3]. Currently, assumptions and secondary 

data are the main information resources in the CE. The design of circular process 

theory and the design for remanufacturing are deeply influenced by the lack of 

empiricism [10]. Digital manufacturing should be implemented within the 
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framework of industrial ecology and remanufacturing principles to increase CE 

efficiency, productivity, and traceability. 

 

1.1.2  Product disassembly in remanufacturing 

 

Today, remanufacturing is a pivotal industrial process recognised for its potential 

to significantly reduce waste and conserve resources. It has gained traction across 

diverse sectors, including automotive, aerospace, electronics, and heavy 

machinery [10], [11], [12], [19], [23], [24], owing to its environmental and 

economic benefits. This process contributes to reducing the extraction of raw 

materials and energy consumption and presents opportunities for businesses to 

realise cost savings and foster innovation. However, the adoption and integration 

of remanufacturing practices vary widely among industries and regions and are 

influenced by technological advancements, regulatory frameworks, market 

acceptance, and the availability of returned products. The current state of the 

remanufacturing industry is different between developed and developing nations. 

Successful and well-practised remanufacturing is being implemented in countries 

such as the USA, the UK, and Germany. In contrast, the expected growth in 

remanufacturing has begun in many sectors among nations, such as India, Brazil, 

and China [5]. 
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The remanufacturing process is intricate and multifaceted, commencing with 

disassembling the returned product. This initial step involves the systematic 

separation of the product into its constituent components and materials, allowing 

for the identification of reusable parts [17], [19], [25]. Following disassembly, 

the process includes cleaning, inspecting, and sorting parts based on their 

condition [10]. Subsequently, necessary repairs or replacements are made, 

wherein parts may be refurbished or entirely substituted with new parts. The 

remanufactured product is then reassembled and subjected to rigorous testing to 

ensure that it meets the original specifications or better. Finally, the product is 

repackaged and made ready for resale. This sequence underscores the complexity 

of remanufacturing and its potential to transform waste into valuable products. 

Disassembly in automotive remanufacturing is identified as an inevitable process 

after sorting and inspection and before cleaning, reworking, assembly and testing 

[10]. Products are recovered to obtain raw materials or semifinished products for 

production through recycling, disassembly, sorting and reengineering [8]. 

 

Disassembly plays a crucial role in achieving sustainability in the CE. The mass 

personalisation of products requires the flexibility of disassembly to 

accommodate frequent changes [22]. The 3R principles of CE are eased 

practically by disassembly processes that allow the disassembly of 

subcomponents for the reuse, remanufacture, and recycling of materials. 

Disassembly is facilitated by proper product design, which is fundamental for 
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applying CE principles [7]. The product needs to be designed to ease the 

disassembly process. Product design can strongly influence disassembly times 

and processes [7]. 

 

Disassembly, the precursor to remanufacturing, entails the systematic breakdown 

of a product into its components and materials. It is a critical step in determining 

the efficiency and effectiveness of the remanufacturing process. Disassembly 

processes are considered the most essential stage for the adoption of specific 

actions in end-of-life (EoL) management practices [6]. Disassembly requires a 

deep understanding of the product's design, including how components are 

interconnected and the best sequence for their removal to maximise the recovery 

of usable parts. It breaks down EoL products into valuable components to be 

reused in the future and is thus considered vital in remanufacturing [22]. Until 

2024, an investigation using the engineering data of European automotive 

remanufacturing figures that the degree of automation in the disassembly process 

is 70% manual and 30% semiautomated [10]. The fully automated ratio is zero. 

Overall, of all the remanufacturing steps (sorting, inspection, disassembly, 

cleaning, reworking, assembly, and testing), the fully automated process accounts 

for only 13%. This task demands precision and expertise, as improper 

disassembly can damage components, rendering them unusable and thereby 

defeating the purpose of remanufacturing. 
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Disassembly sequence planning plays a crucial role in reusing and 

remanufacturing EoL products [7]. It serves as the linchpin for the entire 

remanufacturing process, influencing the components' recovery rate, the 

operation's cost-effectiveness, and the overall environmental footprint. Effective 

disassembly planning requires the identification of the optimal sequence for part 

removal, which minimises labour and time while preventing damage to reusable 

components. Since the efficient utilisation of existing resources is necessary, it is 

crucial to predict disassembly operation times and the condition of joints for 

recycling, reusing or remanufacturing [8]. Technological advancements, such as 

CAD systems and automation, greatly aid this planning, which can simulate 

disassembly processes and identify bottlenecks. Moreover, an efficient strategy 

must be adaptable and capable of accommodating products of varying conditions 

and complexities. 

 

1.1.3  Robotic disassembly and automation 

 

Remanufacturing is expected to have more flexibility and a high degree of 

automation. As one of the remanufacturing process steps, cleaning has the highest 

degree of automation, with 77%. According to remanufacturing engineering data 

investigations, the proportion of disassembly semi-automation is 30% , and 

disassembly currently has no full automation [10]. Disassembly has excellent 
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potential for automation in remanufacturing engineering, in addition to other 

steps, such as cleaning and assembly. Automation in remanufacturing 

disassembly requires more flexibility regarding the volumes, variants, and 

diversity of EoL products. In addition to digitalisation in remanufacturing, 

innovative remanufacturing technologies indicate a potential research-practice 

gap, which has already been demonstrated in research [12]. 

 

Traditionally, manual disassembly has relied heavily on human expertise and 

experience [26], [27], [28], [29], [30]. Humans excel in adapting to unstructured 

scenarios and making judgments based on qualitative assessments. Their 

flexibility and cognitive capabilities enable them to adeptly manage complex 

disassembly tasks, especially those requiring delicate manipulations or involving 

products characterised by high variability and low volumes. Despite these 

advantages, this approach is constrained by various factors, including 

inconsistency in human performance, the potential for injuries, and the 

inefficiencies associated with manual labour. 

 

However, using human operators to perform disassembly tasks has drawbacks. 

First, human performance efficiency in disassembly tasks can significantly 

fluctuate due to fatigue, expertise deficiency, and subjective decision-making. 

This inconsistency can adversely impact the disassembly process, affecting the 

quality and output of remanufactured products. Second, disassembly tasks 
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frequently involve handling sharp, heavy, or hazardous components. Manual 

execution of these tasks poses significant safety risks to human operators, 

including injuries such as cuts, strains, and repetitive stress disorders. Third, 

manual disassembly is both time-consuming and labour-intensive. The physical 

limitations of human operators restrict the speed and duration of disassembly 

activities, thus negatively impacting productivity and cost efficiency. 

 

Therefore, the integration of robots into disassembly introduces numerous 

benefits over traditional human-centric methodologies [31], [32], [33]. Robots, 

known for their precision, consistency, and indefatigability, offer a compelling 

solution to the limitations inherent in human labour. Robots can execute 

disassembly tasks with remarkable accuracy and uniformity, mitigating the 

performance variability typically observed in humans. This consistency is crucial 

for upholding the quality standards of remanufactured products. In addition, 

assigning hazardous disassembly tasks to robots significantly decreases the risk 

of injuries among human workers. Robots can safely manage sharp, heavy, and 

dangerous materials more efficiently than can humans. Robots can operate 

continuously without succumbing to fatigue, markedly enhancing the throughput 

of disassembly processes. The efficiency and speed of robotic systems can vastly 

exceed those of manual disassembly, leading to substantial cost savings and 

improved productivity. 

 



 

 

 

13 

1.1.4  Gap identification: lack of CAD simulation 

 

In disassembly sequence planning (DSP), a crucial component of 

remanufacturing and circular economy strategies is the integration of CAD 

simulations, which represents a promising frontier. However, a discernible 

research gap persists in fully leveraging CAD simulation capabilities to address 

DSP challenges effectively. Although CAD tools have been extensively applied 

in the design and manufacturing phases [10], [34], [35], their potential in 

simulating and optimising disassembly processes has yet to be fully realised or 

explored. Considering all EoL management practices, disassembly has been 

identified as strategic in the circular economy. Only scattered attempts have 

explored how digital technologies (especially simulations) can support CE 

adoption by focusing on disassembly processes [6]. 

 

Current literature highlights using CAD for static product analysis but often 

overlooks dynamic simulation features that could detect potential disassembly 

hurdles, such as accessibility issues and tool requirements. Moreover, studies that 

integrate digitalisation techniques, such as CAD simulations, and with advanced 

optimisation algorithms, such as metaheuristic methods, to generate practical and 

efficient disassembly sequences are scarce [10]. The incorporation of real-time 

data from the disassembly floor into CAD-based DSP models is another 
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underexplored area that could enhance the adaptability and accuracy of 

disassembly plans. 

 

1.1.5  A short summary 

 

 

Figure 1.1 The research background of this thesis (intersection C: focus of this 

thesis) 

 

The circular economy offers numerous benefits for environmental protection, 

enterprise development, and energy conservation. In addition to reducing and 

recycling, remanufacturing plays a crucial role in advancing circular economic 

practices as a core principle of the circular economy. The initial and most critical 

step in remanufacturing engineering is disassembly, the advancement of which 

can significantly contribute to the sustainable development of the circular 

economy. Automating disassembly processes, mainly through the use of robots 

instead of manual labour, has considerable advantages in terms of efficiency and 

safety. However, integrating CAD technology into robotic disassembly systems, 

specifically for the sequence planning of dismantling discarded products, remains 
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a relatively underexplored area in the literature and forms the primary focus of 

this thesis. Referring to Figure 1.1, the above section provides a detailed 

background on disassembly in the CE (section A) and CAD simulation in 

Industry 4.0 (section B). Intersection C is the research focus of this thesis. 

 

1.2  Hypothesis and research questions 

 

According to the introduced background of the circular economy, the significant 

steps and status of disassembly in the remanufacturing area, and the gap in CAD 

model simulations for providing necessary data and information, the research 

hypothesis is presented below: 

 

“CAD simulations can provide sufficient disassembly information and data, 

which can be integrated into a robotic disassembly sequence planning (RDSP) 

system to generate an optimised disassembly sequence.” 

 

The following research questions are raised to present the evidence and support 

the hypothesis: 

 

1) Identification of the disassembly information and data: What information and 

data can the CAD models provide for disassembly work? 
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2) Integration of the disassembly information and data into the RDSP: How 

should the extracted information and data be processed in robotic disassembly 

sequence planning problems? 

3) Optimisation and evaluation of the RDSP: How can the most optimised 

robotic disassembly sequence be generated and evaluated? 

 

1.3  Aim and objectives of the research 

 

This work aimed to build a CAD-based integrated robotic disassembly sequence 

planning system to reduce the redundancy of the information transformation 

process in the integrated disassembly system and increase the degree of 

automation. The following objectives guided the research: 

 

1. A disassembly sequence planning system for EoL products is designed, 

including to set the preliminary goal of the disassembly operator and the 

system optimisation objective. 

2. Recognise the necessary disassembly information according to the system 

optimisation objective and extract data from the CAD models of the EoL 

products. 
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3. A CAD model collision detection method is developed to test the collision 

conditions between the controlled part and others, and then the space 

interference matrices are generated from the detected collision results. 

4. The space interference matrices are input to the disassembly sequence 

generation algorithm to obtain the feasible disassembly sequences. 

5. The feasible disassembly sequences are optimised to find the one that 

meets the system optimisation objective. An evaluation metric is designed 

to determine the best parameter settings. 

 

1.4  Methodology 

 

The methodology used in this research is as follows: 

1) Review of previous studies: A comprehensive literature review is carried 

out to demonstrate thorough awareness of the existing work and the 

necessity for this research. 

2) Define a workflow of a RDSP system: A hierarchy model showing the 

research processes for solving the RDSP, starting from CAD model 

analysis. 

3) Identification of the disassembly information: The constituent factors of 

the disassembly information are identified and explained of using the 

minimal total disassembly time as a single objective optimisation function. 
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4) Extract the CAD data (static): A software add-in tool is developed to 

present the static CAD data of CAD models. 

5) Process the CAD data (dynamic): An application programming interface 

(API) controlled collision detection algorithm is developed to measure the 

interference conditions between parts, and the results are presented in a 

mathematical matrix format. 

6) Generate feasible disassembly sequences: An algorithm is given to present 

the process of generating feasible disassembly sequences, including 

corresponding disassembly directions of each disassembly step.  

7) Optimise for locating the best disassembly sequence: The Bees Algorithm 

(BA) in its enhanced discrete version is adopted as the RDSP optimisation 

algorithm for finding the best disassembly sequence.  

8) Evaluate the optimisation performance of the enhanced discrete bees 

algorithms (EDBA): An evaluation criterion for the optimisation 

performance of EDBA is designed. 
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1.5  Thesis outline 

 

 

Figure 1.2 The overall structure of this thesis. 

 

The thesis is structured with six chapters. Figure 1.2 presents an overall structure 

of this thesis, with the achievements stated in each. Apart from the introduction 

of research background in chapter 1, the rest of this thesis is presented as follows: 

 

• Chapter 2: Literature Review 

 

This chapter provides the research findings in CAD-based robotic disassembly 

sequence planning and optimisation. A summary of the published disassembly 

sequence planning review papers is given in the first section. Second, reviews of 

the matrix-based model representation methods and robot-based operator 
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selections in DSP are presented. Then, a review of integrating CAD techniques 

in DSP, which includes CAD models’ information extraction and collision 

detection methods in CAD simulations, is given. Last, different types of 

metaheuristic optimisation algorithms and their performance evaluations are 

presented. 

 

• Chapter 3: Disassembly information extraction from the CAD models 

 

This chapter begins the CAD-based RDSP system. First, a macroscopic picture 

of the designed system shows the overall workflow. The disassembly operator is 

a single robot, and the system goal is to find the disassembly sequence using the 

minimised disassembly time. The involved disassembly information is explained 

in the next step. Third, an add-in tool is developed for presenting the extracted 

disassembly information of EoL products in CAD environment. 

 

• Chapter 4: Space interference matrix generation using CAD collision 

detection method 

 

This chapter is the middle part of the whole system. The space interference matrix 

of an EoL product is generated from its CAD model by detecting collisions 

between parts in the CAD environment.  This process involves several techniques 
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in the CAD simulation, such as use of the bounding box, measurement of CAD 

parts, and API program control over the CAD software.  

 

• Chapter 5: Robotic disassembly sequence planning and optimisation 

 

This chapter is the final part of the designed system. The generated space 

interference matrix from last chapter is a representation of the EoL product, which 

is taken as an input to the disassembly sequence planning and optimisation 

processes in this chapter. After finding all the feasible disassembly sequences, the 

enhanced discrete bees algorithm is applied to find an optimised sequence result. 

Furthermore, EDBA is evaluated for its optimisation performance to find the best 

combination of parameter settings.   

 

• Chapter 6: Conclusion 

 

This chapter concludes the contributions and implications of the whole thesis. 

Future work is also suggested. 
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Chapter 2   Literature review 

 

 

 

This chapter contains five sections. The first section introduces the research 

approach conducting with a descriptive analysis. The second section reviews the 

previous work in the DSP problem, including the matrix-based model 

representation method and types of disassembly operators in the DSP problems. 

Considering that the DSP problem has grown for decades, a summary of the 

published review papers of the DSP is given to trace the development progress 

and shifting viewpoints in the research. The third section examines the usefulness 

of CAD techniques for representing EoL products in the DSP problems. The 

fourth section discusses various metaheuristic optimisation algorithms applied to 

DSP problems. The selection of optimisation algorithms and their performance 

evaluation are the two highlights of the work. The fifth section summarises the 

findings from the above three areas in the DSP and provides further motivation 

to formulate this thesis research. 
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2.1  Literature descriptive analysis 

 

This section explains the literature review's extraction, screening, and selection 

processes. This review is transdisciplinary research that falls within the DSP topic 

and is related to the applications of CAD techniques and metaheuristic 

optimisation methods. Scopus was used to collect literature because of its well-

known robust characteristics. Comprehensive content for the above areas is 

provided. This review was finalised in December 2023, so the materials published 

up to 2023, including the in-press publications published in early 2024, were 

selected for this review. 

 

“Disassembly sequence planning” was the search component within three fields: 

article title, abstract, and keywords. In total, 663 publications were found in 

Scopus. After excluding irrelevant and duplicated results, 637 genes were further 

screened. Figure 2.1 illustrates the distribution of relevant articles by year of 

publication in the DSP topic. The first DSP paper can be traced back to 1987 [36]. 

