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Abstract 

Disassembly is a prime activity in the remanufacturing chain, promoting recoveries for reuse, 

hence contributing to sustainable manufacturing. However, being largely a manual and labour-

intensive operation, disassembly has poor economic viability. In this thesis, we have focused 

on investigating and developing robotic disassembly techniques, with special consideration of 

issues related to dual peg-hole and rectangular peg-hole structures. By incorporating 

mechanics-based analyses, compliance strategies, and artificial intelligence, this work offers 

possible solutions for increasing the efficiency, adaptability, and reliability of automated 

disassembly systems. 

Chapter two first explores dual peg-hole disassembly, a typical yet sophisticated operation in 

remanufacturing. During the extraction process of the peg, the identification of contact states 

and their geometric conditions are systematically identified to explore the jamming 

phenomenon, which often disturbs this process. The boundary conditions of jamming are 

derived based on geometrical and quasistatic analyses, and active compliance strategies are 

analysed as a solution. Simulation results are presented to investigate the effects of some critical 

variables such as the amount of compliance, the location of the centre of compliance, and initial 

position errors. Experimental investigations confirm these results and illustrate how appropriate 

compliance configurations can reduce the effects of jamming and optimise disassembly. 

In the third chapter, rectangular peg-hole structures in three dimensions are examined. The 

present study finds 26 possible contact states, of which 16 conditions are related to jamming 

conditions. States are classified according to surface-surface contact interactions with 

comprehensive interpretations of jamming mechanics. Results indicate that locating the 

compliance centre at the end of the peg is particularly effective in minimising the risk of 

jamming and produces a 77.1% reduction in maximum extraction force compared to the less 
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optimised configurations. This therefore highlights the role of compliance strategies in enabling 

strong and efficient robotic disassembly. 

Chapter four will discuss how reinforcement learning was integrated with compliance strategies 

to overcome the challenges of disassembling complex peg-hole structures. Reinforcement 

learning enables the robot to adaptively learn disassembly motions through recurrent training 

and feedback from environmental sensing, such as force and torque measurements. The 

proposed Reinforcement learning (RL)--based compliance approach reduces extraction forces 

by 29.6% compared to manual methods, showcasing the benefits of combining machine 

learning with mechanical insights. Experimental results confirm that the system dynamically 

optimises disassembly motions with considerations of material compliance and geometric 

constraints, reaching a new level of efficiency and adaptability. 

In general, this thesis will contribute to the development of intelligent robotic systems for 

disassembly by incorporating compliance strategies with Artificial intelligence (AI). The 

research study, through theoretical analysis, computational simulations, and experimental 

validation, demonstrates how compliance strategy can be employed with AI-driven methods to 

increase the adaptability and efficiency of robotic disassembly processes, with particular 

emphasis on reinforcement learning. The compliance strategy used in an innovative way further 

optimises force control and enhances the system's capability to handle complicated disassembly 

tasks. These findings provide valuable insights into the potential for automation in 

remanufacturing and recycling and contribute to more sustainable and economically viable 

production systems. 
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General Introduction 

1.1 Introduction 

1.1.1 Background 

Discarded end-of-life (EOL) products pose a global challenge, impacting both the 

environment and the economy. EOL treatment, encompassing recycling, reuse, and 

remanufacturing, aims to extract remaining value from materials and components. 

Remanufacturing, involving stages such as disassembly, cleaning, inspection, repair, 

reassembly, and testing, plays a crucial role in connecting product return with effective recovery 

[1], [2]. Disassembly is a crucial step that links product return with product recovery [2].  

Disassembly aims to retrieve parts from the returned products. Due to the dimensional 

uncertainties and geometrical variations in the returned EOL products, disassembly is usually 

carried out manually. These uncertainties and variations result in operational and planning 

complexities, making the disassembly processes difficult and time-consuming [3]. 

As the remanufacturing process grows in scale, there is a need to increase the efficiency 

of disassembly [2], [3]. Robotic disassembly is a new approach to reducing labour costs and 

improving productivity. However, industrial robots tend to be used in structured and repetitive 

tasks and cannot effectively cope with uncertainties and complexities of disassembly [4]. 

Developments in the areas of industrial automation and robotics can help improve 

productivity and contribute to creating industrial machines with capabilities beyond simple 

reasoning [5]. These developments aim to equip industrial machines with capabilities beyond 

routine operations, potentially revolutionising EOL product treatment. 
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1.1.2 Remanufacturing and Disassembly 

Remanufacturing, which can give products a new life, is currently the most resource-

effective, value-added strategy for EoL product recovery than recycling or reuse [6]. During 

the remanufacturing process, a product is returned to its original specifications to make it look 

new again. Remanufacturing involves several processes (Fig 1.1) that are commonly performed 

by experienced and trained workers using conventional methods [7], [8]. 

 

Figure 1.1 Example of Remanufacturing Process 

Disassembly of returned products is a key step in remanufacturing [9], [10], [11] and is 

one of the primary steps of EOL processes. Disassembly involves extracting and separating the 

desired components, parts, and materials from products [12], [13]. Disassembly is also a key 

step of repair and maintenance [14]. In a study, Hammond et al. have demonstrated that 

disassembly is also a remanufacturing concern in addition to parts availability [15]. However, 

disassembly is not merely the reverse of assembly due to uncertain conditions of the returned 

products, which makes it more challenging to automate than assembly [16], [17], [18]. It has 

usually been performed manually and is labour-intensive [3]. There could be various reasons 

for this. One reason is the high cost of automation. The automated disassembly line may not be 

flexible enough because there is a wide range of product infrastructures and designs required 

for remanufacturing [19]. In other cases, such as corroded parts, human intervention is still 

required to specify suitable tools for removing the affected fasteners [20]. In general, 15 percent 

of a product's weight is removed for recycling or remanufacturing, while 85 percent is disposed 

Disassembly Parts Cleaning
Inspection of 
Components

Repair of Components and 
Replacement by new components

ReassemblyTesting
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of in a landfill [21]. For remanufacturing, the product does not have to be dismantled in its 

entirety. Retrieving only the essential elements, such as high-value cores, thus saves time and 

eliminates the need for unnecessary procedures. Some research on EOL option decision models 

assumes that all elements are disassembled; nevertheless, this can lead to unessential 

disassembly costs [22]. However, due to inefficient disassembly design in many products, 

disassembling a product manually may not be cost-effective. This increases the time it takes to 

disassemble, resulting in greater labour costs. It is much more efficient to disassembled and 

remanufactured products that are specifically designed for this as opposed to remanufacturing 

products that are not intended for this purpose [23]. To remanufacture an object that was 

designed for disassembly, the basic requirements are: (1) Make the connection process easier 

to disassemble, (2) Core retrieval should take precedence over non-remanufacturable pieces, 

(3) Core protection to retain part integrity, and (4) Incorporate DFD into the product design 

process as early as feasible to make disassembly operations easier [20]. 