The assembly and disassembly planning operations for space telerobotics were 

discussed. Disassembly was considered as a reversion to assembly by then. And 

the AND/OR graph, which gradually became a widely adopted method nowadays, 

was used to represent feasible sequences. Since then, researchers have steadily 

increased their attention to disassembly sequence planning. 
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Figure 2.1 A Distribution of relevant articles by year of publication in the DSP. 

 

The feasible disassembly sequence results generated by DSP problems require 

various input data, which CAD models can provide. Design information, such as 

bills of materials (BOMs), mating features, dimensions in axes, tools and 

accessories, can be extracted from a CAD model. To narrow the investigation of 

the applications of CAD techniques under the DSP topic, the search word “CAD” 

was added to Scopus, decreasing the number to 80 publications and resulting in 

74 publications after screening. Figure 2.2 shows the distribution of publications 

on the CAD technique under the DSP topic by year. CAD techniques began to 

support the development of DSP in 1989. Three works were published in 1995 

[37], [38], [39], 2001 [40], [41], [42] and 2006 [43], [44], [45]; five, six, and eight 
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publications were published in 2012 [46], [47], [48], [49], [50], 2017 [51], [52], 

[53], [54], [55], [56] and 2022 [57], [58], [59], [60], [61], [62], [63], [64], 

respectively. 

 

 

Figure 2.2 The CAD techniques area: a distribution by year of publication. 

 

The disassembly sequence planning problem is a nondeterministic polynomial 

(NP) problem. Exact methods are difficult to solve NP problems because 

generating solutions takes a long computational time and requires high resource 

usage [65], [66]. Metaheuristic methods, which can find an optimum or a near-

optimum solution, are more suitable for solving the NP problems [67], [68], [69], 

[70]. Figure 2.3 shows the search results obtained by adding the search term 
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“metaheuristics” under the DSP topic in Scopus, with 20 publications in total 

found after screening. 

 

Figure 2.3 The metaheuristic area: a distribution by year of publications. 

 

Additionally, a search utilizing the terms “CAD” and “metaheuristics” was 

conducted within the context of the DSP topic in Scopus. As of the completion 

of the literature review for this thesis, no publications have emerged in this 

interdisciplinary field. This identified research gap underpins the subsequent 

methodological development presented in this thesis. 
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2.2  Disassembly sequence planning 

2.2.1  DSP review papers 

 

The disassembly sequence planning problem has been studied for decades. 

Researchers have summarised review papers from various angles since the first 

paper on the DSP was published in 1987. Up until the work of this thesis, 12 

review papers were located based on the Scopus scholar search (see Appendix 

Table A.1). 

 

Yokota and Brough published the first review paper on assembly automation in 

1992 [71]. Beginning with introducing the necessity of cooperative design and 

production planning in manufacturing activities, an information loop is proposed 

to send planning information to design engineers. This work discussed the 

solution in assembly/disassembly sequence planning from five aspects: the 

planning information of the product, the representation of the assembly structure, 

the relation types at the part level, the precedence of disconnecting the relations, 

and the generation of assembly/disassembly sequences. Notably, the sequence 

planning problem is mixed between assembly and disassembly in this work, while 

more attention is given to analysing the product's structure. In 1998, O’Shea et al. 

published a review addressing a state-of-the-art literature survey on disassembly 

planning [72]. Similar to Lee et al. in 2001, a review and further research 
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discussion of planning and scheduling issues focused on the disassembly area 

[73]. 

 

In 2003, Dong and Arndt critically reviewed the integration of the CAD technique 

with disassembly and emphasising the role of CAD in advancing DSP research 

[74]. They highlighted the importance of assessing product disassemblability to 

determine disassembly time and costs, utilising CAD data for generating 

disassembly paths automatically. Their review underlines the significance of 

disassembly process planning and sequence generation, aiming to optimally 

deconstruct products into their components. This study outlines four main product 

representation approaches—graph-based, Petri net-based, geometry-based, and 

others—noting the use of CAD in Petri net approaches to establish part 

precedence relationships [75], [76], [77]. This finding underscores the necessity 

of CAD for effective disassembly planning, aiding in early problem identification 

and simulation. The analysis concluded that developing CAD techniques is 

crucial for addressing disassembly process planning challenges, highlighting the 

value of graphical and geometric models in supporting disassembly modelling 

within a computer-aided design or computer-aided manufacturing (CAD/CAM) 

environment. 

 

Path planning is another important element of manufacturing process planning. 

Three subproblems in assembly planning, namely, assembly sequence planning 
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(ASP), assembly line balancing (ALB), and assembly path planning (APP), were 

identified by Ghandi and Masehian in 2015 [78], where disassembly was seen as 

a reverse version of assembly. The view of considering disassembly to be the 

opposite of assembly is now partly agreed upon by researchers because of the 

different characteristics of these two topics, for example, the uncertainty of 

disassembly problems. 

 

The recent developments and future trends of DSP were reviewed by Zhou et al. 

in 2018 [79]. The disassembly mode, disassembly modelling and planning 

methods are identified as the three main steps in DSP. In the disassembly 

modelling step, preprocessing is defined as the extraction method for obtaining 

the precedence relationships between parts, which is distinguished from the 

disassembly model building substep. For example, CAD models are used in this 

substep because of the known information about the product. However, this 

method is less commonly used than manual methods, which are the main methods 

for completing preprocessing because of the strong recognition ability of humans. 

In addition to the graph-based method, this work introduces the matrix-based 

method as the main approach to model representation. The disassembly 

interference matrices derived from the CAD model of the product can be used to 

generate disassembly sequences. The advantage of using a disassembly 

interference matrix is that all the relationships of parts can be reflected in the 

matrices using binary values, whether two parts have interference or not. 
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Robotic disassembly is emerging as a crucial field in the transition towards 

strategic recycling and the circular economy, marked by an increasing focus on 

automating disassembly processes. In 2020, Poschmann, Bruggemann, and 

Goldmann's systematic review explored how robotic disassembly technologies 

contribute to this transition, enhancing the digitalisation of the circular economy 

and streamlining data flow in disassembly processes [26]. They outline a five-

step disassembly work chain, emphasising the integration of robotics, especially 

in disassembly operations. This review identifies sequence planning, robotic 

applications, vision systems, and path planning as key areas of interest, 

highlighting the use of CAD models for efficient path planning. This work 

underlines the importance of robotic disassembly in improving recycling 

processes and suggests potential research directions for further integration within 

an information system for the circular economy. 

 

Four major aspects of DSP problems were summarised by Guo et al. in 2021 [80], 

namely, disassembly modelling, mathematical programming, artificial 

intelligence, and uncertainty handling. The disassembly modelling aspect is the 

key to this thesis. Their work revealed that the following disassembly model 

representation approaches (graph-based, AND/OR graphs, Petri nets, and matrix-

based) have been widely used in previous research with proof of their 

effectiveness. According to this work, product representation is the first basic 
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element in a disassembly planning system, followed by sequence search and 

solution optimisation. The product representation builds a foundation for the 

disassembly sequence search. Selecting a proper representation method to search 

for disassembly sequences efficiently is important. Among the four modelling 

methods, the matrix-based approach is specifically focused on in this thesis. 

Compared to the other three methods, which have the advantage of being 

intuitively understood by humans, the matrix-based method is less easy to 

produce manually, especially when facing a complex product with a large number 

of components. Interpreting and automatically processing the matrix data is 

recommended and a have-to in the computer system. For example, a product 

described by graphs always needs to convert component relationship information 

into a matrix format for further calculation. However, matrix-based model 

representation requires all relationships of pairwise components, which causes a 

large amount of matrix data and a long data processing time. This is the 

disadvantage of using the matrices. Figure 2.4 [80] provides an overall 

comparison of the modelling methods for disassembled products. 
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Figure 2.4 Comparison of modelling methods for disassembled products. 

 

Another product disassembly sequence planning review was presented by Ong et 

al. in 2021 [81]. The state-of-the-art literature from 2009 to 2021 was summarised 

in this work, together with the challenges and future directions. Three major 

research studies on the DSP problem are classified: product representation 

models, sequencing algorithms, and methodology validation. The disassembly 

process, which targets different types of operators, has three disassembly mode 

choices: full manual, full robotic, and human-robot collaboration. This work also 

classifies disassembly problems by level (complete or partial disassembly) and 

by type (sequential or parallel disassembly). In addition, this work summarises 
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the times at which product applications have appeared in publications in the past 

decade. Most of these studies involved numerical simulations and 3D assemblies, 

which were performed 14 and 9 times, respectively. Finally, this work discusses 

the automatic definition of the product representation model. The EoL ontology 

model can address uncertainty issues in disassembly well. Nevertheless, this 

model is not practical enough to be widely adopted, as manually labelling the 

parts is tedious and time-consuming. The CAD model and its BOM files are a 

better choice for automatically extracting product data within a reasonable time 

for real applications, including large-size and complex products. This view also 

coincides with the hypothesis in this thesis. 

 

Sassanelli et al. also published a review in 2021 [6]. This systematic review 

underscores the crucial role of simulation in advancing both disassembly 

processes and the adoption of CE principles, particularly within the framework 

of Industry 4.0. Simulation tools play a pivotal role in optimising disassembly 

processes, improving product and plant disposal, and strengthening connections 

between the design and EoL stages. By leveraging Industry 4.0 technologies, such 

as virtual and augmented reality, simulation enhances human‒machine 

interactions and operational efficiency. This integration of simulation into CE 

practices not only fosters resource efficiency and sustainability but also 

empowers manufacturers and researchers with the necessary knowledge and 

skills to navigate the complexities of modern production systems. As such, 
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simulation has emerged as a key enabler of CE strategies, driving innovation and 

progress toward a more circular and sustainable future. 

 

Two more DSP review papers were published in 2023, focusing on the integration 

of cutting-edge technologies with DSP problems. In 2023, Yang et al. combined 

X-reality (XR) techniques with DSP problems for EoL aircraft parts, where “X” 

is an attribute variable. It is a compound word that combines augmented reality 

(AR), virtual reality (VR), and mixed reality (MR). This study explores the 

integration of Industry 4.0 (I4.0) technologies, particularly X-reality, and lean 

management principles into end-of-life aircraft part remanufacturing, with a 

specific focus on disassembly sequence planning. It addresses the challenges and 

uncertainties inherent in EoL conditions and proposes "Smart Disassembly 

Sequence Planning (SDSP)" as a new decision-support agenda. By conducting a 

comprehensive literature review, this study identified the key concepts of DSP, 

I4.0, XR, and lean management while reviewing previous efforts in EoL aircraft 

remanufacturing and XR-assisted DSP. The study concludes that advancing 

disassembly management presents a significant business opportunity, 

emphasising the need for abundant evidence for rationalising digital technology 

adoption. Furthermore, these findings suggest that XR–lean integration has the 

potential to enhance the digitalisation, quality, and effectiveness of EoL DSP, 

emphasising the importance of testing, validation, and case studies to verify the 

method's applicability and usefulness in managerial practices. Future research 
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directions include the measurement and analysis of efficiency and social 

sustainability impacts in EoL aircraft parts cases, as well as the ergonomics 

analysis of human–XR collaboration. 

 

Works using artificial intelligence (AI) techniques to solve DSP problems are 

summarised and reviewed by Chand and Ravi in 2023 [82]. This study delves 

into the growing utilisation of AI-based approaches in manufacturing, 

particularly focusing on DSPs within the context of the remanufacturing and 

waste management industries. This emphasises the importance of DSP in building 

a circular economy by optimising disassembly processes to reduce ecological and 

economic impacts. Through an analysis of state-of-the-art DSP methods, this 

paper provides insights into disassembly objectives, attributes, and optimisation 

techniques. This highlights the significance of efficient DSP techniques in 

minimising raw material usage, exploiting natural resources, and enhancing waste 

management processes. This paper reviews research articles published between 

2012 and 2021 discussing DSP problem-solving techniques, constraints, 

modelling, and algorithms, with a focus on nature-inspired and hybrid algorithms. 

It identifies areas for future research, including parallel and incomplete 

disassembly processes, environmental impact assessment, and the integration of 

AI, the Internet of Things (IoT), and edge computing in remanufacturing 

operations. Additionally, it proposes the exploration of human-robot combined 
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disassembly operations and suggests a consolidated approach based on 

computational intelligence for optimising the entire disassembly process. 

 

2.2.2  Model representation methods: matrix-based 

 

According to the DSP review papers in the last section, model representation is 

an important part of solving DSP problems. Graph-based, Petri nets, and matrix-

based methods are the mainstream solutions. Among these, matrix-based 

methods have emerged as particularly advantageous over other common 

techniques, especially in solving complex DSP problems. Matrix-based methods 

fundamentally leverage the simplicity and mathematical robustness of matrices 

to represent the relationships and dependencies among components within an 

assembly. This representation is instrumental in identifying feasible disassembly 

sequences, considering constraints such as precedence relations and tool 

requirements. The primary advantage of matrix-based approaches lies in their 

computational efficiency. Unlike graph-based or Petri net-based methods, which 

often require extensive computational resources for graph traversal or state space 

exploration, matrix operations can be highly optimised for speed. This efficiency 

is paramount in real-time or near-real-time DSP applications, where decision-

making speed is crucial for operational effectiveness. 
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Another salient feature of matrix-based methods is their inherent suitability for 

integrating automated systems, particularly those leveraging CAD and CAM 

technologies. Matrix representations can be directly derived from CAD models, 

enabling an automated transition from product design to disassembly planning. 

Some related research has focused on this topic. This integration is less 

straightforward with graph-based and Petri net-based methods, which may 

require additional layers of abstraction and conversion to interfaces with 

CAD/CAM systems. The direct compatibility of matrix-based methods with 

CAD/CAM tools streamlines the DSP process, enhancing the efficiency of the 

disassembly planning phase and facilitating a more cohesive workflow from 

design to disassembly, which builds the basis hypothesis of this work. 

 

Moreover, matrix-based methods offer superior scalability and flexibility in 

handling complex assemblies. The compact and structured nature of matrix 

representations allows for the efficient analysis of large-scale systems, where the 

number of components and disassembly constraints can be significant. This 

scalability is particularly relevant in industries dealing with complex products, 

such as aerospace and automotive products, where disassembly processes are 

critical for maintenance, repair, and remanufacturing activities. In comparison, 

graph-based and Petri net-based approaches might struggle with scalability issues, 

as the complexity and size of the graphs or nets increase exponentially with the 



 

 

 

38 

number of components, making the analysis and solution derivation more 

cumbersome. 

 

The adaptability of matrix-based methods to various optimisation criteria and 

constraints is another merit worth mentioning. By formulating the DSP problem 

as a matrix optimisation problem, it is possible to apply a wide range of 

mathematical and heuristic optimisation techniques to find optimal or near-

optimal disassembly sequences. This flexibility allows for the consideration of 

multiple objectives, such as minimising the disassembly time, cost, or 

environmental impact, thereby supporting the goals of sustainable manufacturing 

and remanufacturing. While graph-based and Petri net-based methods can also be 

adapted to different optimisation criteria, the process is often more intricate and 

less intuitive than that of matrix-based methods. 

 

In conclusion, the exploration of different methodologies for solving DSP 

problems underscores the pivotal role of method selection in achieving efficient 

and effective disassembly sequence planning. Matrix-based methods have been 

increasingly recognised for their potential to address the challenges associated 

with DSP in a more efficient, flexible, and scalable manner than graph-based and 

Petri net-based methods. The matrix-based approach, with its computational 

efficiency, ease of manipulation, direct CAD/CAM integration capabilities, 
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scalability, and adaptability, presents a compelling case for its preference over 

graph-based and Petri net-based methods. 

 

2.2.3  The operators in DSP 

 

Disassembly sequence planning (DSP) is a critical component of the 

remanufacturing process, offering a structured approach to deconstruct products 

into their constituent parts. The objective of DSP is not only to facilitate recycling 

and reuse but also to enable efficient remanufacturing, repair, and maintenance 

activities. Traditional DSPs have predominantly been centred around human 

operators, given their cognitive flexibility and problem-solving capabilities. 

However, the advent of robotics has introduced a paradigm shift, with robotic 

operators offering several distinct advantages over their human counterparts. 