Disassembly is typically done by human labour using heavy tools rather than automated 

lines and robots.  

However, manual disassembly can be inefficient. To reduce time and labour costs and 

improve efficiency, automatic disassembly using robotics can be employed [24]. One common 

task in disassembly is extracting a peg from a clearance-fit hole [25]. 

The extraction of a peg from a hole is a routine operation in the disassembly of mechanical 

components, such as detaching a shaft from a bearing in automotive turbochargers [26] and 

electric motors [27]. 

 

1.1.3 Challenges in peg-hole disassembly  

While there have been many studies on peg-hole assembly, few studies have focused on 

disassembly. In the assembly and disassembly process, disassembly has received less attention. 
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The geometry of assembly parts plays a key role in both processes. Lateral and angular 

misalignment between separated components can increase reaction forces and cause problems 

during disassembly. Unbalanced forces can cause jamming and wedging in disassembly, and 

this is a significant risk in the use of robots in peg-hole disassembly. One of the main challenges 

in peg-hole disassembly is jamming. This occurs when the peg gets stuck during removal due 

to improperly applied forces or moments. 

Compliance management is another challenge in disassembly operations. Having 

incorrect settings in compliance can cause unexpected rotation of components, such as pegs, 

further complicating disassembly. It is imperative to ensure proper compliance control in two-

point contact scenarios to mitigate these problems and maintain operational efficiency. Another 

significant challenge is force control. For smooth disassembly, accurate management of 

extraction forces and moments is essential. A variation in force application can lead to failed 

disassembly attempts or damage to the involved parts, which highlights the need for precise 

force management [28]. 

1.2 Jamming Problems and Effect Compliance Strategy in Peg-Hole 

Disassembly 

As an important challenge, jamming and wedging can occur due to reaction forces, 

preventing the successful completion of the task and causing damage to the components and 

robotics [29]. 

Whitney analysed the quasistatic assembly of a cylindrical peg into a chamfered hole 

[30]. By utilising industrial robot strategies such as the remote compliance centre (RCC) [30], 

[31], [32] [33] the jamming and wedging problem can be solved, allowing for the successful 

insertion and extraction of pegs [31], [32].  
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The term Compliance Centre (CC) refers to a mechanism or control system that enables 

a robotic manipulator to yield or adapt to external forces, thereby enhancing its interaction with 

the environment. In robotics, a CC represents a controlled, mechanical, or sensor-driven 

flexibility mechanism that allows a robot to adjust its position or force in response to 

environmental interactions. In KUKA robots, the CC is defined as the Tool Centre Point (TCP), 

which specifies the position and orientation of the tool relative to the robot's coordinate system. 

Simunovic [34] and Whitney [35] used a compliant manipulator to analyse peg-hole 

assembly and developed an RCC device to improve accuracy and efficiency. Researchers have 

also analysed rectangular peg insertion without chamfers [36] and three-dimensional 

rectangular peg insertion [37], [38]. Sturges et al. also developed Spatial Remote Centre 

Compliance (SRCC) [39].  

Strip [40] developed a hybrid force-position strategy for three-dimensional convex pegs 

using active compliance. Zhang et al. performed a quasi-static analysis of peg-hole disassembly 

with a compliance device, exploring the effect of key variables such as the degree of 

compliance, compliance centre location, and position error [32]. Wang et al. compared passive 

and active compliance and found that active compliance was more beneficial due to its faster 

dynamic response [41]. Despite its cost and limited response speed, active compliance is an 

effective method for improving assembly reliability [42]. Sathirakul and Sturges [43] and Fei 

and Zhao [44] applied the compliance principle in multi peg-hole assembly tasks to correct 

lateral and angular misalignments. However, there has been a lack of in-depth investigation into 

multi-peg-hole disassembly. This has resulted in a knowledge gap regarding the mechanisms 

and contacts involved in the process. 

The effectiveness of the active compliance strategy in robotics for peg-hole assembly and 

disassembly lies in its adaptability, precise force control [45], sensitivity, safety, efficiency, 
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versatility, and demonstrated real-world applications. This approach empowers robots to 

dynamically adjust to their environment, responding in real-time to factors such as 

misalignments or surface irregularities, thus reducing the length of the jamming area in peg-

hole operations. Additionally, by employing force sensing, robots can accurately apply the 

necessary force for insertion and removal without causing damage to the components. This 

precision and adaptability make active compliance a valuable and reliable solution, particularly 

in industrial settings demanding high-precision performance [46]. 

 

1.3 Characterising the Mechanics of Dual and Rectangle Peg-Hole 

Disassembly 

Assembling and disassembling peg-holes is a fundamental process in manufacturing/ 

remanufacturing, robotics, and automation. In spite of extensive research on peg-hole insertion, 

the disassembly aspect has received comparatively little attention. Peg-hole disassembly 

mechanics are critical for developing efficient and robust disassembly processes, particularly 

for delicate components or complex assemblies. 

Peg-hole disassembly mechanics describes the factors affecting disassembly forces, 

friction and clearance, and the effects of different peg and hole geometries on disassembly 

forces.  

In our previous studies [32], [47], we explored contact states within one-peg and one-hole 

scenarios, characterised by limited contact points typically concentrated at the peg tip and hole's 

inner surface. These situations featured simpler geometries. In this study, we delve into the 

intricacies of dual and rectangle peg-hole scenarios, where pegs can establish numerous contact 

states with their respective holes. These contact points may manifest at various locations along 
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the pegs, resulting in a more complex contact geometry compared to the one cylindric peg-hole 

case. This research is motivated by the demand to address these complexities. 

This study shows an analysis of dual and rectangle peg-hole extraction problems, 

highlighting the boundary conditions of jamming and proposing a solution using active 

compliance to avoid jamming. 

The effectiveness of the active compliance strategy in robotics for peg-hole assembly and 

disassembly lies in its adaptability, precise force control [45], sensitivity, safety, efficiency, 

versatility, and demonstrated real-world applications. This approach empowers robots to 

dynamically adjust to their environment, responding in real-time to factors such as 

misalignments or surface irregularities, thus reducing the length of the jamming area in peg-

hole operations. Additionally, by employing force sensing, robots can accurately apply the 

necessary force for insertion and removal without causing damage to the components. This 

precision and adaptability make active compliance a valuable and reliable solution, particularly 

in industrial settings demanding high-precision performance [46]. 

These traditional methods do not generalise effectively to changes in the environment and 

are not resistant to uncertainty. The current study has focused on learning disassembly 

skills directly from interactions with the environment to reduce human participation and 

increase robustness to uncertainty. Through interactions with their environment and optimising 

rewards, agents can learn complicated behaviours through Reinforcement Learning (RL) 

techniques [48]. Consequently, rather than merely imparting human abilities to the robot 

program, reinforcement learning (RL) can be used to teach robotic agents high-precision 

assembly/disassembly skills [49], [50]. 
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1.4  Integrating Reinforcement Learning with Mechanical Analysis 

and Compliance Strategy Contributions 

Recently, the rise of reinforcement learning (RL) in robotics provides an exciting new 

approach, where systems are learning and adapting to their environment through trial-and-error 

processes and optimising actions based on evaluation of the environment [51]. This paradigm 

is especially suited for robotic disassembly, in which the tasks are highly variable and therefore 

call for dynamism in responding to these variations in order to achieve efficiency and minimise 

damage [52]. 

The Deconstruction of old items for remanufacturing presents a specific problem in the 

face of the variability of the used components. Efficient disassembly is critical because it 

represents the key element of sustainable manufacturing practices that strongly impact waste 

reduction and environmental efficiency [53], [54]. Recent studies have demonstrated that 

robotic systems with RL are capable of dealing with variabilities by making real-time decisions 

that can help to adapt the remanufacturing process [55]. 

A compliance strategy in the disassembly of robots reduces the risk of damage to the parts 

even more. Such methods enable the disengagement mechanism to alter its operations 

dynamically, due to the feedback from the physical interactions the result of which is the 

enhancement of the precision of the disassembly operation [56]. Hence, such a blend of RL and 

compliance with robotics addresses the shortcomings of conventional disassembly techniques, 

which works as a strategy that is adaptive and sensitive to the environment of the task [57]. 

The literature presents several cases where RL has been deployed successfully in robotic 

tasks that are more advanced than disassembly, from autonomous driving to robot manipulation 

tasks requiring dexterity [58], [59], [60]. Through these examples, one can see the range of 
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possibilities and applications of RL as a powerful tool for dealing with a variety of issues related 

to robotics and robotics automation. 

Nevertheless, RL lacks the specific focus on the disassembled rectangular peg-hole 

system and also lacks the ability of integrate the compliance strategies. There is a gap in the 

state of the art in the specification of RL to target solutions that demand exceptional flexibility 

and robustness to the task environment. Robotic disassembly and compliance are representative 

of such types of challenges. 

 

1.5 Research Aim and Objective  

This research focuses on the robotic disassembly of dual and rectangular peg-hole 

structures in order to address the challenges associated with robotic disassembly. As part of the 

remanufacturing process, this study explores jamming problems and compliance strategies to 

maximise efficiency and economic feasibility. A core focus is the integration of reinforcement 

learning (RL) with mechanical analysis and compliance strategies, in order to optimise 

disassembly operations dynamically. 

This research has the following specific objectives: 

Identification and characterisation of disassembly tasks: 

• Identification and enumeration of the various contact states and their geometric 

conditions during the disassembly of dual and rectangular peg-hole. 

• To categorise these conditions, focus on understanding the phenomena of jamming and 

its boundary conditions through geometrical and quasistatic analyses. 

Investigate compliance strategies: 

• To analyse the role of active compliance in mitigating jamming during the disassembly 

process. 
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• To simulate critical variables and examine key parameters such as the degree of 

compliance, the location of the compliance centre, and initial position errors. 

• Experiment with different compliance centre positions in order to assess the 

effectiveness of each position in reducing jamming and extraction force. 

Integrate Reinforcement Learning: 

• Developing a method for combining compliance strategies with reinforcement learning 

(RL) to enhance robotic disassembly efficiency and adaptability. 

• RL agents are trained to learn optimal disassembly sequences, incorporating feedback 

from environmental sensing to adapt disassembly strategies dynamically. 

Validation through experimental testing: 

• Conduct experiments to verify theory and simulation findings with a 6-DOF-compliant 

manipulator. 

1.5.1 Contributions 

The key contributions of this research include: 

Characterising Disassembly Mechanics:  

During the disassembly of dual and rectangular peg-hole structures, geometrical and 

quasistatic analyses are conducted to identify the boundary conditions and critical contact 

states. An understanding of these mechanics is crucial for developing strategies that minimise 

jamming and increase disassembly efficiency. 

Mitigating Jamming with Active Compliance:  

This research demonstrates how optimal ACC positioning can reduce extraction force 

(up to 77.1%) and jamming areas, thus improving robotic disassembly reliability and efficiency. 