 

Despite the potential merits of HRC, fully robotic systems provide a more 

streamlined and efficient approach to DSP. These systems are designed for 

autonomous operation, eliminating the necessity for human intervention and 

thereby reducing labour costs and safety risks. The automation of DSP through 

robotics also facilitates the incorporation of advanced optimisation algorithms, 

further enhancing the efficiency and efficacy of the disassembly process. 
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In summary, while human operators have historically played a pivotal role in DSP, 

the limitations of manual disassembly are becoming increasingly evident. 

Robotic integration into DSP offers significant advantages in terms of precision, 

safety, efficiency, and adaptability. Fully robotic systems, in particular, represent 

the future of DSP and are promising for overcoming the challenges posed. 

 

2.3  Role of CAD in DSP 

2.3.1  Integration of CAD in the disassembly planning system 

 

The integration of CAD into DSP systems represents a significant leap forward 

in the field of manufacturing and remanufacturing. This integration not only 

streamlines the disassembly process but also enhances efficiency, accuracy, and 

sustainability. In DSP, mathematical programming methods require modelling 

with a high level of abstraction. The problem description starts from assembly 

drawing or a CAD file [80]. CAD models can generate structured data in 

cyberspace for experts to guide disassembly sequence generation and task 

allocation problems in a cyber-physical system (CPS) paradigm [22]. The 

pioneering work by Ji and Wang (2023) on selective disassembly sequence 

optimisation using CAD technologies underscores the evolving nature of CAD 

integration, offering insights into its potential to optimise disassembly paths while 

minimising costs and environmental impact [83]. 
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Münker et al. (2023) delved into CAD-based product partitioning for automated 

disassembly, highlighting the remanufacturing benefits for components such as 

lithium-ion batteries [84]. This approach exemplifies how CAD integration 

facilitates the identification of optimal disassembly sequences, significantly 

reducing the time and resources required for disassembly tasks. Furthermore, a 

comparative study by Rehal and Sen (2023) on disassembly sequencing schemes 

emphasizes the superior planning accuracy and efficiency afforded by CAD 

technologies, marking a departure from traditional, less efficient methods [85]. 

 

2.3.2  Collision detection methods 

 

The integration of CAD assembly collision detection methods into disassembly 

sequence planning (DSP) problems remains a nascent research area. Only one 

paper was published in 2022 by Prioli et al., who developed a CAD-based 

collision evaluation method to formulate the disassembly precedence matrix from 

the geometric collision data in an assembly file [33]. This research area has great 

potential to lead the way towards optimising disassembly processes. Detecting 

collisions in a CAD environment is an efficient way to check the interference 

conditions between parts without causing damage to the components or the 

disassembly apparatus. The study by Prioli et al. demonstrated the effectiveness 
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of CAD-based collision detection in DSP [33].. By incorporating collision 

detection algorithms into DSP, engineers can simulate and evaluate potential 

disassembly sequences in a virtual environment, identifying and eliminating 

sequences that would lead to collisions and, consequently, potential damage to 

parts or inefficiency in the disassembly process. 

 

CAD models can be utilised to simulate the disassembly of assemblies by 

applying collision detection algorithms to automatically generate disassembly 

sequences that avoid component interference. This approach not only streamlines 

the planning process but also significantly reduces the reliance on expert manual 

analysis of EoL products or trial-and-error methods in the real world, thereby 

saving time and resources. Murali and Mahapatra (2023) explored selective 

disassembly sequence generation, emphasising the importance of collision 

detection algorithms within CAD systems [86]. These algorithms play a pivotal 

role in enhancing the reliability and safety of disassembly processes, ensuring 

that parts are disassembled without damage and in an efficient manner. Moreover, 

the adaptability of CAD software allows for the easy modification of product 

designs to further facilitate disassembly, promoting a design for disassembly 

(DfD) philosophy that considers the end-of-life phase of the product right from 

its design stage. Thus, the benefits of applying CAD assembly collision detection 

methods in DSPs not only extend beyond operational efficiency but also 
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contribute to the development of smarter, more adaptable manufacturing systems 

that can quickly respond to changes in product design or recycling requirements. 

 

2.3.3  CAD simulations and information extraction 

 

CAD simulation is an experimental computer-based approach that can be defined 

as a way of managing the models from changes, reproduces, or projections in a 

CAD environment, thereby clarifying the reasons for change [6]. CAD 

simulations and information extraction have emerged as vital components of 

comprehensive DSP systems. An AR-based disassembly guiding system 

automatically extracted the vertexes of CAD feature bounding boxes and then 

used them as input data in the optimal viewpoint selection algorithm for guiding 

a virtual scene [87]. Barbu et al. (2022) highlighted the development of a visual 

assembly planning system that leverages CAD simulations to predict and plan 

disassembly processes accurately [58]. This capability to simulate disassembly 

scenarios in advance significantly reduces the risk of errors and inefficiencies, 

paving the way for more sustainable and cost-effective manufacturing practices. 

The utilisation of data extracted from CAD models further streamlines the 

disassembly process. Information on geometric and material properties extracted 

from CAD models can be directly applied to DSPs, enabling a more nuanced and 

informed approach to disassembly. This integration not only saves time but also 
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ensures that disassembly is carried out in the most environmentally friendly 

manner possible, supporting the goals of sustainable manufacturing. 

 

2.4  Metaheuristic optimisation algorithms for DSP 

 

The development and application of metaheuristic optimisation algorithms have 

been pivotal in addressing the complexities inherent in DSP. Research efforts, as 

documented by authors such as Lambert, have focused on crafting sophisticated 

algorithms capable of navigating the vast solution spaces associated with DSP 

problems [65], [66]. These algorithms, ranging from genetic algorithms to 

simulated annealing and beyond, offer robust frameworks for identifying optimal 

or near-optimal disassembly sequences amid the constraints and variabilities of 

real-world applications. 

 

 

 

2.4.1  Metaheuristic performance evaluations 

 

Performance evaluations of these metaheuristic algorithms reveal their significant 

potential in enhancing the efficiency and effectiveness of DSP. For instance, 

Adenso-Díaz et al. provide insights into a two-phase approach that not only 



 

 

 

45 

optimises disassembly sequences but also integrates environmental 

considerations, reflecting an evolving emphasis on sustainability [88]. 

Furthermore, the work by Adenso-Díaz et al. illustrates the benefits of employing 

a path-relinking approach for bicriteria DSP problems, showcasing the 

algorithms' ability to balance multiple objectives effectively [89]. 

 

2.5  Summary 

 

This chapter provides a literature analysis of the DSP problem using two 

approaches: quantitative and qualitative research.  Two subtopics covered in this 

analysis are the applications of CAD models in DSP and the metaheuristic 

optimisation algorithms for solving DSP problems. An investigation of the 

descriptive analysis of the published literature from the first DSP paper until 2024 

is presented. Three cross-discipline published under the keywords “DSP + CAD”, 

“DSP + metaheuristic”, and “DSP + CAD + metaheuristic” are classified by their 

distributions in years.  It is found that there is no publication so far have worked 

within the topic belongs to “DSP”, “CAD”, and “metaheuristic” together, except 

this thesis. In the qualitative research, this review first detailly focused on the 

matrix-based model representation method and disassembly operators in DSP 

problems. Second, the role of CAD models playing in the DSP problems is 

reviewed. It is identified that a few studies attempt to solve the DSP problem 
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using CAD collision detection method. Third, the application of metaheuristic 

algorithms in the DSP problem and the algorithms’ performance are reviewed. In 

summary, the blank research area for integrating the three key terms, “DSP,” 

“CAD,” and “metaheuristics,” leads this thesis to build a CAD-based integrated 

disassembly system. The pioneering work of developing the CAD collision 

detection method to solve DSP problems better adds a novelty to this thesis. 
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Chapter 3   Disassembly data 

extraction for the CAD models 

 

 

 

This chapter contains five sections. The first section describes preliminaries for 

the robotic disassembly sequence planning problem and the integration system 

designed for this thesis. The second section explains the disassembly information 

collection procedure for end-of-life products. The third section introduces the 

data extraction work on CAD models. The fourth section presents the case study 

results. The fifth section summarises this chapter. 
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3.1  Problem preliminaries and system design 

 

The disassembly information of EoL products can be divided into physical 

structure information and real-world disassembly information. The physical 

structure information refers to the outline shape of this EoL product and the 

composition of each part. The real-world disassembly information refers to the 

disassembly target of this EoL product. Some disassembly information needs to 

be collected from the real world for system analysis. This chapter mainly 

introduces real-world disassembly information about EoL products. According to 

the target of the disassembly problem, first, the related real-world disassembly 

information is discussed. Then, using SolidWorks 3D software as the CAD 

environment, an add-in tool is developed for reading and extracting real-world 

disassembly information, which is stored in the EoL products’ CAD model. 

 

In the developed add-in tool architecture, the CAD model of EoL products plays 

a significant role, such as human memory during disassembly, which can store 

and retrieve relevant nonphysical structural information such as basic 

disassembly time, disassembly tools, and the serial number of components. The 

enormous amount of information involved in disassembly is proposed for 

modularisation. With modularised information, it is beneficial to search for, 

extract and update disassembly information quickly. 
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Figure 3.1 The workflow of this research 

 

This study employs a robot as the sole disassembly operator and adopts a 

disassembly mode characterized by a complete, non-destructive, and sequential 

process. The disassembly model is built upon the CAD model of the EoL product. 

Furthermore, the planning method is chosen as a single disassembly cost 

objective to find the minimum value of the total disassembly time cost. The Bees 

Algorithm is selected to optimise the generated results based on the planning 

method. Because DSP is a discrete, combinatorial [90], and nondeterministic 

polynomial (NP) [79] problem, an enhanced discrete version of the Bees 

Algorithm [91] is applied in the optimisation process to increase the search 

efficiency. 
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This research is divided into five tiers, as depicted in Figure 3.1. The first step, 

CAD data analysis, initiates by reading a CAD model and identifying the 

geometry and dimensions of the components. A collision simulation is performed 

to extract the precedence relationships between the components (i.e., the 

precedence matrix and interference matrix) and the disassembly location of each 

component. The second step collects disassembly information from the real world, 

including basic disassembly time, disassembly tools, disassembly time penalties 

on direction changes, and tool changes of the robot end-effector. Third, a feasible 

disassembly sequence generator is built using the precedence relationship data. A 

group of feasible sequences with directions are generated using the extracted 

precedence relationship and collected disassembly information as input to the 

feasible disassembly sequence with the direction generation algorithm. In the 

fourth tier, the Bees Algorithm in its basic discrete version is introduced for its 

parameter constitution and the optimisation search scheme. In the Bees Algorithm, 

the search mechanism for the solution space can be divided into two processes—

exploitation and exploration—the two terminologies of which can also be 

referred to as local search and global search [92]. Compared to the basic discrete 

version, the EDBA focuses on the local search strategy by adapting three 

methods—insertion, swapping, and mutation—and is therefore selected as the 

optimisation tool. Then, the outcome of tier three is used as the initialised 

population for disassembly sequence optimisation. The relevance between DSP, 

as a real-world problem, and EDBA, as an optimisation algorithm tool, is 
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explained and constructed as a program. Finally, in the fifth tier, the performance 

of the EDBA and its outcome behaviour are evaluated. The performance is tested 

under a design of experiment (DoE) method, which assesses the performance 

when modifying selected parameters of the BA by specific algorithm metrics, and 

the metrics are further statistically evaluated. 

 

3.2  Disassembly information collection 

 

The minimum total disassembly time of the EoL product [91] is set as the single 

optimisation object. The equation is shown in (1), which is formed by three 

factors: the disassembly basic time of the component (𝐵𝑇), the disassembly 

moving time of the robot end effector (𝑀𝑇) and the disassembly penalty time of 

the product (𝑃𝑇). In addition, two types of product disassembly penalty times are 

considered here, namely, the penalty tool change time (𝑃𝑇𝑡𝑜𝑜𝑙) and the penalty 

direction change time (𝑃𝑇𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛). This information is collected from the real 

world as the input data for RDSP. 

 

𝐹(𝑇𝑖𝑚𝑒) = 𝐵𝑇 +𝑀𝑇 + (𝑃𝑇𝑡𝑜𝑜𝑙 + 𝑃𝑇𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) (1) 
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The disassembly basic time of a component is the time consumption of a robot 

with a tool disassembling a component from its EoL product. The time recording 

starts when the working tool on the robot touches the target component and then 

ends when this component is confirmed to be fully released from its original 

posture. Generally, this is also the time point at which the working tool on the 

robot is ready to leave for the next step. Equation (2) shows the calculation of the 

disassembly basic time, which accumulates the time consumption for each of the 

components. 𝑥𝑖 refers to the component in the EoL product, and 𝑥 is the number 

of components. These representations are also applied in the following equations. 

 

𝐵𝑇 = 𝑏𝑡(𝑥1) + 𝑏𝑡(𝑥2) + ⋯+ 𝑏𝑡(𝑥𝑥) =∑𝑏𝑡(𝑥𝑖)

𝑛

𝑖=1

 (2) 

 

The disassembly moving time of the robot end-effector is presented by equation 

(3). When a robot has completed its assigned disassembly task and is ready to 

leave the current component, for example, ready to leave from the component 𝑥1, 

a signal from the RDSP system will be sent to the robot, indicating that the robot 

will move to its next disassembly task 𝑥2. The accumulated time spent by the 

robot moving from its current to the next task is considered the total disassembly 

moving time. 
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𝑀𝑇 = 𝑚𝑡(𝑥1, 𝑥2) + 𝑚𝑡(𝑥2, 𝑥3) + ⋯+𝑚𝑡(𝑥𝑖−1, 𝑥𝑖) =∑𝑚𝑡(𝑥𝑖−1, 𝑥𝑖)

𝑛

𝑖=2

 (3) 

 

The disassembly penalty time of a product is used to address the changes 

occurring during the disassembly process. This study includes two types of 

penalty time: tool changing of the robot and direction changing of the combined 

actions by the product and robot. These changes occur between disassembly tasks, 

for which the time assumption is shown in equation (4). The two types are to be 

explained individually. 

 

𝑃𝑇 = 𝑝𝑡(𝑥1, 𝑥2) + 𝑝𝑡(𝑥2, 𝑥3) + ⋯+ 𝑝𝑡(𝑥𝑖−1, 𝑥𝑖) = ∑𝑝𝑡(𝑥𝑖−1, 𝑥𝑖)

𝑛

𝑖=2

 (4) 

 

Due to the different component sizes and types, disassembly tool selection is a 

problem in RDSP. As in a manual disassembly environment, multiple types and 

sizes of tools are provided to human operators for adapting different task 

requirements, such as hammers, pliers, grippers (small, medium, and large sizes 

for tiny, regular, and enormous objects), spanners (M1, M2, M3… for matching 

sizes of bolts), and screwdrivers (Phillips Head, Slot Head, Hex head, etc.). 

Figure 3.2 shows the matching relationships between the components and tools. 

In robotic disassembly, tool design and replacement for robot end-effectors have 

attracted attention and have been studied for years [93], [94]. As disassembly task 
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manipulators, robots sometimes require multiple disassembly tools and grippers 

for disassembling one EoL product. Tool changes are unavoidable, and time is 

needed for these changes between components. Therefore, equation (4) is applied 

here, and the result is accumulated in equation (1). 

 

 

Figure 3.2 Disassembly tools for adapting different task requirements. 

 

The disassembly direction refers to all the degrees of freedom a component can 

be completely detached from its EoL product. However, the disassembly 

direction change refers to the change in the relative positional relationship 

between the robot and the EoL product. In general, EoL products are one-sided 

fixed, while robots approach the components under disassembly direction 

instructions; see Figure 3.3. Currently, there is no existing RDSP system that 

considers moving the EoL product fixture and robot end-effector together, 
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referencing simultaneous machining in manufacturing. Therefore, the 

disassembly direction change is currently the robot end-effector direction change. 

 

 

Figure 3.3 One-sided fixed EoL product with the robot end-effector 

approaching. 