Enhance precision and minimise destruction by integrating Reinforcement Learning (RL) 

with a Compliance strategy:  
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A standout aspect of this research is merging RL with compliance strategies. RL 

algorithms help robots learn from their environmental feedback and adjust their disassembly 

methods dynamically. This adaptability results in better disassembly motions, decreasing the 

extraction force and enhancing overall efficiency. 

Figure 1.2 illustrates the structure of this thesis, providing an overview of the Disassembly with 

Active Compliance Strategy and Reinforcement Learning in a rectangular Peg-Holes structure. 
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Figure 1.2 Graphic Overview of Disassembly with Active Compliance Strategy and Reinforcement Learning 
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1. F. Goli, A. Aflakian, M. Qu, Y. Zang, M. Saadat, D.T. Pham, Y. Wang, 
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of the active compliance centre on the extraction force”, The royal society, Open 

Science. https://doi.org/10.1098/rsos.240956 

2. F. Goli, Y. Zhang, M. Qu, Y. Zang, M. Saadat, D.T. Pham, Y. Wang, “Jamming 

problems and the effects of compliance in dual peg-hole disassembly”, Proceeding 

of the royal society A. https://doi.org/10.1098/rspa.2023.0364 

 

II. Conference Proceedings 
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2. F. Goli, Y. Wang, M. Saadat, “Disassembly of Rectangle Peg-Hole Structures 

Through Compliance Strategy and Reinforcement Learning”, CASE 2024- IEEE 
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2024, Bari, Italy. https://ieeexplore.ieee.org/abstract/document/10711423 

3. F. Goli, Y. Zhang, Y. Wang, M. Saadat, “An analysis of dual peg-hole 

disassembly problems”, IWAR 2023- VII International Workshop on 

Autonomous Remanufacturing, October 2023, Caserta, Italy. 

https://link.springer.com/chapter/10.1007/978-3-031-52649-7_38 

4. F. Goli, Y. Wang, M. Saadat, “Perspective of self-learning robotics for 

disassembly automation”, 27th International Conference on Automation and 

Computing (ICAC), September 2022, Bristol, UK. 

DOI: 10.1109/ICAC55051.2022.9911085 

 

III. Poster Presentations 

1- Presentation on my PhD project on “Peg-hole disassembly with reinforcement learning 

and compliance strategy” at the 7th Annual SoE PGR Symposium 2024, University of 

Birmingham, UK.  

2- Presentation on my PhD project on “Peg-hole Disassembly: The Mechanical Analysis 

and Reinforcement Learning with Compliance Strategy” at the AI and the Future of 

Engineering Symposium 2024, Dyson Institute Engineering Technology, UK.                                                                                                                       
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1.6 Thesis Structure 

This thesis is structured to systematically address the research objectives and provide a 

comprehensive analysis of the challenges and solutions in robotic disassembly (Fig 1.3): 

Chapter 1: General Introduction – Provides an overview of the research background, the 

importance of remanufacturing, challenges in peg-hole disassembly, and the integration of AI 

and compliance strategies. 

Chapter 2: Jamming problems and the effects of compliance in dual peg-hole disassembly– 

Explores jamming issues in detail and the effectiveness of compliance strategies, including the 

Active Compliance Centre (ACC), in addressing these challenges. 

Chapter 3: Characterising the mechanics of rectangular peg-hole disassembly and the effect of 

the active compliance centre on the extraction force– Analyses the mechanical challenges 

associated with rectangular peg-hole disassembly and identifies optimal Active Compliance 

Centre (ACC) positions to minimise extraction forces and jamming risks. 

Chapter 4: Disassembly of Rectangle Peg-Hole Structures Through Compliance Strategy and 

Reinforcement Learning – Discusses the application of compliance strategies and 

reinforcement learning in enhancing the efficiency and adaptability of robotic disassembly 

processes. This chapter highlights how RL algorithms can optimise disassembly motions and 

reduce extraction forces based on environmental feedback. 

Our goal was to conduct two case studies on peg-hole tasks (rectangular and dual peg-hole 

configurations). The study was only able to be completed for rectangular peg-holes due to a 

bug in PyBullet's toolbox that affects collision detection in convex hulls. The optimisation of 

dual peg-hole insertion using reinforcement learning could be considered in future research 

with alternative simulators such as CoppeliaSim or Gazebo. 
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Chapter 5: Conclusions and Future Work – Summarises the research outcomes, highlights the 

contributions to the field of robotic disassembly, and suggests directions for future research to 

further advance remanufacturing and recycling technologies. 

 

 
Figure 1.3 Overview of Thesis Structure 
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Jamming Problems and the effects of 

compliance in dual peg-hole disassembly 

 

Abstract 

Disassembly is a crucial step in remanufacturing and is currently mainly performed by 

humans. Automating disassembly can reduce labour costs and make remanufacturing more 

economically attractive. This paper focuses on identifying and characterising a common 

disassembly task, dual peg-hole disassembly, with the aim of building a robotic disassembly 

system for this task. We enumerate the possible contact states and their geometric conditions 

during the extraction of two studs in a dual peg-hole. This paper focuses on jamming in the 

extraction and conducts geometrical and quasistatic analyses to determine the boundary 

conditions of jamming. Based on the analyses, this paper also investigates the role of active 

compliance as a solution to avoid jamming. We also simulate critical variables and examine 

key parameters such as the degree of compliance, the location of the compliance centre, and 

initial position errors. Finally, we conduct experimental studies on dual peg-hole extraction 

with different compliance centres obtained using active compliance. 

 

Key words: Dual peg-hole extraction, Disassembly, Active compliance centre, Robotic, Force 

analysis, Jamming 

 



Jamming problems and the effects of compliance in dual peg-hole disassembly 

24 

 

2.1 Introduction 

The disposal of end-of-life (EOL) products presents a global challenge with a profound 

impact on both the environment and the economy[1]. To mitigate these impacts, EOL products 

are often recycled, reused, and remanufactured so that their components and materials can be 

separated non-destructively for future reuse[2]. 