 

Although the proposal of considering multiple disassembly directions in DSP can 

be found in many works, research in four directions, 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(4) =

{𝑋+, 𝑋−, 𝑌+, 𝑌 −}  for 2D models and six directions, 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(6) =

{𝑋+, 𝑋−, 𝑌+, 𝑌−, 𝑍+, 𝑍 −} for 3D models, is still favoured by the majority of 

researchers [33], [91], [95], [96], [97], [98], [99]. The research object and 

disassembly direction in this work is a 3D model with six disassembly directions, 

adapting the method of total penalty for direction change [100]. Equation (5) 

shows the penalty function matrix 𝑀(𝑃𝐹). If no direction change is required 

between two disassembly components, for example, from 𝑋 +  to 𝑋 + , the 
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direction change penalty value is 0; if a change in 90° is needed, for example, 

from 𝑋 + to 𝑌 + the direction change penalty value is 1; if a change in 180° is 

needed, for example, from 𝑋 + to 𝑋 −, the direction change penalty value is 2. 

These values are extracted from the matrix to be used in equation (4), and then 

the results are accumulated in equation (1). 

 

 

(5) 

 

3.3  CAD model data extraction 

 

An add-in tool based on the CAD environment is designed and developed for 

collecting disassembly information from the CAD model of an EoL product. The 

SolidWorks, a software developed by the Dassault Systems company, is used to 

present the add-in tool. The SolidWorks is renowned for its powerful capabilities 

in creating and modelling 3D designs with a primarily usage in engineering, 

architecture, and industrial design fields. SolidWorks can allow users to create 

precise and detailed 3D models of parts, assemblies, and drawings, and to 

facilitate the design and development process of a product. SolidWorks offers a 
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user-friendly and easy-to-access interface to both beginners and experienced 

professionals. Some key features of SolidWorks’ 3D CAD function include 

sketching, parametric modelling, part modelling, assembly modelling, simulation, 

and integration with other software. 

 

A CAD model of an Electric Vehicle battery (EVB) is used as a case study to 

present the extracted disassembly information and CAD data result. Figure 3.4 

presents a lab view and a CAD model of the EVB. The components detail of the 

EVB is listed in the Table 3.1.  

 

Figure 3.4 The EV battery: (a) lab photo; (b) CAD model. 

Table 3.1 A component list of the EVB.  

No. Component Quantity Operation 

A M5 x 10mm Top Screw 35 Unscrew 

B Top Cover 1 Pick-up 

C M6 x 16mm Central Bolt 4 Unscrew 
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D Central Junction Box 1 Pick-up 

E Nut 12 Unscrew 

F Busbar 4 Pick-up 

G M6 x 95mm Battery Bolt 28 Unscrew 

H Battery Module 7 Pick-up 

 

The developed add-in tool is programmed in C# language. The whole add-in tool 

is developed by three sectors, the cover page (Figure 3.5), the assembly page 

(Figure 3.8), and the part page (Figure 3.10 and Figure A.1). Due to their 

characteristics in types of the part, components (Figure 3.10) and fasteners 

(Figure A.1) are separately detailed in the part pages. An overall view is given to 

each of these pages.  

 

 

Figure 3.5 An overall view of the developed SolidWorks add-in tool. 
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Figure 3.6 A zoom-in view of the add-in tool’s cover page. 

 

As long as the software's CAD environment is initialised, the add-in tool monitors 

the active file opened in SolidWorks. A cover page of the add-in tool is presented 

when neither an assembly file nor a part file is opening. Figure 3.7 shows a page-

changing scheme of the add-in tool.  
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Figure 3.7 The page-changing scheme of the developed add-in tool. 

 

The add-in tool assembly page has five sections: (1) product information, (2) 

robot information, (3) optimisation algorithm information, (4) disassembly 

sequence output, and (5) additional information. The product information stores 

the EoL product’s name and its model number. The robot information outlets 

choices of the disassembly robot operators, with a corresponding robot moving 

speed. The direction-changing penalty time and the tool-changing penalty time 

are listed below the robot speed. The “view” button is used to refresh the robot’s 

information. The optimisation algorithm information stores the selected 

metaheuristic optimisation methods. The algorithm chosen in the presented figure 

is the enhanced discrete bees algorithm. Other metaheuristic algorithms, such as 
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the tabu search, the genetic algorithm, etc., are also selectable. The “Optimise” 

button is used to refresh the optimisation algorithm’s information in the third 

section. The disassembly sequence output presents the output of the generated 

optimal disassembly sequence result. This work aims to achieve a high 

disassembly efficiency in terms of time cost, so the total disassembly time is 

presented in the fourth section. Further details of the optimal result generated 

according to the selected optimisation method are presented in the following 

textbox. The additional information is for taking the extra notes when the CAD 

designer needs. 

 

 

Figure 3.8 An overall view of the add-in tool’s assembly page. 
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Figure 3.9 A zoom-in view of the add-in tool’s assembly page. 

 

The add-in tool part page has three sections: (1) part information, (2) disassembly 

information, and (3) additional information. The part information stores the name 

of the product that the part belonged to, the part’s name and the part’s number. 

The type of the part is another information stored. Components and fasteners are 

classified here by a checkbox.  
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Figure 3.10 and Figure 3.11 are the overall view and the zoom-in view page of a 

component. Figure A.1 and Figure A.2 are the overall view and the zoom-in view 

page of a fastener in the Appendix. The disassembly information stores the 

selected disassembly tool and the basic disassembly time of the part using the 

selected tool. The dimension of the part can be checked using the dimension 

function. The value of the selected dimension is shown in the CAD environment 

and in the add-in tool, too. The additional information is for taking the extra notes 

when the CAD designer needs. 

 

 

Figure 3.10 An overall view of the add-in tool’s part page: a component. 
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Figure 3.11 A zoom-in view of the add-in tool’s part page: a component. 

 

In both the assembly and part pages of the add-in tool, there are three buttons on 

the top of the page: “Apply”, “Reset”, and “Refresh”. The “Apply” button lets 

the CAD designer store the input information into the CAD file. The “Reset” 

button clears all the stored information from the CAD file. The “Refresh” button 

uses the stored information to cover the information presented on the current page. 
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3.4  Summary 

 

This chapter analyses the real-world factors of disassembly information using the 

total disassembly time as the disassembly target. In the CAD environment built 

by SolidWorks, an add-in tool is developed to extract, find, and present the 

nonphysical disassembly information that is stored in the CAD models of EoL 

products. A workflow of the robotic automated disassembly sequence planning 

process to describe the EoL product disassembly problem is provided in the 

beginning. Second, a fitness function of the total disassembly time is given with 

the details describing the factors of each composition in the formula. Moreover, 

the required disassembly tools and the degree of freedom of the disassembly 

direction for the EoL product are also analysed. Finally, an add-in tool is 

developed to display the above nonphysical disassembly information. Three 

interfaces are included in the add-in tool: the homepage, the page for the EoL 

product (CAD assemblies), and the page for the EoL components (CAD parts). 

A flowchart of the page switching rule is also given. The situation in which 

multiple files are opened at the same time is also considered in the solution. CAD 

models include EoL product information. In CAD data, the composition of parts 

in the assembly (such as the optional disassembly direction of parts) and the space 

relationship between parts (such as interference and interference in the direction) 

can be applied to the feasibility analysis of disassembly. These issues will be 
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discussed in the next chapter. From the perspective of researchers and 

disassembly operators, the modular disassembly information can clarify the real 

situation of the product in the system where the robot automated disassembly 

sequence is planned. The use of the CAD model that can be updated will provide 

sufficient information for the feasibility of the EOL products and optimise the 

planning of the disassembly sequence. 
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Chapter 4   RDSP interference 

matrix generation from CAD 

collision detection 

 

 

 

This chapter contains five sections. The first section introduces the process of 

generating bounding boxes in a CAD model. The second section explains the 

mechanism of CAD parts’ movements, accompanied by the developed collision 

detection algorithm. The third section presents the consequences of detecting 

collisions between parts in the CAD environment and thus generating the 

corresponding space interference matrices. The fourth section shows the results. 

The fifth section summarises this chapter. 
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4.1  Bounding box formation on the CAD model 

 

The CAD models of EoL products store massive amounts of data and information 

that can help to plan disassembly sequences. The CAD data and information can 

be divided into geometrical and mating information. EoL product details, for 

example, the volumes of EoL products and their assembly structures, can be 

expressed by analysing those data and information. Manually extracting and then 

processing the EoL products’ information was used in past works. Some studies 

on the disassembly sequence planning problem employ the manual approach to 

EoL product models but seldom mention how repetitive and error prone this 

manual work can be, nor does it consume to deal with the enormous processing 

time. To address these disadvantages, this chapter proposes a method to 

automatically extract the data and information from CAD models and then studies 

their space interference relationships using a developed collision detection 

algorithm designed to determine the space interference relationships between 

CAD parts.  

 

Figure 4.1 shows a workflow of this chapter. CAD model identification is the first 

step in the process of the CAD collision detection method. First, a CAD model of 

the EoL product is loaded. The program then identifies names and quantities of 

the parts contained in the CAD model before generating bounding boxes. Second, 
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for each of the part, the API program using the extracted dimension from the 

bounding box as the maximum moving distance of the part, dragging the CAD 

part to disassemble from its assembly model. The API program monitors to detect 

collisions during the movement and to record the interference result. After all 

directions of one CAD part and all parts in the assembly are checked, the space 

interference matrix can be output from the API program. A simple case study, 

with detailed information provided in the following sections, is shown to present 

the whole process.  

 

 

Figure 4.1 The Flowchart of the CAD collision detection method to generate the 

space interference matrix. 
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A bounding box is a virtual, cuboid-shaped structure used to surround the target 

CAD object. A bounding box can be applied to a CAD part or a CAD assembly. 

Figure 4.2 (a) presents a sphere showing the procedure of forming a bounding 

box for the CAD object. First, eight vertices of the bounding box are located 

according to the maximum dimension of the CAD object, as shown in Figure 4.2 

(b). Then, in Figure 4.2 (c), the edges of the bounding box are lined up to shape 

the structure. 

 

 

Figure 4.2 A bounding box model: (a) A sphere. (b) Locating bounding box 

vertices. (c) Using edge lines to connect bounding box vertices. 

 

A schematic diagram of the bounding box is shown in Figure 4.3 to explain the 

method of obtaining the CAD object’s dimensions automated by an API program. 

A bounding box has eight vertices (𝑃𝑜𝑖𝑛𝑡 0 to 𝑃𝑜𝑖𝑛𝑡 7) and twelve edge lines 

(𝐿𝑖𝑛𝑒 0 to 𝐿𝑖𝑛𝑒 11). A virtual Cartesian coordinate system can be built based on 
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these properties. The selection of the coordinate origin of the bounding box within 

the vertices is random. Aside from the selected point, two perpendicular lines are 

further taken as the three dimensions. For example, 𝑃𝑙𝑎𝑛𝑒𝑋𝑌𝑍𝑚𝑖𝑛 is named for 

the plane constructed by the 𝑋-axis and 𝑌-axis at the minimum end of the 𝑍-axis. 

It is built by 𝐿𝑖𝑛𝑒 0, 𝐿𝑖𝑛𝑒 4, 𝐿𝑖𝑛𝑒 6, 𝐿𝑖𝑛𝑒 8, 𝑃𝑜𝑖𝑛𝑡 0, 𝑃𝑜𝑖𝑛𝑡 2, 𝑃𝑜𝑖𝑛𝑡 4, and 

𝑃𝑜𝑖𝑛𝑡 6. The rest of the planes are listed in Table 4.1. 

 

 

Figure 4.3 A schematic diagram of the bounding box 

 

Table 4.1 The plane construction of a bounding box 

Plane Edge (Line) Vertex (Point) 

𝑷𝒍𝒂𝒏𝒆𝑿𝒀𝒁𝒎𝒊𝒏 L0, L4, L6, L8 P0, P2, P4, P6 

𝑷𝒍𝒂𝒏𝒆𝑿𝒀𝒁𝒎𝒂𝒙 L2, L5, L7, L10 𝑃1,𝑃3, 𝑃5, 𝑃7 
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𝑷𝒍𝒂𝒏𝒆𝑿𝒁𝒀𝒎𝒊𝒏 L0, L1, L2, L3 𝑃0,𝑃1, 𝑃4, 𝑃5 

𝑷𝒍𝒂𝒏𝒆𝑿𝒁𝒀𝒎𝒂𝒙 L8, L9, L10, L11 𝑃2,𝑃3, 𝑃6, 𝑃7 

𝑷𝒍𝒂𝒏𝒆𝒀𝒁𝑿𝒎𝒊𝒏 L3, L4, L5, L11 𝑃0,𝑃1, 𝑃2, 𝑃3 

𝑷𝒍𝒂𝒏𝒆𝒀𝒁𝑿𝒎𝒂𝒙 L1, L6, L7, L9 𝑃4,𝑃5, 𝑃6, 𝑃7 

 

Table 4.2 The coordinate values of the bounding box vertices 

Vertex Coordinate Value Vertex Coordinate Value 

𝑋-axis 𝑌-axis 𝑍-axis 𝑋-axis 𝑌-axis 𝑍-axis 

𝑷𝒐𝒊𝒏𝒕 𝟎 𝑥𝑚𝑖𝑛 𝑦𝑚𝑖𝑛 𝑧𝑚𝑖𝑛 𝑃𝑜𝑖𝑛𝑡 4 𝑥𝑚𝑎𝑥  𝑦𝑚𝑖𝑛 𝑧𝑚𝑖𝑛 

𝑷𝒐𝒊𝒏𝒕 𝟏 𝑥𝑚𝑖𝑛 𝑦𝑚𝑖𝑛 𝑧𝑚𝑎𝑥 𝑃𝑜𝑖𝑛𝑡 5 𝑥𝑚𝑎𝑥  𝑦𝑚𝑖𝑛 𝑧𝑚𝑎𝑥 

𝑷𝒐𝒊𝒏𝒕 𝟐 𝑥𝑚𝑖𝑛 𝑦𝑚𝑎𝑥  𝑧𝑚𝑖𝑛 𝑃𝑜𝑖𝑛𝑡 6 𝑥𝑚𝑎𝑥  𝑦𝑚𝑎𝑥  𝑧𝑚𝑖𝑛 

𝑷𝒐𝒊𝒏𝒕 𝟑 𝑥𝑚𝑖𝑛 𝑦𝑚𝑎𝑥  𝑧𝑚𝑎𝑥 𝑃𝑜𝑖𝑛𝑡 7 𝑥𝑚𝑎𝑥  𝑦𝑚𝑎𝑥  𝑧𝑚𝑎𝑥 

 

Table 4.3 The dimensions of a bounding box 

Bounding 

Box 

Edge Lines 

Dimension 

Value 

𝑩𝑿 = 𝐿𝑖𝑛𝑒 0 = 𝐿𝑖𝑛𝑒 2 = 𝐿𝑖𝑛𝑒 8 = 𝐿𝑖𝑛𝑒 10 |𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛| 

𝑩𝒀 = 𝐿𝑖𝑛𝑒 4 =  𝐿𝑖𝑛𝑒 5 =  𝐿𝑖𝑛𝑒 6 =  𝐿𝑖𝑛𝑒 7 |𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛| 

𝑩𝒁 = 𝐿𝑖𝑛𝑒 1 =  𝐿𝑖𝑛𝑒 3 =  𝐿𝑖𝑛𝑒 9 =  𝐿𝑖𝑛𝑒 11 |𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛| 

 



 

 

 

73 

Three bounding box dimensions of the CAD model can be calculated. In a CAD 

environment, global coordinates are always available for all spatial points. 

Therefore, extracting the coordinate values for every eight vertices from the CAD 

environment is possible. The length of the edges, as the dimension of the CAD 

model, can be calculated by performing corresponding subtractions. For example, 

the 𝑋-axis length of the sphere model is the length of 𝐿𝑖𝑛𝑒 0, using 𝑃𝑜𝑖𝑛𝑡 4 

minus 𝑃𝑜𝑖𝑛𝑡 0. 

 

4.2  CAD part movement with collision detection 

 

The CAD object can be moved by API program control through mathematical 

matrices. The position and orientation of the CAD object are defined in the CAD 

environment using a transformation matrix 𝑇 ; see equation (6). 𝑇  is a 2-by-2 

matrix with four elements: a rotation submatrix 𝑅(𝜃) , a translation vector 𝑝, a 

scaling factor 𝑠, and an empty value placeholder. 

 

𝑇 =  [
𝑅(𝜃) 0
𝑝 𝑠

] (6) 

 

The submatrix 𝑅(𝜃) in equation (7) guides the motion of rotation in Euclidean 

space. 𝜃 is the rotational angle. Details are given for three axes with three rotating 

matrices. It is a 3-by-3 orthogonal matrix that produces a pure rotating motion. 



 

 

 

74 

The vector 𝑝  controls the motion of the translation of the CAD object. The 

moving distances of the 𝑋-, Y- and Z-axes are determined by the elements 𝑥, 𝑦, 

and 𝑧, respectively, as shown in equation (8). The scaling factor 𝑠 controls the 

scaling up and down ratio between the input movement values and the actual 

movement displacements. The value of scaling factor is recommended to be set 

as 1 for presenting an equal value in the CAD environment from the program 

input.  

 

𝑅(𝜃) = [

𝑟11 𝑟12 𝑟13
𝑟21 𝑟22 𝑟23
𝑟31 𝑟32 𝑟33

]

=  

{
 
 
 
 

 
 
 
 

      

[
1 0 0
0 𝑐𝑜𝑠 𝜃 −𝑠𝑖𝑛 𝜃
0 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] ,     𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑎𝑏𝑜𝑢𝑡 𝑋 − 𝑎𝑥𝑖𝑠

[
𝑐𝑜𝑠 𝜃 0 𝑠𝑖𝑛 𝜃
0 1 0

−𝑠𝑖𝑛 𝜃 0 𝑐𝑜𝑠 𝜃
] ,     𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑎𝑏𝑜𝑢𝑡 𝑌 − 𝑎𝑥𝑖𝑠

[
cos 𝜃 − sin 𝜃 0
𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃 0
0 0 1

] ,      𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑎𝑏𝑜𝑢𝑡 𝑍 − 𝑎𝑥𝑖𝑠

 

(7) 

 

𝑝 =  [𝑥 𝑦 𝑧]  (8) 

 

Therefore, equation (9) shows three translation matrices of directions (𝑋+, 𝑌 +, 

and 𝑍 +) and their reflection direction translation matrices (𝑋−, 𝑌 −, and 𝑍 −). 

The rotational angle 𝜃 is 0 degrees. The scaling time factor is 1. The CAD object 

should be set in a floating status when the API program moves the CAD object. 
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Otherwise, the CAD object will remain at its position and report a false result to 

the API program. 

 

𝑇𝑋+ = [

1 0
0 1

0 0
0 0

0 0
1 0

1 0
0 1

] 𝑇𝑌+ = [

1 0
0 1

0 0
0 0

0 0
0 1

1 0
0 1

] 𝑇𝑍+ = [

1 0
0 1

0 0
0 0

0 0
0 0

1 0
1 1

]

𝑇𝑋− = [

1 0
0 1

0 0
0 0

0 0
−1 0

1 0
0 1

] 𝑇𝑌− = [

1 0
0 1

0 0
0 0

0 0
0 −1

1 0
0 1

] 𝑇𝑍− = [

1 0
0 1

0 0
0 0

0 0
0 0

1 0
−1 1

]

 (9) 

 

4.3  CAD simulation and space interference matrix 

generation 

 

Product representation is vital in disassembly sequence planning problems. 

Several methods have been proposed to establish a disassembly model for 

representing the EoL product, such as graph-based, matrix-based, ontology-based, 

and CAD-based methods. The geometrical structure of an EoL product and 

contact information between components can be obtained by studying the 

interference of the components to find a feasible disassembly solution for the 

product. Jin et al. used space interference matrices along six directions 

( 𝑋+, 𝑋−, 𝑌+, 𝑌−, 𝑍 +,  and 𝑍 − ) to describe the disassembly precedence 

relationships between different parts [101]. Furthermore, Liu et al. proposed a 

modified version of space interference matrices by considering the geometric 
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shape of fasteners [91]. Specifically, a bolt cannot be disassembled in either axial 

direction but can be disassembled in a single disassembly direction because of 

the obstacle of its bolt head. 

 

Collision detection is a computational problem of detecting the intersection of 

two or more objects. This technology is widely used in many applications, such 

as computer graphics, robotic vision, path planning and computer simulations. 

3D collision detection is a built-in function provided by most CAD environments. 

This function can aid in generating accurate space interference matrices while 

considering the actual shape of the components. Using the CAD 3D collision 

detection method is a beneficial approach for replacing the time-consuming, 

tedious, and repetitive space interference matrices generated in the manual. 

 

A simple case study for explaining the CAD collision detection simulation thus 

the space interference matrices generation method is presented in Figure 4.4. 

Figure 4.4 (a) is the full CAD view of the case study with a coordination system 

attached. Figure 4.4 (b) shows the bounding box results. Figure 4.4 (c) is the 

exploded view of the case study with the parts labelled.  
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Figure 4.4 A simple case study: (a) CAD model; (b) bounding box; (c) exploded 

view 

 

Two possibilities when testing for collisions are shown in the Figure 4.5: a) 

successful disassembly and b) collision detection. First, a component and its 

disassembly direction are selected to test its collision situation. To disassemble a 
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component successfully from its previous position, its moving distance must be 

at least equal to the maximum length of its selected disassembly direction. If a 

component can be moved clearly, the collision result is false, meaning no 

collision occurs during the movement; if a component has other components such 

as obstacles, the collision result is true. Figure 4.5 (a) is an example showing that 

a bolt is successfully disassembled from the CAD assembly in the 𝑋 + direction 

of the assembly. The maximum disassembly length of the bolt is 97.50 ±

0.50 𝑚𝑚. The starting position of the bolt head to the side surface of the base 

part is 23.36 ± 0.50 𝑚𝑚. After translational movement of the bolt away from its 

base, the distance between the bolt head and the side surface is 121.36 ±

0.50 𝑚𝑚. The interpolation of the start and end points of this bolt is 98 𝑚𝑚, 

which is at least equal to the length of the bolt. This result means that the bolt can 

be disassembled from its CAD model without any interference. In Figure 4.5 (b), 

the red highlighted area indicates that a collision occurs if the bolt is disassembled 

from the 𝑋-direction. 
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Figure 4.5 Collision detection for a CAD bolt (dimensional unit: mm). (a) A 

successful disassembly; (b) detecting a collision. 

 

By program-checking all the components contained in the CAD assembly one by 

one, a complete space interference result of this CAD model can be generated. 

Algorithm 1 presents a collision-detecting pseudocode to generate the space 

interference result. The program input includes a CAD assembly model 𝑀 , 

dimensions generated from bounding box 𝐵, and disassembly directions 𝐷. The 

output of this algorithm includes the fixed status of CAD parts 𝐹  and space 

interference results of the assembly model. 

 

The space interference checking program is inspired by mimicking human 

attempts at disassembly operations. To check the freedom of a component, the 

human operator would focus on one component and then try to move it from its 

 

    (a)      (b) 

 

 

 
121.36±0.50 

 

23.36±0.50 

97.50±0.50 
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assembly in several disassembly directions until one or several directions succeed. 

Like the program in this work, a CAD part would be picked randomly, and then 

the program would control it to move away from its CAD assembly model along 

the disassembly directions. If a collision occurs during the movement, this CAD 

part cannot be disassembled from the tested direction. The CAD part is restored 

to its original position and tested in the next disassembly direction. Until all the 

disassembly directions are tested, the program will stop controlling moving this 

CAD part and record its interference conditions in the output space interference 

results in 𝑆. Assuming the tested assembly model M has n CAD parts, and the 

program will test each of the CAD parts from 1 to 𝑛. 𝐹 is the fixed status of the 

CAD parts. If the program controlling the CAD part is preset as a fixed part, for 

example, as a base part, the status of its fixture is higher than the moving control 

instruction in the program; therefore, this CAD part will not be able to move. 

 

The logic of this program is presented in Algorithm 4.1. There are three 

parameters used as counters: the transform iteration (𝐼𝑡), the recovery iteration 

(𝑅𝑡) and the interference counter (𝑐). The transform iteration is used to record the 

moving steps of a CAD part to be disassembled along a selected direction. The 

program checks the interference to the CAD assembly model after each step of a 

CAD part movement. The maximum moving steps of a CAD part are equal to the 

bounding box dimension. If, in the designated disassembly direction, no collision 

occurs during the translational motion of the CAD part, the value of the transform 
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iteration of this CAD part would be the same as its bounding box dimension. The 

minimum movement of a CAD part is set as a unit length, depending on the preset 

value in the program. There is another circumstance while moving the CAD part: 

interference occurs between the CAD part in the moving and other CAD parts in 

the assembly model. Because the program checks the interference of the whole 

assembly model immediately after each step of the CAD part movement, the 

CAD part stops moving immediately. The achieved moving step of this CAD part 

is recorded in (𝐼𝑡). 

 

The recovery iteration records the movement step number of dragging the CAD 

part back to its original place. This step prepares the CAD assembly model for 

detection to the following CAD parts until all the parts have finished to check. 

Similarly, there are two possibilities for CAD parts during moving: one is that the 

under-checking CAD part is disassembled completely, and no collision occurs; 

the other is that the CAD part interferes with one or more other CAD parts, and a 

highlighted collision area appears. The interference counter c is used to determine 

whether an interference circumstance exists in the CAD model. If the first 

condition applies to the CAD model (𝑐 = 1), the value of Rt would be equal to 

(𝐼𝑡) to restore the CAD part back. Otherwise, (𝑐 = 0), the value of 𝑅𝑡 is the same 

as the bounding box dimension of this CAD part. 
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Algorithm 4.1 detects collisions in the assembly model while transforming 

CAD parts. 

 

The 3D collision detection program is coded using C# language and runs on an 

11th Gen Intel(R) Core (TM) i7-11800H @ 2.30 GHz laptop processor. The 

simple case study, Figure 4.4, verifies the proposed method. The exploded view 

shows detailed information of the components. The bounding box presents a 

graphical bounding box generation result with a numerical result listed in the 
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Table A.5. The generated space interference matrix using the collision detection 

method is presented in the equation (12).  

Table 4.4 The extracted bounding box coordinate values of the simple case study. 

No. Part Name 

Extracted coordinate values of bounding box vertices 

(mm) 

𝒙𝒎𝒊𝒏 𝒚𝒎𝒊𝒏 𝒛𝒎𝒊𝒏 𝒙𝒎𝒂𝒙 𝒚𝒎𝒂𝒙 𝒛𝒎𝒂𝒙 

1 Side plate 202.08 29.46 17.72 212.08 159.95 118.36 

2 Top plate 8.67 18.01 151.54 149.86 100.12 156.54 

3 Base 0.00 0.00 0.00 200.00 180.00 150.00 

4 Side Bolt 125.37 89.96 48.57 223.16 110.03 71.42 

5 Top Bolt 68.08 48.94 88.62 91.91 71.05 165.31 

 

Table 4.5 The calculated bounding box dimensions of the simple case study. 

No. Part Name 

Calculated bounding box dimensions (mm) 

|𝑩𝑿| |𝑩𝒀| |𝑩𝒛| 

1 Side plate 10.00 130.49 100.64 

2 Top plate 141.19 82.11 5.00 

3 Base 200.00 180.00 150.00 

4 Side Bolt 97.79 20.07 22.85 

5 Top Bolt 23.83 22.11 76.69 
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𝑆𝑋+ =

[
 
 
 
 
0 1 0 0 0 
0 0 0 0 0 
0 0 0 1 1 
0 0 1 0 0 
1 1 1 0 0 ]

 
 
 
 

𝑆𝑌+ =

[
 
 
 
 
0 1 0 0 0 
1 0 0 0 1 
0 0 0 1 1 
0 0 1 0 0 
0 1 1 0 0 ]

 
 
 
 

𝑆𝑍+ =

[
 
 
 
 
0 1 0 0 0 
1 0 0 0 1 
0 0 0 0 0 
0 0 1 0 0 
0 1 1 1 0 ]

 
 
 
 

𝑆𝑋− =

[
 
 
 
 
0 0 0 0 1 
1 0 0 0 1 
0 0 0 1 1 
0 0 1 0 0 
0 0 1 0 0 ]

 
 
 
 

𝑆𝑌− =

[
 
 
 
 
0 1 0 0 0 
1 0 0 0 1 
0 0 0 1 1 
0 0 1 0 0 
0 1 1 0 0 ]

 
 
 
 

𝑆𝑍− =

[
 
 
 
 
0 1 0 0 0 
1 0 0 0 1 
0 0 0 1 1 
0 0 0 0 1 
0 1 0 0 0 ]

 
 
 
 

 (10) 

 

4.4  Summary 

 

This chapter proposes a space interference matrix generation method aided by 

CAD models. An EoL product can be represented using a CAD assembly model 

in the CAD environment. Each component in the EoL product can be considered 

one CAD component in the CAD assembly. A CAD assembly model stores the 

geometrical structure of the CAD parts and the precedence relationship between 

CAD parts. In the disassembly sequence planning problem, this information is 

the same as the space interference matrix. The number of components in the EoL 

product CAD model is the size of the space interference matrix. The space 

interference relation between the EoL product CAD parts is the value of the 

matrix element. Therefore, this chapter proposes a bounding box generation 

method to measure the size of CAD parts in three dimensions. Then, an API 

program for controlling CAD parts moving in the CAD environment is introduced. 

A selected CAD part can perform either a translation or a rotation under the API 
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program instructions. Their space interference relations can be obtained by 

iteratively checking the six disassembly directions of every CAD part. Thus, the 

directional space interference matrix of the EoL product is formed to generate a 

feasible disassembly sequence. 
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Chapter 5   Robotic disassembly 

sequence planning and optimisation 

 

 

 

This chapter contains five sections. The first section provides a pseudocode for 

generating feasible disassembly sequences with a built-up mathematical matrix-

based explanation. The second section introduces the Bees Algorithm and its 

enhanced discrete version as the optimisation algorithm for identifying the best 

robotic disassembly sequence result. The third section describes a set of indices 

designed to evaluate the performance of the optimisation algorithm. The fourth 

section shows the results. The fifth section summarises this chapter. 
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5.1  Generation of feasible robotic disassembly sequences 

 

This chapter focuses on developing a robotic disassembly sequence planning 

program. Two algorithms are used: the disassembly sequence generation (DSG) 

algorithm and the disassembly sequence optimisation (DSO) algorithm. The input 

of the DSG algorithm includes the extracted CAD model data, the collected 

disassembly information in Chapter 3, and the generated directional space 

interference matrix in Chapter 4. The purpose of the DSG algorithm is to create 

a feasible disassembly sequence with the direction of the EoL product from the 

input. An n-component structured EoL product has the maximum n! possibility 

of its disassembly sequence. However, not all of them are feasible because of the 

precedence relationship between the components. Therefore, the DSG algorithm 

is designed to formulate a feasible disassembly sequence from the input 

information of the EoL product. With sufficient information input, such as the 

directional space interference matrix, a sequence of disassembly directions can 

also be formulated. Because the DSP problem has been identified as an NP 

(nondeterministic polynomial) problem, it is difficult and almost impossible to 

exhaust all the feasible disassembly sequences of an EoL product at once. In 

addition, for every feasible disassembly sequence, its corresponding disassembly 

sequence of direction can be a large group because some components have more 

than one freedom of the disassembly direction. Thus, the output of this DSG 
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algorithm is designed for one feasible disassembly sequence with a corresponding 

sequence of directions. By repeatedly running this algorithm, multiple feasible 

disassembly sequences and their directions can be formulated. 

 

Disassembly sequence optimisation is another area of intense research within the 

DSP problem. Disassembly sequence optimisation aims to find the best or the 

near-best solution for the disassembly sequence. The objective in a disassembly 

sequence optimisation problem can be selected from a single objective to multiple 

objectives. Several objectives in the disassembly can be chosen as the target in 

the optimisation, such as the disassembly time, the economic cost, the consumed 

human labour, the value of remanufacturing, etc. According to the selected 

objective, the fitness function can be determined. In this work, the disassembly 

objective is set as the total disassembly time, and the fitness function is given in 

Chapter 3.1. 