Remanufacturing involves several stages, including disassembly, cleaning, inspection, 

repair or replacement of damaged parts, reassembly, and testing [3]. Disassembly is a crucial 

step that links product return with product recovery [4]. However, manual disassembly can be 

inefficient. To reduce time and labour costs and improve efficiency, automatic disassembly 

using robotics can be employed [5]. One common task in disassembly is extracting a peg from 

a clearance-fit hole [6]. 

The extraction of a peg from a hole is a routine operation in the disassembly of mechanical 

components, such as detaching a shaft from a bearing in automotive turbochargers [7] and 

electric motors [8]. This procedure extends to the disassembly of assemblies with multiple peg-

holes or dual peg-holes, as seen in examples such as electric plugs, capacitors, and resistors. 

While there have been many studies on peg-hole assembly, few studies have focused on 

disassembly. In the assembly and disassembly process, disassembly has received less attention. 

The geometry of assembly parts plays a key role in both processes. Lateral and angular 

misalignment between separated components can increase reaction forces and cause problems 

during disassembly. Unbalanced forces can cause jamming and wedging in disassembly, and 

this is a significant risk in the use of robots in peg-hole disassembly. 

Jamming and wedging can occur due to reaction forces, preventing the successful 

completion of the task and causing damage to the components and robotics [9]. Whitney 

analysed the quasistatic assembly of a cylindrical peg into a chamfered hole [10]. By utilising 
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industrial robot strategies such as the remote compliance centre (RCC) [10], [11], [12], [13], 

the jamming and wedging problem can be solved, allowing for successful insertion and 

extraction of pegs [11], [12]. 

Simunovic [14] and Whitney [15] used a compliant manipulator to analyse peg-hole 

assembly and developed an RCC device to improve accuracy and efficiency. Researchers have 

also analysed rectangular peg insertion without chamfers [16] and three-dimensional 

rectangular peg insertion [17], [18]. Sturges et al. also developed Spatial Remote Centre 

Compliance (SRCC) [19]. 

Strip [20] developed a hybrid force-position strategy for three-dimensional convex pegs 

using active compliance. Zhang et al. performed a quasi-static analysis of peg-hole disassembly 

with a compliance device, exploring the effect of key variables such as the degree of 

compliance, compliance centre location, and position error [12]. Wang et al. compared passive 

and active compliance and found that active compliance was more beneficial due to its faster 

dynamic response [21]. Despite its cost and limited response speed, active compliance is an 

effective method for improving assembly reliability [22]. Sathirakul and Sturges [23] and Fei 

and Zhao [24] applied the compliance principle in multi peg-hole assembly tasks to correct 

lateral and angular misalignments. However, there has been a lack of in-depth investigation into 

multi-peg-hole disassembly. This has resulted in a knowledge gap regarding the mechanisms 

and contacts involved in the process. 

In our previous studies [12], [25], we explored contact states within one-peg and one-hole 

scenarios, characterised by limited contact points typically concentrated at the peg tip and hole's 

inner surface. These situations featured simpler geometries. In this paper, we delve into the 

intricacies of dual peg-hole scenarios, where each of the two pegs can establish numerous 

contact states with their respective holes. These contact points may manifest at various locations 
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along the pegs, resulting in a more complex contact geometry compared to the one-peg-one-

hole case. This research is motivated by the demand to address these complexities. 

This paper shows an analysis of dual peg-hole extraction problems in two dimensions, 

highlighting the boundary conditions of jamming and proposing a solution using active 

compliance to avoid jamming. 

The effectiveness of the active compliance strategy in robotics for peg-hole assembly and 

disassembly lies in its adaptability, precise force control [12], sensitivity, safety, efficiency, 

versatility, and demonstrated real-world applications. This approach empowers robots to 

dynamically adjust to their environment, responding in real time to factors such as 

misalignments or surface irregularities, thus reducing the length of the jamming area in peg-

hole operations. Additionally, by employing force sensing, robots can accurately apply the 

necessary force for insertion and removal without causing damage to the components. This 

precision and adaptability make active compliance a valuable and reliable solution, particularly 

in industrial settings demanding high-precision performance [26]. 

Section 2.2 presents an analysis of multiple peg extraction during disassembly. Section 

2.3 provides a geometric analysis of dual-peg extraction. Section 2.4 describes the force 

analysis of dual-peg extraction. Section 2.5 presents the experimental design and the results that 

confirm the theoretical disassembly model. 

2.2 Analysis of multiple peg extraction during disassembly 

Dual peg-hole extraction is a disassembly task in which two pegs are held together, moved 

together, and removed from their respective holes at the same time (Figure 2.1). Although peg-

hole disassembly is a three-dimensional problem, it can be schematically illustrated and 

analysed in two dimensions for simplicity [6]. To ensure that the simplified 2D model can 

represent 3D contact conditions, Lan et al [25] investigated the correctness of using two-
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dimensional instead of three-dimensional models for peg-hole system analysis and compared 

the results obtained from 2D and 3D models. The authors concluded that the 2D model can be 

used to represent the challenges in 3D if the following conditions are met: 

1. The peg and hole are circular and axisymmetric. 

2. The peg and hole are aligned. 

3. The peg is not tilted. 

4. The clearance between the peg and hole is smaller than the peg size. 

Given these insights, we also adopted the simplified 2D model for our analysis, which 

focuses on the geometry and contact states of dual peg-holes. The analysis assumes two pegs 

of equal length and makes the following assumptions: (a) the pegs are stiff, (b) extraction occurs 

only vertically upwards, and (c) the active compliance centre is located along the extraction 

axis between the two holes. 

Based on the assumptions stated above, the forces and moments generated by contacts 

between pegs and holes can be calculated. Predicting force and torque during disassembly helps 

identify configurations in which the compliant devices supporting the pegs, such as a remote 

centre compliance (RCC), spatial RCC (SRCC), or active compliance centre, may fail to avoid 

wedging and jamming [23]. The force/torque analysis provides a better understanding of the 

physics of multiple peg-out-hole extractions using compliance mechanisms. The extraction 

phase of the dual-peg extraction problem is thoroughly examined in the following sections. 