 

Algorithm 1: Disassembly Sequence Generation (DSG) Algorithm 

Input:𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛), 𝑀(𝑇𝑜𝑜𝑙) 

Output: 𝐷𝑖𝑠𝑆𝑒𝑞, 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 𝑎𝑛𝑑 𝐷𝑖𝑠𝑇𝑜𝑜𝑙 

  1:    Sum 𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) by row → 𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑠𝑢𝑚 

  2:    Conjoin 𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑠𝑢𝑚  by the order of 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑗)  → 

𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 
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  3:    𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚  → Generate DetComp,DetDirect 

  4:    𝐷𝑒𝑡𝐶𝑜𝑚𝑝, 𝐷𝑒𝑡𝐷𝑖𝑟𝑒𝑐𝑡 → Random select𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚 , 𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑚𝑝 

  5:    Assign 𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚, 𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡𝑚𝑝 →  𝐷𝑖𝑠𝑆𝑒𝑞,𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 

  6:    REPEAT (𝑙𝑜𝑜𝑝 = 2): 

  7:            Generate 𝑀(𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡)  ← 𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) 

  8:            Update to 𝑀′(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 : Remove𝑀(𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡)  ←

 𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 

  9:            Steps 4-5 

10:            𝑙𝑜𝑜𝑝 ← 𝑙𝑜𝑜𝑝 + 1 

11:    UNTIL (𝑙𝑜𝑜𝑝 = 𝑛) 

12:    Reorder then assign 𝑀(𝑇𝑜𝑜𝑙)  →  𝐷𝑖𝑠𝑇𝑜𝑜𝑙 

Algorithm 5.1 Pseudocode of the Disassembly Sequence Generation Algorithm 

Algorithm 5.1 presents a pseudocode of the disassembly sequence generation 

(DSG) algorithm, which uses directional space interference matrices as input and 

demonstrates a process for generating feasible disassembly sequences with 

directions as the output. A matrix-format mathematical model is built to explain 

the data processing based on this algorithm. 
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Directional space interference matrix: 

𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛) =

[
 
 
 
 
𝑎𝟏𝟏(𝑑𝑗) 𝑎𝟏𝟐(𝑑𝑗)

𝑎𝟐𝟏(𝑑𝑗) 𝑎𝟐𝟐(𝑑𝑗)

⋯ 𝑎𝟏𝒏(𝑑𝑗)

⋯ 𝑎𝟐𝒏(𝑑𝑗)

⋮ ⋮
𝑎𝒏𝟏(𝑑𝑗) 𝑎𝒏𝟐(𝑑𝑗)

⋱ ⋮
⋯ 𝑎𝒏𝒏(𝑑𝑗)]

 
 
 
 

 (11) 

 

Full optional disassembly direction: 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑗) = {𝑑1, 𝑑2, … , 𝑑𝑗} (12) 

Disassembly tool: 

𝑇𝑜𝑜𝑙 = {𝑡1, … 𝑡𝑚,… 𝑡𝑛}                        1 ≤ 𝑚 ≤ 𝑛 (13) 

 

The space interference matrix shown in equation (11), and the disassembly tool 

list shown in equation (13), are the two input to the DSG algorithm. This space 

interference matrix describes disassembly precedence relationships between 

components of an EoL product. This is an 𝑛 × 𝑛-dimensional matrix in which 𝑛 

is the total number of components in the EoL product. The disassembly tool list 

stores the tool information for each of the component. The number of this matrix 

is determined by the optional disassembly directions 𝑗 of the EoL product; see 

equation (12). For example, if an EoL product has four optional disassembly 

directions, 𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑗 = 4) = {𝑋+, 𝑋−, 𝑌+,𝑌 −} , there will be four 

directional space interference matrices, where 𝑀(𝑋 +), M(𝑋 −), M( 𝑌 +),
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and M( 𝑌 −) is the input to the DSG algorithm. In the following, each process 

step in DSG is individually explained. 

Directional summation matrix: 

𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑠𝑢𝑚 =

[
 
 
 
 
 
 
 
 
 ∑𝑎1𝑖(𝑑𝑗)

𝑛

𝑖=1

∑𝑎2i(𝑑𝑗)

𝑛

𝑖=1

⋮

∑𝑎𝑛𝑖(𝑑𝑗)

𝑛

𝑖=1 ]
 
 
 
 
 
 
 
 
 

 (14) 

 

Step 1: Check the interference situation of each component. 

𝑀(𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛)𝑠𝑢𝑚 is the directional summation matrix. It represents the overall 

interference of each component. This matrix has an 𝑛 × 1  dimension; see 

equation (14). For each row element, the value is a sum of the values in the 

directional space interference matrix, 𝑎n1(𝑑𝑗) + 𝑎n2(𝑑𝑗) +⋯+ 𝑎nn(𝑑𝑗). 

 

Total summation matrix: 
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𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 =

[
 
 
 
 
 
 
 
 
 ∑𝑎1𝑖(𝑑1)

𝑛

𝑖=1

∑𝑎2𝑖(𝑑1)

𝑛

𝑖=1

⋮

∑𝑎𝑛𝑖(𝑑1)

𝑛

𝑖=1

∑𝑎1𝑖(𝑑2)

𝑛

𝑖=1

∑𝑎2𝑖(𝑑2)

𝑛

𝑖=1

⋮

∑𝑎𝑛𝑖(𝑑2)

𝑛

𝑖=1

…

∑𝑎1𝑖(𝑑𝑗)

𝑛

𝑖=1

∑𝑎2𝑖(𝑑𝑗)

𝑛

𝑖=1

⋮

∑𝑎𝑛𝑖(𝑑𝑗)

𝑛

𝑖=1 ]
 
 
 
 
 
 
 
 
 

 (15) 

 

 

Step 2: Obtain a full view of the interference situation of the whole EoL product. 

The total summation matrix 𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 , equation (15), is obtained by 

combining every directional summation matrix from step 1 in the order of 

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑗). This joint provides a full view of the interference situation of the 

whole EoL product. The dimension of the total summation matrix is 𝑛 × 𝑗. If the 

value of its element equals 0, component 𝑛 is free to detach in the direction 𝑑𝑗 

from the EoL product; otherwise, this component is blocked. 

 

Detachable component with direction set: 

𝐷𝑒𝑡𝐶𝑜𝑚𝑝 = {𝑑𝑒𝑡𝑐𝑜𝑚𝑝1, …𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚}                                   1 ≤ 𝑚 ≤ 𝑛 (16) 

𝐷𝑒𝑡𝐷𝑖𝑟𝑒𝑐𝑡

= {𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡11, … , 𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡1p, … , 𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡m1, … , 𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡mp}  1

≤ 𝑝 ≤ 𝑗 

(17) 
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Step 3: Construct a selection pool for the detachable components and directions. 

With the detachable information provided in step 2, the column of the total 

summation matrix reflects all the detached-available components in direction 𝑑𝑗, 

and the row of the total summation matrix reflects all the detached-available 

directions of component 𝑛. Equations (16) and (17) are constructed as a selection 

pool for storing the information. 

 

Step 4-5: Select a disassembled component with direction. 

The disassembled component with its disassembly direction is randomly selected 

from the selection pool and then assigned to the set of the disassembly sequence 

with direction. For example, if picking 𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚 (1 ≤ 𝑚 ≤ 𝑛)  and 

𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡mq (1≤ 𝑞 ≤ 𝑝) as the disassembled component and the disassembly 

direction, the disassembly sequence with direction will be updated as equations 

(20) and (21). Moreover, this information is removed from equations (16) and 

(17). These two steps generate the first disassembled component with its direction, 

and the remaining disassembled components with their directions follow the same 

approach but under an updated total summation matrix each time, which is 

explained in the next steps. 

 

Component space interference matrix: 
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𝑀(𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡) =

[
 
 
 
𝑎1𝑛(𝑑𝟏) 𝑎1𝑛(𝑑𝟐)
𝑎2𝑛(𝑑𝟏) 𝑎2𝑛(𝑑𝟐)

⋯ 𝑎1𝑛(𝑑𝒋)

⋯ 𝑎2𝑛(𝑑𝒋)

⋮ ⋮
𝑎𝑛𝑛(𝑑𝟏) 𝑎𝑛𝑛(𝑑𝟐)

⋱ ⋮
⋯ 𝑎𝑛𝑛(𝑑𝒋)]

 
 
 

 (18) 

 

 

 

 

 

 

The updated total summation matrix is: 

𝑀′(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚

=

[
 
 
 
 
 
 
 
 
 ∑𝑎1𝑖(𝑑1)

𝑛

𝑖=1

− 𝑎1𝑛(𝑑1)

∑𝑎2𝑖(𝑑1)

𝑛

𝑖=1

− 𝑎2𝑛(𝑑1)

⋮

∑𝑎𝑛𝑖(𝑑1)

𝑛

𝑖=1

− 𝑎𝑛𝑛(𝑑1)

∑𝑎1𝑖(𝑑2)

𝑛

𝑖=1

− 𝑎1𝑛(𝑑2)

∑𝑎2𝑖(𝑑2)

𝑛

𝑖=1

− 𝑎2𝑛(𝑑2)

⋮

∑𝑎𝑛𝑖(𝑑2)

𝑛

𝑖=1

− 𝑎𝑛𝑛(𝑑2)

…

∑𝑎1𝑖(𝑑𝑗)

𝑛

𝑖=1

− 𝑎1𝑛(𝑑𝑗)

∑𝑎2𝑖(𝑑𝑗)

𝑛

𝑖=1

− 𝑎2𝑛(𝑑𝑗)

⋮

∑𝑎𝑛𝑖(𝑑𝑗)

𝑛

𝑖=1

− 𝑎𝑛𝑛(𝑑𝑗)
]
 
 
 
 
 
 
 
 
 

 
(19) 

 

Step 6-11: Repeat the selecting actions using the updated total summation matrix. 

The total summation matrix reflecting the interference situation of the whole EoL 

product needs to be updated every time the combined information of the 

disassembled component and direction is selected. 𝑀(𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡)  is a 

component space interference matrix with 𝑛 × 𝑗  dimensions that shows the 
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interference situation of a component in full directions. This matrix is generated 

by extracting the corresponding column from equation (11) and then conjoining 

by the order of equation (12). Disassembling a component from the EoL product 

involves removing its component space interference matrix from the total 

summation matrix. Equation (19) represents the reduction. By repeatedly 

executing steps 4-5 in (𝑛 − 1) times, the following disassembled components 

and their disassembly directions can be generated in the disassembly sequence 

with direction. The disassembly tool list is then updated with the order of the 

generated disassembly sequence. Then the program output the results of the DSG 

algorithm. 

 

𝐷𝑖𝑠𝑆𝑒𝑞 = {𝑑𝑖𝑠𝑠𝑒𝑞1(𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚), … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛}                        1 ≤ 𝑚 ≤ 𝑛 (20) 

𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1p(𝑑𝑒𝑡𝑑𝑖𝑟𝑒𝑐𝑡mq),… , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛𝑝}     1 ≤ 𝑞 ≤

𝑝, 𝑝 ∈ {1, 𝑗}  

(21) 

𝐷𝑖𝑠𝑇𝑜𝑜𝑙 = {𝑑𝑖𝑠𝑡𝑜𝑜𝑙1(𝑑𝑒𝑡𝑐𝑜𝑚𝑝𝑚), … , 𝑑𝑖𝑠𝑡𝑜𝑜𝑙𝑛}                     1 ≤ 𝑚 ≤ 𝑛 (22) 

  

 

A case study for further explaining the DSG is presented using the central unit 

dismantling process (components C1-C4 and D) of the EVB CAD model (Figure 

3.4). The space interference matrix using the collision detection method as the 

DSG input is presented in the equation (23). The disassembly tool list is presented 
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in the equation (24), with 1 as a screwdriver, and 2 as a gripper. The 

M(Direction)sum and the M(Total)sum are presented in the equation (25) and 

equation (26) separately. If the component C2 is selected to be disassembled from 

the direction Z+, the M(C2)  is presented in the equation (27), and the 

M(Total)sum is updated by M′(Total)sum. By repeating the steps, one feasible 

disassembly sequence, direction and tool result of the EVB CAD model can be 

generated as the equations (29), (30) and (31). 
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𝑀(𝑋+) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   0   0   0   1
1   0   0   0   1
0   0   0   1   1
0   0   0   0   1
1   1   1   1   0]

 
 
 
 

𝑀(𝑋−) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   1   0   0   1
0   0   0   0   1
0   0   0   0   1
0   0   1   0   1
1   1   1   1   0]

 
 
 
 

𝑀(𝑌+) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   0   0   1   1
0   0   1   0   1
0   0   0   0   1
0   0   0   0   1
1   1   1   1   0]

 
 
 
 

𝑀(𝑌−) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   0   0   0   1
0   0   0   0   1
0   1   0   0   1
1   0   0   0   1
1   1   1   1   0]

 
 
 
 

𝑀(𝑍+) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   0   0   0   0
0   0   0   0   0
0   0   0   0   0
0   0   0   0   0
1   1   1   1   0]

 
 
 
 

𝑀(𝑍−) =

− 𝐶1 𝐶2 𝐶3 𝐶4 𝐷
𝐶1
𝐶2
𝐶3
𝐶4
𝐷 [

 
 
 
 
0   0   0   0   1
0   0   0   0   1
0   0   0   0   1
0   0   0   0   1
0   0   0   0   0]

 
 
 
 

 (23) 

 

𝑇𝑜𝑜𝑙 = {1, 1, 1, 1, 2} (24) 
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𝑀(𝑋 +)𝑠𝑢𝑚 =

[
 
 
 
 
1
2
2
1
4]
 
 
 
 

𝑀(𝑌 +)𝑠𝑢𝑚 =

[
 
 
 
 
2
2
1
1
4]
 
 
 
 

𝑀(𝑍 +)𝑠𝑢𝑚 =

[
 
 
 
 
0
0
0
0
4]
 
 
 
 

𝑀(𝑋 −)𝑠𝑢𝑚 =

[
 
 
 
 
2
1
1
2
4]
 
 
 
 

𝑀(𝑌 −)𝑠𝑢𝑚 =

[
 
 
 
 
1
1
2
2
4]
 
 
 
 

𝑀(𝑍 −)𝑠𝑢𝑚 =

[
 
 
 
 
1
1
1
1
0]
 
 
 
 

 (25) 

 

𝑀(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 =

[
 
 
 
 
1
2
2
1
4

2
1
1
2
4

2
2
1
1
4

1
1
2
2
4

0
0
0
0
4

1
1
1
1
0]
 
 
 
 

 (26) 

 

𝑀(𝐶2) =

[
 
 
 
 
0
0
0
0
1

1
0
0
0
1

0
0
0
0
1

0
0
1
0
1

0
0
0
0
1

0
0
0
0
0]
 
 
 
 

 (27) 

 

𝑀′(𝑇𝑜𝑡𝑎𝑙)𝑠𝑢𝑚 =

[
 
 
 
 
1
2
2
1
3

1
1
1
2
3

2
2
1
1
3

1
1
1
2
3

0
0
0
0
3

1
1
1
1
0]
 
 
 
 

 (28) 

 

𝐷𝑖𝑠𝑆𝑒𝑞(𝐸𝑉𝐵) = {C2, C3, C4, C1, D} (29) 

𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡(𝐸𝑉𝐵) = {𝑍+,𝑍+, 𝑍+, 𝑍+, 𝑍+, } (30) 

𝐷𝑖𝑠𝑇𝑜𝑜𝑙 = {1, 1, 1, 1, 2} (31) 

 



 

 

 

99 

5.2  Robotic disassembly sequence optimisation and the 

Bees Algorithm 

5.2.1  The Bees Algorithm (BA) 

 

The Bees Algorithm (BA) is a metaheuristic algorithm whose search procedure 

is designed to find a near-optimal solution to complex and difficult-to-solve 

problems. This algorithm was proposed by Pham, Ghanbarzadeh, Koc, Otri, 

Rahim, and Zaidi in 2005 [102], [103]. From the perspective of the foraging 

behaviour of honeybees in nature, BA is inspired to mimic the procedure of 

finding the best flower patch. Table 5.1 shows the required parameters in the BA. 

In the basic version of BA, both local and global searches use a random search 

strategy. Because DSP is a combinatorial problem, BA, as an optimisation tool, 

is selected to use its discrete version to optimise the solutions. As a swarm-based 

optimisation algorithm, the result is improved iteration by iteration. At each 

iteration in the max-iteration 𝑖𝑡𝑒𝑟, the search space is divided into three parts: the 

Elite Site 𝑛 , the Selected Site 𝑚 , and the rest of the sites. According to the 

distributions of sites, bees are assigned to search within the places. Specifically, 

elite site bees nb are assigned to search in the elite site, selected site bees mb are 

assigned to the selected sites, and the rest of the bees are assigned to the remaining 

sites, which are the non-selected sites in Figure 5.1. The value of all the search 

sites is equal to that of scout bees. 
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Table 5.1 Parameters required in the basic version of the Bees Algorithm 

Bees Sites Iteration 

scout 

bees 

selected site 

bees 

elite site 

bees 

selected 

sites 

elite 

sites 

max-

iterations 

𝑠𝑐𝑜𝑢𝑡𝑛 𝑚𝑏 𝑛𝑏 𝑚 𝑛 𝑖𝑡𝑒𝑟 

 

 

Figure 5.1 Relationships of parameters in the BA: (a) Bee assignment; (b) site 

distribution. 

 

5.2.2  The information linked from RDSP to BA 

 

The population size in the discrete BA is defined by the number of scout bees. 

Disassembly information is stored in the scout bees, and the bees are optimised 

to find the best bee according to the discrete Bees Algorithm. The best solution 

of the disassembly sequence with its direction is kept in that bee. Table 5.2 gives 
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a full view of the content of the disassembly information stored in the scout bees. 

These details can be found in the previous sections. 

 

Table 5.2 Disassembly information stored in the scout bees 

The parameter in the BA The symbol of the parameter 

Scout Bee Number 𝑠𝑐𝑜𝑢𝑡𝑛𝑖 

Disassembly Sequence {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

Disassembly Direction {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Disassembly Tool {𝑑𝑖𝑠𝑡𝑜𝑜𝑙1, … , 𝑑𝑖𝑠𝑡𝑜𝑜𝑙𝑛} 

Direction Change 𝐶𝐷𝑖𝑟𝑒𝑐𝑡 

Tool Change 𝐶𝑇𝑜𝑜𝑙 

Distance 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

Total Disassembly Time 𝐹(𝑇𝑖𝑚𝑒) 

 

5.3  Applying the Enhanced Discrete Bees Algorithm to 

RDSP 

 

For single-objective problems, a fitness value can be calculated for the scout bee. 

For the problem of optimising the minimum disassembly total time, 𝐹(𝑇𝑖𝑚𝑒) is 

defined and used as the sorting criterion for scout bees in every iteration. Liu, 

Zhou, Pham, Xu, Ji and Liu proposed an enhanced discrete version of the Bees 
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Algorithm for solving the robotic disassembly sequence planning problem in 

2018 [91]. This study adapts the EDBA and extends the research for analysing 

the optimising efficiency of the algorithm. First, the search scheme of the EDBA 

is explained in this section. Then, two works on applying the EDBA to optimise 

the RDSP problem are carried on extending the research in the next section: (a) 

design a 30 parameter tunning cases to find the best combination of scout bees 

and iterations; (b) design four criteria to evaluate the performance of the EDBA.  

 

After initialising the stored information in the scout bees, the fitness values are 

sorted in the order of elite site local search, selected site local search, and 

nonelected site global search at every iteration. Figure 5.2 shows the procedure 

workflow of the EDBA. In both Elite Site and Selected Site Local Search, a 

waggle dance search of scout bees is performed. Three types of waggled dances 

are implemented in this work: inserting, swapping and mutating. In the global site 

search, the random search strategy remains the same. At each time of the search, 

if new information in the scout bee is generated with a better solution, then this 

new scout bee successfully competes with the previous scout bee and replaces its 

place. Otherwise, the information is retained by the old scout bee. Until reaching 

the max iteration, EDBA stops searching and outputs the best fitness value. 
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Figure 5.2 The local search and global search workflow in EDBA 

 

5.3.1  Local Search: Inserting Strategy 

 

Algorithm 5.2 shows the pseudocode used to describe the insertion strategy used 

in the local search. First, two bits 𝑎 and 𝑏 are randomly selected from 𝑛 to locate 
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two positions in the generated 𝐷𝑖𝑠𝑆𝑒𝑞  and 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 . Then, the middle 

subsequence between 𝑎 and 𝑏 are extracted from 𝐷𝑖𝑠𝑆𝑒𝑞 and 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡. Next, 

an inserting action is performed in step 3 by putting the position of 𝑎 after the 

position of 𝑏. Finally, both performed subsequence are returned to their extracted 

positions to generate the new disassembly sequence with direction 𝐷𝑖𝑠𝑆𝑒𝑞′ and 

𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡. 

Algorithm 2: Inserting Strategy in the Local Search 

Input:𝐷𝑖𝑠𝑆𝑒𝑞 = {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

 𝐷𝑖𝑠𝐷𝑟𝑒𝑐𝑡 = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Output: 𝐷𝑖𝑠𝑆𝑒𝑞′ and𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ 

  1:    Randomly select two bits from 𝑛:𝑎, 𝑏 ∈ {1, 𝑛}  (𝑎 < 𝑏) 

  2:    In the 𝐷𝑖𝑠𝑆𝑒𝑞 and 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡, extract 𝑀𝑖𝑑𝑑𝑙𝑒𝑆𝑒𝑞 and 𝑀𝑖𝑑𝑑𝑙𝑒𝐷𝑖𝑟𝑒𝑐𝑡: 

 𝑀𝑖𝑑𝑑𝑙𝑒𝑆𝑒𝑞 =  {𝑑𝑖𝑠𝑠𝑒𝑞𝑎, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑏} 

 𝑀𝑖𝑑𝑑𝑙𝑒𝐷𝑖𝑟𝑒𝑐𝑡 =  {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎, … ,  𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑏} 

  3:    In the 𝑀𝑖𝑑𝑑𝑙𝑒𝑆𝑒𝑞 and 𝑀𝑖𝑑𝑑𝑙𝑒𝐷𝑖𝑟𝑒𝑐𝑡, do an insertion: 

                 𝑀𝑖𝑑𝑑𝑙𝑒𝑆𝑒𝑞′ =  {… , 𝑑𝑖𝑠𝑠𝑒𝑞𝑏, 𝑑𝑖𝑠𝑠𝑒𝑞𝑎}  

 𝑀𝑖𝑑𝑑𝑙𝑒𝐷𝑖𝑟𝑒𝑐𝑡′ =  {… , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑏, 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎} 

  4:    Put 𝑀𝑖𝑑𝑑𝑙𝑒𝑆𝑒𝑞 and 𝑀𝑖𝑑𝑑𝑙𝑒𝐷𝑖𝑟𝑒𝑐𝑡 back to the 𝐷𝑖𝑠𝑆𝑒𝑞 and 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡: 

 𝐷𝑖𝑠𝑆𝑒𝑞′ = {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑏, 𝑑𝑖𝑠𝑠𝑒𝑞𝑎 … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑏, 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎… , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Algorithm 5.2 An insertion strategy for the local search of the EDBA. 
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5.3.2  Local Search: Swapping Strategy 

 

The swapping strategy is another local search approach for changing both the 

disassembly sequence and the disassembly direction. Unlike the inserting strategy, 

which extracts one bit of information placed in a new location, the swapping 

strategy involves two bits to form the new disassembly sequence with direction. 

Algorithm 5.3 shows the pseudocode of the performance of the swapping strategy. 

Two bits are randomly selected from the total number of components 𝑛 in the 

EoL product. Then, the locations of these two bits are found in the generated 

disassembly sequence with direction. Within the disassembly sequence with 

direction, by changing the value at two extracted locations, a new disassembly 

sequence with direction is generated. 

 

Algorithm 3: Swapping Strategy in the Local Search 

Input:𝐷𝑖𝑠𝑆𝑒𝑞 = {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Output: 𝐷𝑖𝑠𝑆𝑒𝑞′ and𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ 

  1:    Randomly select two bits from 𝑛:𝑎, 𝑏 ∈ {1, 𝑛}  (𝑎 < 𝑏) 

  2:    Locate 𝑑𝑖𝑠𝑠𝑒𝑞𝑎, 𝑑𝑖𝑠𝑠𝑒𝑞𝑏 in 𝐷𝑖𝑠𝑆𝑒𝑞  

  2:    Locate 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎, 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑏 in𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 

  3:    Do a swapping action: 
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 𝐷𝑖𝑠𝑆𝑒𝑞′ = {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑏, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑎 … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑏, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎 … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Algorithm 5.3 A swapping strategy in the local search of EDBA. 

 

5.3.3  Local Search: Mutation Strategy 

 

The mutation strategy focuses on a one-bit change to the disassembly sequence 

with direction. In this research, the mutating action specifically targets the 

disassembly direction. Algorithm 5.4 shows the mutating procedure. 

 

Algorithm 4: Mutating Strategy in the Local Search 

Input:𝐷𝑖𝑠𝑆𝑒𝑞 = {𝑑𝑖𝑠𝑠𝑒𝑞1, … , 𝑑𝑖𝑠𝑠𝑒𝑞𝑛} 

 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Output: 𝐷𝑖𝑠𝑆𝑒𝑞′ and𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ 

  1:    Randomly select one bit from 𝑛:𝑎 ∈ {1, 𝑛}  

  2:    Locate 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎 in𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡 

  3:    Do a mutating action: 

 𝐷𝑖𝑠𝑆𝑒𝑞′ = 𝐷𝑖𝑠𝑆𝑒𝑞 

 𝐷𝑖𝑠𝐷𝑖𝑟𝑒𝑐𝑡′ = {𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡1, … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑎
′ , … , 𝑑𝑖𝑠𝑑𝑖𝑟𝑒𝑐𝑡𝑛} 

Algorithm 5.4 A mutation strategy in the local search of EDBA. 
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5.4  Optimisation algorithm performance evaluation 

5.4.1  Design of Experiments 

 

Previous studies have compared the performance of EDBA with that of other 

optimisation algorithms, such as the Genetic Algorithm with Precedence 

Preserving Crossover (GA-PPX) and Self-Adaptive Simplified Swarm 

Optimisation (SASSO), using two gear pump models as case studies [91]. A 

comparison of the results shows that under different settings of the scout bee 

population and the max-iterations, EDBA has the ability to achieve a generally 

fast average algorithm runtime and a good average solution fitness value. This 

conclusion is obtained under a combination of parameter settings with selected 

site (𝑚 = 4), elite site (𝑛 = 1), selected site bees (𝑚𝑏 = 1), and elite site bees 

(𝑛𝑏 = 2) [91]. Therefore, in this work, these four parameters are set up while the 

rest of the parameters are adjusted to design in the following experiments. 

However, the comparison between the EDBA and other algorithms can show an 

optimising superiority of the EDBA, but it cannot evaluate the performance of 

the EDBA itself. This work aims to evaluate the optimisation performance of the 

EDBA and explore how the search schemes affecting results by iterations. 

 

The experimental design is divided into 30 cases, the order of which is shown in 

Figure 5.3. The cases are divided into six groups according to the value of 𝑖𝑡𝑒𝑟. 
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The range of 𝑖𝑡𝑒𝑟 is from 200 to 1000 with 200 as a gap, plus a value of 2000 to 

show a trend. The range of 𝑠𝑐𝑜𝑢𝑡𝑛 in each group is set to 10, 20, 30 and 40, plus 

a value of 100. 

 

 

Figure 5.3 The order of the cases in the design of the experiment 

 

5.4.2  Design of Evaluations Criteria 

 

Four aspects are focused on reflecting the RDSP program performance: the best 

fitness value, the optimised ratio, the convergence iterating point, and the 

program execution time. These evaluations are recorded at three stages: a) after 
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the DSG algorithm, b) after the first iteration of the DSO algorithm, and c) at the 

iteration when the DSO algorithm converges. 

 

The fitness function is repeatedly called and sorted during the RDSP program 

execution. Thus, the current best fitness can be obtained at any program execution 

moment. Based on the three stages mentioned above, three values, namely the 

fitness of initialisation, the fitness of first iteration and the optimised fitness 

(𝑓𝑖𝑡𝐷𝑆𝐺, 𝑓𝑖𝑡𝐷𝑆𝑂𝑖𝑡𝑒𝑟1 and 𝑓𝑖𝑡𝐷𝑆𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑔), are recorded. 

 

The optimised ratio is used to evaluate how much solution space is optimised 

upon the converged best fitness in an experiment. Equation (32) is the optimised 

ratio since the first stage; equation (33) is the optimised ratio since the second 

stage. The optimised ratio for the rest of the execution time can be obtained via 

the same method when the optimisation efficiency during the iterations must be 

investigated in the future. 

 

𝑟𝑎𝑡𝑖𝑜𝐷𝑆𝐺 =
𝑓𝑖𝑡𝐷𝑆𝐺 − 𝑓𝑖𝑡𝐷𝑆𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑔

𝑓𝑖𝑡𝐷𝑆𝐺
 (32) 

  

𝑟𝑎𝑡𝑖𝑜𝐷𝑆𝑂𝑖𝑡𝑒𝑟1 =
𝑓𝑖𝑡𝐷𝑆𝑂𝑖𝑡𝑒𝑟1 − 𝑓𝑖𝑡𝐷𝑆𝑂𝐶𝑜𝑛𝑣𝑒𝑟𝑔

𝑓𝑖𝑡𝐷𝑆𝑂𝑖𝑡𝑒𝑟1
 (33) 
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Because of the randomness in the metaheuristic algorithms, as well as in the 

EDBA, the best fitness value and the convergence iterating point are rarely the 

same when repeating the program. However, from the engineering aspect, to 

apply the RDSP under an actual remanufacturing process, only one chance of a 

program running is generally requested for pursuing real-time signal 

transportation. Therefore, recording the convergence iterating points in repeated 

experiments under the same parameter combination of EDBA is of interest in this 

work. The average number of convergence iteration points and their distributions 

are calculated, and the results are presented in the next section. 

 

Finally, the program execution time should not be neglected when solving a 

practical problem. For example, a 500-second runtime was set as a stop-ping 

criterion in the research of surgery scheduling problems [104]; two blockchain 

platforms with varying numbers of transactions are compared by execution time 

to reflect the response speeds [105]. From an engineering aspect, program 

execution time can provide an intuitive understanding of how to transfer the 

methodology to a similar model or problem size. However, a runtime analysis 

from the computer science aspect is also encouraged to present an empirical and 

more precise understanding of the algorithms [106], [107], [108]. 
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5.5  Results 

 

The 30 experimental cases were tested in an 8 GB Memory Apple M1 processor 

laptop with the Python programming language using the PyCharm environment. 

Each testing program of the 30 cases consists of three parts: (1) processing the 

input data from an Excel file; (2) generating the feasible disassembly sequences 

with directions; and (3) optimising the generated results. The input data processed 

in the first part include the extracted directional space interference matrices, the 

directional distance matrices, and the collected disassembly information; the 

second part uses the DSG algorithm; and the third part adapts the EDBA 

algorithm. The methods used to obtain these materials were described in the 

previous sections. 
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Figure 5.4 The best fitness value at three stages and the optimised ratio between 

them 

 

Figure 5.4 shows the best fitness values at three stages and the optimised ratio 

between the stages. The blue line is the best fitness value in the first stage, which 

shows a similar downwards trend between 80 s and approximately 90 s among 

the six groups. This is because the number of scout bees has an impact on the 

generated solutions. The more scout bees that are recruited, the better the value 

of the solutions. Because this is the first stage after the DSG algorithm, solution 

optimisation has yet to be performed. This trend is caused only by scout bees, the 

initialised population. The green line is the best-so-far value in the second stage. 

It reflects the optimised fitness values after one iteration of the DSO problem. 

The declining trend is similar to the blue line among all groups, from above 35 s 
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to less than 50 s. The orange line is the converged fitness value when the 

algorithm reaches the max-iteration, showing that the EDBA can improve the 

total disassembly time, in this case, to less than 25 s. It is worth noting that the 

blue optimised space is approximately three times larger than the orange 

optimised space, which indicates the importance of the first iteration of the DSO 

algorithm rather than the following iterations. 

 

 

Figure 5.5 The average number of convergences iterating points in the six 

groups. 
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Figure 5.6 The distribution convergence iterating points in six groups. 

 

Figure 5.5 and Figure 5.6 are the averages and distributions of the convergence 

iterating points in the six groups, respectively. The average convergence iterating 

points result shows that EDBA converges on average approximately half of the 

maximum iteration value. 

 

Figure 5.7 shows the execution time of the program. The total execution time of 

the whole program (blue column) includes the input data processing time (grey 

column) and the sum of the execution time of the DSG algorithm and the EDBA 
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algorithm (orange column). The number of scout bees has an impact on the 

execution time. Under the same max-iteration, the more scout bees are recruited 

in the EDBA, the longer the execution time will be. When comparing the groups, 

this characteristic is more distinct. 