2.3 Geometric analysis of dual-peg extraction 

2.3.1 Extractability 

Consider a dual peg-hole set with dimensions as shown in Figure 2.1. Peg 1 and Peg 2 

have radii of 𝑟𝑃1
 and 𝑟𝑃2

, respectively. Hole 1 and Hole 2 have radii of 𝑅𝐻1
and 𝑅𝐻2

, respectively. 
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The distance between the axes of the pegs is 𝐷𝑃,and the distance between the axes of the holes 

is 𝐷𝐻.The distance between Peg 1 and Hole 1 is 𝐶1, and the distance between Peg 2 and Hole 2 

is 𝐶2. The current extraction depth is represented by h. 

The necessary conditions for dual peg-hole disassembly are as follows: 

a) The pegs must be smaller than their corresponding holes: 

𝑟𝑃1
<𝑅𝐻1

, and 𝑟𝑃2
<𝑅𝐻2

                                                                                       (2.1) 

b) The distance between the outer edges of the pegs must be less than the distance between 

the outer edges of the holes: 

𝐷𝑃 +𝑟𝑃1
+𝑟𝑃2

< 𝐷𝐻 +𝑅𝐻1
+𝑅𝐻2

                                                                                (2.2) 

c) The distance between the inner edges of the pegs must be greater than the distance 

between the inner edges of the holes: 

𝐷𝑃 −𝑟𝑃1
− 𝑟𝑃2

> 𝐷𝐻 −𝑅𝐻1
− 𝑅𝐻2

                                                                           (2.3) 

Conditions b and c can be written as −(𝐶1+𝐶2) < 𝐷𝐻 + 𝐷𝑃 < 𝐶1+𝐶2, where 𝐶1 and 𝐶2 are the 

clearances, e.g., 𝐶1=𝑅𝐻1
− 𝑟𝑃1

 and 𝐶2=𝑅𝐻2
− 𝑟𝑃2

. For the dual pegs to be extracted, all these 

conditions must be met at the same time. The ability of pegs to be extracted from their 

corresponding holes is referred to as extractability. 
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Figure 2.1. The geometric model of a dual peg-hole 

2.3.2 Prediction of possible contact states 

Figure 2.2 shows dual pegs that are extractable based on their maximum left and right 

travels. The pegs are rotated clockwise and anticlockwise while maintaining their current 

contact to produce other possible contact states. There are 13 possible contact states [23] that 

can exist in a dual peg-hole disassembly process (Table 2.1). The contact states can be divided 

into four main groups: (a) no contact, (b) one-point contact, (c) two-point contact, and (d) line 

contact, as shown in Figure 2.3. 

Ideally, the pegs should be in a state of no contact, but this rarely happens. The process 

typically begins with two-point contact due to compliant manipulation and the presence of 

lateral and angular errors.  This occurs when a compliant manipulator grips a peg, causing it to 

shift and rotate (Figure 2.3c). As the peg is extracted, the errors may decrease due to 

compliance, and the process may transfer to one-point contact (Figure 2.3b) or line contact 

(Figure 2.3d). To transfer from the two-point to one-point contact, the peg must rotate during 

the extraction process (Figure 2.3b). The one-point contact state is maintained until the peg is 

completely extracted from the hole. 
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Figure 2.2. Maximum left- and right-side travel cases 

TABLE 2.1 Various contact states for dual-peg extractions 

 One-point contact Two-point contact Line contact 
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Figure 2.3. Typical states of the dual peg-hole disassembly process: (a) no contact, (b) one-point contact, 

(c) two-point contact, and (d) line contact 

Sathirakul and Sturges [23] and Fei and Zhao [27] found that in 2D cases, the three-point 

and four-point contact states during peg-in-hole insertion can only exist when certain conditions 

are met, such as given dimensions and associated insertion depth. As a result, these contact 

states are considered transient and unimportant in peg-hole insertion. Peg-hole insertion and 

extraction follow the same geometric analysis. 

A three-point contact can occur if equations (2.4) and (2.4) are satisfied simultaneously 

(θ is the tilt angle of the peg). 

ℎ sin 𝜃 + 2𝑟𝑃1
cos 𝜃 = 2𝑅𝐻1

                                                                   (2.4) 

and, 

ℎ sin 𝜃 + (2𝑟𝑃1
+ 2𝑟𝑃

′ + 2𝑟𝑃2
) cos 𝜃 = 2𝑅𝐻1

+ 2𝑅𝐻
′ + 2𝑅𝐻2

                               (2.5) 

Similarly, four-point contact can only occur if equations (2.4) and (2.6) are both satisfied 

(Figure 2.4). 

ℎ2 sin 𝜃 + (2𝑟𝑃2
) cos 𝜃 = 2𝑅𝐻2

                                                            (2.6) 

Therefore, three-point and four-point contacts are considered transitory and insignificant, 

as they only occur at specific insertion depth points rather than in a depth region [23], [27]. 

Jamming is a common problem in peg-hole disassembly. Jamming occurs when a peg is 

unable to move due to improperly applied forces and moments. It can occur in the two-point 

contact state and can be avoided by reducing the two-point contact region and controlling the 

position where two-point contact occurs [28]. In the case of three-point and four-point contacts, 
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these issues are minimal because they occur at specific depth points rather than at specific 

regions. As a result, this study focuses on jamming analysis in two-point contact states. 

 

Figure 2.4. Three-point contact state of dual peg-in-hole 

2.4 Force analysis of dual-peg extraction 

Analysing forces and moments during dual-peg extraction is important for planning fine 

motions. Several conditions must be met for the successful extraction of dual pegs from their 

holes. During extraction, the dual pegs may experience various contact states, some of which 

may be more desirable than others. To maintain each contact state, it is necessary to derive the 

conditions of applied forces and moments. A two-dimensional dual-peg problem may have 13 

possible states (Table 2.1), but contact states with more than two-point contacts are insignificant 

in jamming, as explained in Section 3. In general, dual peg-hole problems can be considered 

similar to one peg-hole problem in terms of two-point contact states (Figure 2.5). Two-point 

contact states in dual peg-holes can be categorised into three groups: a) contact in one of the 

dual peg-holes, b) external surfaces of pegs contacting hole surfaces, and c) inner surfaces of 

pegs contacting hole surfaces. This section analyses a contact from each category. 
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2.4.1 Derivation of force-moment conditions for maintaining contact states 

Consider two pegs of the same length with dimensions, as shown in Figure 2.6.a. The 

reference frame for the dual pegs in each state is located at the end of the selected peg (shown 

in orange). All forces and moments acting on the pegs are prescribed with respect to this 

reference frame. It is assumed that the dual pegs and the hole are initially in two-point contact 

and that the angle is small to simplify the calculations. This assumption is valid because, in 

practice, the peg’s angular error is typically only a few degrees at most. 