 

Figure 5.7 The execution time of 30 cases 

 

5.6  Summary 

 

The execution process of RDSP and its program performance are introduced in 

this chapter. The RDSP is a combination of disassembly sequence generation and 

disassembly sequence optimisation problems. The disassembly sequence 
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generation problem focuses on generating feasible disassembly sequences. An 

initialised population pool is considered to provide individual solutions for later 

optimisation. However, the disassembly sequence optimisation problem aims to 

find the best or the near-best solution as an output. The number of its optimisation 

objectives can be one or more than one. This work selects the minimum total 

disassembly time as the optimisation target. The metaheuristic algorithm is a 

popular method for solving this optimisation problem. The Bees Algorithm was 

created in 2005 and has been extensively applied in solving RDSP problems. An 

enhanced discrete version of the Bees Algorithm is used in this work as the 

optimisation method for the RDSP. Three local search strategies are used: 

inserting, swapping and mutating. The global search strategy remained random. 

The impacts of two parameters in EDBA, the scout bee and the maximum number 

of iterations, are explored via a designed experiment. Four criteria are proposed 

to compare the program performance. The results suggest that although 

increasing the number of scout bees and max-iterations can help the EDBA 

algorithm find an improved solution, the efficiency of the improvement decreases. 

From an engineering aspect, to apply the RDSP method in practical robotic 

disassembly cases or to develop a robotic disassembly sequence replanning 

strategy in the future, the choice of parameter values is a trade-off problem. 
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Chapter 6   Conclusion 

 

 

 

This chapter contains three sections. The first section summarises the 

achievements detailed in the previous three chapters, namely, robotic disassembly 

information extraction in Chapter 3, CAD model collision detection in Chapter 4, 

and performance evaluation of the optimisation algorithm in Chapter 5. The 

second section describes the contributions made in this thesis. The third section 

recommends future research directions for continually developing a CAD-based 

integrated robotic disassembly sequence planning system. 
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6.1  Summary of the achievements 

 

This thesis has built and presented an integrated robotic disassembly sequence 

planning system using the CAD models as input. The research hypothesis has 

been answered and verified in Chapter 2, Chapter 3, Chapter 4, and Chapter 5. 

First, Chapter 2 reviewed the development history of the DSP problem that were 

proposed since 1987. A further literature investigation was carried on the cross-

disciplines of the CAD techniques and the metaheuristics with the DSP problem. 

A research gap was found during the review process that very little work 

attempted to build a deep connection between the CAD technique and the DSP 

problem. However, this thesis found that, instead of manually processing the 

disassembly information from the CAD model of an EoL product, it is possible 

to automatically extract the required disassembly information as long as the 

information is properly defined. So, the methodologies in the following two 

chapters were dedicated to achieving an automated information collection and 

transferring the extracted CAD data in the service of an input to the RDSP 

problem. There are three works done in the Chapter 3: explaining a RDSP 

problem; showing a work flowchart of the RDSP system; and defining the 

disassembly information required in the RDSP. An add-in tool was designed for 

collecting disassembly information extracted from the CAD models. In the 

Chapter 4, a bounding box generation method was proposed to evaluate the 
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dimension of CAD parts, and a collision detection method was developed to test 

the interference conditions between the CAD parts for generating space 

interference matrices. The collected disassembly information and the extracted 

space interference matrices were then used as problem input in the Chapter 5. The 

process of generating feasible disassembly sequences was given in the beginning. 

Then, the EDBA was used to be an optimisation method for finding the optimal 

disassembly sequence from all the possible solutions. Because there was no work 

has been explored on the searching schemes in the EDBA, 30 cases of tuning the 

EDBA’s parameters was done in Chapter 5. The EDBA’s fitness values in 

different stages, the convergence points in cases, and the execution time of the 

EDBA was recorded. It is suggested that as a metaheuristic optimisation method, 

the max-iteration can be controlled when the optimising result is good enough, 

thus saving the execution time.  

 

The following achievements were made in this thesis: 

1. Design of the RDSP system: Objective 1 is achieved in Chapter 3, where an 

overall structure of this system is given to present the order of data and 

information processes. The disassembly operator is selected using robots and 

the system optimisation objective is set as the minimal total disassembly time. 

2. Disassembly information recognition: Objective 2 is achieved in Chapter 3, 

where the fitness function of this RDSP system is given. The constituent 

elements in the fitness function include the basic disassembly time of the 
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component, moving time of the robot in between the components, and the 

penalty time covering tool changes and direction changes. The measurement 

of the dimensions of components is described in Chapter 4, providing the 

information of the robot’s moving distance from point to point.  

3. Collision detection algorithm development: Chapter 4 addresses Objective 3. 

The interference conditions between parts are tested using an API-controlled 

program. The program gives positive feedback if a collision happens, and 

negative feedback means no collision. Six disassembly directions are tested 

one by one. Then, the space interference matrix is generated by getting all the 

feedback from the program.  

4. Processing the space interference matrix: Objective 4 is achieved in Chapter 

5. The generated space interference matrices are processed in this chapter for 

obtaining all the feasible disassembly sequences. A matrix-based 

mathematical model is built to explain the details of this process. 

5. Optimising the feasible disassembly sequences and finding the best 

combination of parameter settings: Chapter 5 further achieves the objective 5 

by finding the best disassembly sequence using EDBA according to the fitness 

function established in Chapter 3. The fitness of each iteration is recorded and 

analysed in the 30 designed cases. Three stages during the optimisation are 

focused on, namely, the fitness of initialisation, the fitness of first iteration and 

the optimised fitness. The optimisation effect increases with more 
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considerable computational resources input while the optimisation efficiency 

improves slightly. 

 

6.2  Contributions 

 

The following key points summarise the contributions of this thesis: 

 

1. Background investigation and research motivation: A thorough investigation 

of the research background begins with the circular economy, in which the 

core idea is to extend the usage of products in the market for as long as possible. 

Remanufacturing is revealed as a solid tool to achieve this concept. 

Disassembly is a crucial step in remanufacturing and taking the recollected 

products into parts. Due to the lack of digitalisation and degree of automation 

in the traditional remanufacturing process, robotic disassembly is an efficient 

solution. CAD simulation is proposed to be applied in the remanufacturing 

disassembly research in Chapter 1.  

2. Literature review: A descriptive and idiographic literature review is given in 

Chapter 2. The collection of literature uses Scopus as the search engine to get 

the relative literature that is newly published. The search terms include “DSP”, 

“CAD”, and “metaheuristic”, which highly connect to this thesis. Considering 



 

 

 

122 

the long development of DSP, review papers on this topic are particularly 

focused. 

3. Disassembly information collection and data extraction from CAD models: 

Chapter 3 introduces an overall system design, clarifies the disassembly 

information related to the optimisation goal of this thesis, and presents the 

extracted CAD data using an add-in tool.  

4. Collision detection method in CADs and space interference matrix generation: 

Space interference matrix is a matrix-based method in DSP problem to 

describe the components’ relationship of an EoL product. In Chapter 4, an 

algorithm is developed to one-by-one check components from six disassembly 

directions (𝑋+, 𝑋−, 𝑌+, 𝑌−, 𝑍+, 𝑍 −) using the collision detection function 

in the CAD simulation.  

5. RDSP’s feasible sequence generation and optimisation using EDBA: Chapter 

5 builds a mathematical matrix calculation by taking the space interference 

matrix as an input and outputs the feasible disassembly sequences. The 

disassembly direction for each disassembly step is also calculated. Then, in its 

enhanced discrete version, the Bees Algorithm is applied to all the feasible 

disassembly sequences to find the best result under the optimisation objective 

as the minimal disassembly time. The disassembly tool, change of direction, 

and change of tool for each disassembly step are included in the optimisation 

fitness function. The fitness results of each iteration are recorded. Four 

evaluation indices, the fitness of initialisation, the fitness of the first iteration, 
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and the optimised fitness, are tracked for further understanding of the 

optimisation scheme of EDBA. 

 

6.3  Future work 

 

This thesis has presented a CAD-based integrated robotic disassembly sequence 

planning system. Compared to the traditional DSP solutions by manually building 

disassembly models for EoL products, CAD models present an approach to 

reduce the involvement of humans. The future research directions are 

recommended below:  

1. Reversed engineering: The use of reverse engineering technology for the 

recollected EoL products can genuinely reflect the damage of products in 

the use process. More accurate disassembly sequence planning results can 

be obtained using the CAD model generated by reverse engineering as the 

input of this system. 

2. Digital twin: The system in this thesis can be seen as the virtual world of 

digital twin technology, synchronously connected with the disassembly 

process of robots in the real world and creating an instant interaction of 

digital information between the worlds. This interaction can help the 

system obtain real-time data from the real world so to adjust the planning 

sequence in time when the robot encounters disassembly obstacles. 
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3. Disassembly direction: The current disassembly direction only considers 

six directions (𝑋+, 𝑋−, 𝑌+, 𝑌−, 𝑍 +, and 𝑍 −). When disassembly work is 

carried out, one of the six disassembly directions is an obstacle by the 

fixture. Thus, only five disassembly directions are selectable. Also, some 

disassembly points of the EoL product are difficult to reach in actual 

disassembly conditions. These influence the reachability of the robot’s end 

effector. Therefore, a five-axis fixture is suggested in future disassembly 

work, where a fixture can simultaneously move the EoL product in five 

different axes.  

4. Search strategies in the EDBA: Three local search strategies were adopted 

in this thesis, namely, inserting, swapping and mutation. They were 

evaluated using a set of optimization performance indices to understand 

the optimizing processes of EDBA iteration by iteration. Future research 

can further investigate the optimizing processes of the local search 

strategies individually. 
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CAD Computer Aided Design 

Disassembly sequence planning: 

Recent developments and future trends 
2019 Zhou et al. 

Proceedings of the Institution of Mechanical 

Engineers, Part B: Journal of Engineering 

Manufacture 

Disassembly sequence planning: A 

survey 
2021 Guo et al. IEEE/CAA Journal of Automatica Sinica 



 

 

 

146 

Product disassembly sequence 

planning: state-of-the-art, challenges, 

opportunities and future directions 

2021 Ong et al. International Journal of Production Research 

Supporting disassembly processes 

through simulation tools: A systematic 

literature review with a focus on 

printed circuit boards 
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Figure A.1 An overall view of the add-in tool’s part page: a fastener. 
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Figure A.2 A zoom-in view of the add-in tool’s part page: a fastener. 
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Figure A.3 Gear Pump: (a) CAD model; (b) bounding box; (c) exploded view 
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Table A.2 The extracted bounding box coordinate values of the gear pump. 

No. Part Name 

The extracted coordinate values of bounding box 

vertices (mm) 

𝒙𝒎𝒊𝒏 𝒚𝒎𝒊𝒏 𝒛𝒎𝒊𝒏 𝒙𝒎𝒂𝒙 𝒚𝒎𝒂𝒙 𝒛𝒎𝒂𝒙 

1 Bolt A -6.05 46.94 -17.51 6.05 59.05 11.49 

2 Bolt B -37.27 21.94 -17.51 -25.17 34.05 11.49 

3 Bolt C 25.17 21.94 -17.51 37.27 34.05 11.49 

4 Bolt D -37.27 -34.05 -17.51 -25.17 -21.94 11.49 

5 Bolt E 25.17 -34.05 -17.51 37.27 -21.94 11.49 

6 Bolt F -6.05 -59.05 -17.51 6.05 -46.94 11.49 

7 Cover -38.00 -59.00 -33.50 38.00 59.00 -0.50 

8 Gasket -38.00 -59.00 -0.50 38.00 59.00 0.00 

9 Gear Drive A -28.04 -6.95 -18.00 28.04 48.95 167.00 

10 Gear Drive B -34.52 -55.46 -18.00 34.52 13.46 54.00 

11 Pin A -25.23 41.00 -3.00 -21.23 45.00 7.00 

12 Pin B 21.23 -45.00 -3.00 25.23 -41.00 7.00 

13 Base -60.00 -61.00 -2.50 60.00 59.00 93.00 

14 Bolt Stud A -27.00 18.00 83.00 -21.00 24.00 120.00 

15 Bolt Stud B 21.00 18.00 83.00 27.00 24.00 120.00 

16 Packing -16.00 5.00 58.00 16.00 37.00 86.00 

17 Gland -34.00 -4.00 86.00 34.00 46.00 110.00 

18 Nut A -29.77 15.21 109.99 -18.22 26.78 115.01 

19 Nut B 18.22 15.21 109.99 29.77 26.78 115.01 

20 Nut C -29.78 15.22 114.98 -18.21 26.77 118.61 

21 Nut D 18.21 15.22 114.98 29.78 26.77 118.61 
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Table A.3 The calculated bounding box dimensions of the gear pump. 

No. Part Name 

The calculated bounding box dimensions 

(mm) 

|𝐁𝐗| |𝐁𝐘| |𝐁𝐳| 

1 Bolt A 12.10 12.11 29.00 

2 Bolt B 12.10 12.11 29.00 

3 Bolt C 12.10 12.11 29.00 

4 Bolt D 12.10 12.11 29.00 

5 Bolt E 12.10 12.11 29.00 

6 Bolt F 12.10 12.11 29.00 

7 Cover 76.00 118.00 33.00 

8 Gasket 76.00 118.00 0.50 

9 Gear Drive A 56.08 55.90 185.00 

10 Gear Drive B 69.04 68.92 72.00 

11 Pin A 4.00 4.00 10.00 

12 Pin B 4.00 4.00 10.00 

13 Base 120.00 120.00 95.50 

14 Bolt Stud A 6.00 6.00 37.00 

15 Bolt Stud B 6.00 6.00 37.00 

16 Packing 32.00 32.00 28.00 

17 Gland 68.00 50.00 24.00 

18 Nut A 11.55 11.57 5.02 

19 Nut B 11.55 11.57 5.02 

20 Nut C 11.57 11.55 3.63 

21 Nut D 11.57 11.55 3.63 
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Figure A.4 A ten-parts case study: (a) CAD model; (b) bounding box; (c) 

exploded view 
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Table A.4 The extracted bounding box coordinate values of the ten-parts case 

study. 

No. Part Name 

The extracted coordinate values of bounding box 

vertices (mm) 

𝒙𝒎𝒊𝒏 𝒚𝒎𝒊𝒏 𝒛𝒎𝒊𝒏 𝒙𝒎𝒂𝒙 𝒚𝒎𝒂𝒙 𝒛𝒎𝒂𝒙 

1 

Bottom 

Horizontal 

Prism 

-24.00 -15.00 0.00 24.00 15.00 50.00 

2 
Left Vertical 

Prism 
-49.74 -15.00 0.00 5.25 115.00 50.00 

3 

Top 

Horizontal 

Prism 

-49.74 115.61 1.73 50.25 135.61 50.00 

4 
Right Vertical 

Prism 
25.25 -15.00 1.38 50.25 115.00 50.00 

5 Square Prism -22.24 79.89 5.00 22.75 114.89 45.00 

6 Fastener A -58.94 -11.28 13.71 -13.94 11.28 36.28 

7 Fastener B -45.61 100.15 15.13 -25.88 145.15 34.86 

8 Fastener C -10.36 99.96 14.38 10.86 144.96 35.61 

9 Fastener D 25.22 99.84 13.97 47.27 144.84 36.02 

10 Fastener E 14.09 -9.60 15.39 59.09 9.60 34.60 
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Table A.5 The calculated bounding box dimensions of the ten-parts case study. 

No. Part Name 

The calculated bounding box dimensions 

(mm) 

|𝑩𝑿| |𝑩𝒀| |𝑩𝒛| 

1 
Bottom Horizontal 

Prism 
48.00 30.00 50.00 

2 Left Vertical Prism 54.99 130.00 50.00 

3 Top Horizontal Prism 99.99 20.00 48.27 

4 Right Vertical Prism 25.00 130.00 48.62 

5 Square Prism 44.99 35.00 40.00 

6 Fastener A 45.00 22.56 22.57 

7 Fastener B 19.73 45.00 19.73 

8 Fastener C 21.22 45.00 21.23 

9 Fastener D 22.05 45.00 22.05 

10 Fastener E 45.00 19.20 19.21 
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