 

Figure 2.5. Classification of two-point contact states in dual peg-hole disassembly. 

 As shown in Figure 2.6.b , 𝛿0 and 𝛽0 represent the initial lateral and angular errors, 

respectively. The compliance centre and the tip of the peg are located at distances 𝑈0 and 𝜀0 

from the axis of the hole, respectively. 

I. Contact in one of the dual peg-holes 

In this section, the contact states of two points that occur in one of the peg-holes (Figure 

2.5.a) are analysed. There are 4 possible contact states in this situation. The force analysis of 

one of these contact states is presented here as an example. Consider the quasistatic equilibrium 

condition of double pegs in contact mode 5 (Table 2.1), as shown in Figure 2.7.  
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a)

 

b)

 

Figure 2.6. a) Dimensions and reference frame for dual peg-hole, b) Definition of the initial position in 

the dual peg-hole 

Extraction forces (Fz), (Fx) and moments (M) are applied to the studs at point O, which is 

the origin of the reference frame. The distances U and 𝜀 vary continuously during disassembly. 

The path of the compliance centre can be deduced as follows: 

U + ε = L∁ sin θ 

U − U0 + (ε − ε0) = L∁(θ − θ0) 

ε = 𝑟′ cos θ − R′ 

U − U0 = L∁(θ − θ0)                                                       (2.7) 

 

In this equation, L∁ is the distance between the compliance centre and the tip of the pegs, 

and h is the depth of peg extraction. 

During two-point contact, the geometrical relations are as follows, based on geometrical 

constraints between the dual peg-holes: 

R =
h sin θ

2
+ r cos θ                                                                    (2.8) 
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In the case of small clearances between pegs and holes, equation (2.8) can be simplified 

as: 

hθ = 2∁R , ∁=
R − r

R
   ;  ∁: Clearance ratio for first peg − hole          (2.9) 

Whitney's [10] method can be re-expressed contact and supporting forces at and around 

the compliance centre in the coordinate frame fixed at the tip of the selected peg. 

 

 

Figure 2.7. Geometry and forces during the two-point contact in one of the dual peg-holes 

Fx = FN2 − FN1 

Fz = μ(FN1 + FN2)                                                   (2.10) 

M = (h − μr)FN1 + μrFN2 

The following is the applied force and moment by the compliance centre: 

Fx = −Kx(δ0 + U0 − U) 

M = KxL∁(δ0 + U0 − U) + Kθ(β0 + θ − θ0)                         (2.11) 

By assuming FN2 = 0  for the contact force at point 2, it is possible to calculate the 

boundary conditions for the two-point contact. Accordingly, the contact forces are as follows: 

Fx = −FN1 
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Fz = μFN1                                                                 (2.12) 

M = (h − μr)FN1 

The path of the centre of compliance in the boundary conditions of the two-point 

contact state is expressed as follows using equations (2.7) and (2.12). 

 

θ = θ0 − β0 +
Kx(h − μr − L∁)(L∁β0 + δ0)

KxL∁(h − μr) − KxL∁
2 + Kθ

 

and 

U = U0 + δ0 −
Kθ(L∁β0 + δ0)

KxL∁(h − μr) − KxL∁
2 + Kθ

                            (2.13) 

By substituting equations (2.8) and (2.9) into equation (2.13), a quadratic equation can 

be generated, which will be the roots of the equation for extraction depth h: 

αh2 + βh + γ = 0                                                   (2.14) 

where 

α = A + KxL∁B 

β = (E − μrKxL∁)B − (L∁ + μr)A − 2cRKxL∁ 

γ = 2cR(μrKxL∁ − E) 

A = Kx(L∁β0 + δ0) 

B = θ0 − β0 

E = Kθ − KxL∁
2  

The roots (extraction depth1) of equation (2.14) are: 

h2 =
−β + √β2 − 4αγ

2α
, h2

′ =
−β − √β2 − 4αγ

2α
                                                    (2.15) 

 

 
1 The period of the equation's roots (h2 & h2

′ ) is discussed in section IV. 
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The roots h2 and h2
′ , which represent the beginning and end of a two-point contact zone, 

can be found by solving equation (2.14). 

In the one-point contact state, the geometrical parameters are as follows (θ ≈ 0): 

U = L∁θ − ε 

ε = 𝑟′ cos θ − R′                                                         (2.16) 

U = L∁θ − 𝑟′ + R′ 

The equations for U and θ and of the one-point contact can be obtained by combining 

equations (2.11) and (2.12) in a coordinate frame fixed to the selected peg tip. 

U = δ0 + U0 −
N2 + Kθθ

Kx(h − μr − L∁)
 

θ =
N2 − KxN1(h − μr − L∁)

−KxL∁(h − μr − L∁) − Kθ
                                           (2.17) 

where: 

N1 = δ0 + U0 − R′ + 𝑟′ 

N2 = Kθ(β0 − θ0)                                                           (2.18) 

The reaction force and extraction force during the two-point contact can be obtained from 

equation (2.10), which is composed of three equations and three unknown parameters: 

FN1 = −
μr

h
Fx +

1

h
M 

FN2 =
h − μr

h
Fx +

1

h
M                                                 (2.19) 

Fz =
M

λr
−

μ

λ
(1 − λ)Fx      ;       λ =

h

2rμ
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Equation (2.11) with equations (2.7) and (2.9) substituted produces Fxand M for the 

two-point contact state. 

Fx = −kx (δ0 + L∁θ0 −
cDL∁

h
) 

M = kxL∁(δ0 + L∁θ0) −
kxL∁

2∁D

h
+ kθ(β0 − θ0) +

kθ∁D

h
                                  (2.20) 

where hθ = 2∁R = ∁D;D = 2R 

By substituting equation (2.13) into equation (2.12), the extraction force in the one-

point contact state is calculated. 

Fz =
μkθ(θ − θ0 + β0)

(h − μr − L∁)
                                                            (2.21) 

II. External surfaces of pegs contacting hole surfaces 

In this part, the states where the external surfaces of the pegs contact the hole surfaces are 

analysed, as shown in Figure 2.5.b. There are 4 possible contact states in this situation, and one 

of these contact states is presented as an example. Consider the quasistatic equilibrium 

condition in contact mode 10, as shown in Table 2.1. Extraction forces, F𝑋 and Fz, and 

moments, M, are applied to the stud at point O, which is the origin of the reference frame. The 

distances U and ε (Figure 2.8) are very continuous during disassembly. 

where in this case, 2𝑅 = 2𝑅𝐻1
+ 2𝑅𝐻2

+ 2𝑅′ 𝑎𝑛𝑑 2𝑟 = 2𝑟𝑝1
+ 2𝑟𝑝2

+ 2𝑟′. 

The path of the compliance centre can be deduced as follows: 

U + ε = L∁ sin θ ;  ε =
hθ

2
 

U − U0 + (
hθ

2
− ε0) = L∁(θ − θ0)                                            (2.22) 
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Figure 2.8. Geometry and forces during the two-point contact in the external surfaces of pegs contact 

holes surfaces

During two-point contact, the geometrical relations are as follows, based on geometrical 

constraints between the dual peg-holes: 

R = (
h

2
) sin θ + r cos θ                                                                  (2.23) 

In the case of small clearances between pegs and holes, equation (2.23) can be 

simplified as 

hθ = 2∁R  ;      ∁=
(R − r)

R
 ;  ∁: Clearance ratio for both peg − hole                         (2.24) 

Contact forces and supporting forces at and about the compliance centre in the 

coordinate frame fixed at the tip of the peg: 

Fx = FN2 − FN1 

Fz = μ(FN1 + FN2)                                                        (2.25) 

M = (h − μr)FN1 + μrFN2 
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The following is the applied force and moment by the compliance centre: 

Fx = −Kx(δ0 + U0 − U) 

M = KxL∁(δ0 + U0 − U) + Kθ(β0 + θ − θ0)                                    (2.26) 

Boundary conditions of two-point contact when FN2 = 0: 

Fx = −FN1 

Fz = μFN1                                                                   (2.27) 

M = (h − μr)FN1 

The path of the compliance centre in the boundary conditions of the two-point contact 

state is expressed as follows using equations (2.22) and (2.27): 

θ = θ0 − β0 +
Kx(h − μr − L∁)(L∁β0 + δ0 + ∁R − ε0)

KxL∁(h − μr) − KxL∁
2 + Kθ

 

U = U0 + δ0 −
Kθ(L∁β0 + δ0 + ∁R − ε0)

KxL∁(h − μr) − KxL∁
2 + Kθ

                           (2.28) 

A quadratic equation can be generated by substituting equations (2.23) and (2.24) into 

equation (2.28), which will be the roots of the equation for extraction depth1 (h): 

αh2 + βh + γ = 0                                                                           (2.29) 

where 

α = A + KxL∁B 

 
1 The period of the equation's roots (h2 & h2

′ ) is discussed in section IV. 
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β = (E − μrKxL∁)B − (L∁ + μr)A − 2cRKxL∁ 

γ = 2∁R(μrKxL∁ − E) 

A = Kx(L∁β0 + δ0 + ∁R − ε0) 

B = θ0 − β0 

E = Kθ − KxL∁
2  

The solutions of equation (2.29): 

h2 =
−β + √β2 − 4αγ

2α
      ,     h2

′ =
−β − √β2 − 4αγ

2α
                                           (2.30) 

The geometrical constraints during one-point contact (θ ≈ 0): 

U = L∁θ − hθ + ∁R                                                                            (2.30) 

The path of the compliance centre during one-point contact by using equations (2.26) 

and (2.27): 

U = δ0 + U0 −
N2 + Kθθ

Kx(h − μr − L∁)
 

θ =
N2 − KxN1(h − μr − L∁)

−Kx(L∁ − h)(h − μr − L∁) − Kθ
                                (2.31) 

 

where 

N1 = δ0 + U0 − ∁R 

N2 = Kθ(β0 − θ0)                                                   (2.32) 

The reaction force and extraction force during the two-point contact can be obtained 

from equation (2.25): 
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FN1 = −
μr

h
Fx +

1

h
M 

FN2 =
h − μr

h
Fx +

1

h
M 

Fz =
M

λr
−

μ

λ
(1 − λ)Fx      ;     λ =

h

2rμ
                                                    (2.33) 

Fx and M for two-point contact by using equations (2.22), (2.24) and (2.26): 

Fx = −kx (δ0 − ε0 + L∁θ0 + ∁D/2 −
cDL∁

h
) 

M = kxL∁(δ0 − ε0 + L∁θ0 + ∁D/2) −
kxL∁

2∁D

h
+ kθ(β0 − θ0) +

kθ∁D

h
                      (2.34) 

The extraction force in the one-point contact state is calculated by substituting equation 

(2.31) into equation (2.27). 

Fz =
μkθ(θ − θ0 + β0)

(h − μr − L∁)
                                                                  (2.35) 

 

III. Inner surfaces of pegs contacting holes surfaces 

This section analyses the two-point contact state where the inner surfaces of pegs contact 

holes. As shown in Figure 5. c, an inverted peg-hole is considered. There are 2 possible contact 

states in this situation. As in the previous sections, the force analysis of one of these contact 

states is presented as an example. Consider the quasistatic equilibrium condition of the dual 

pegs in contact mode 9, as shown in Table 2.1. The distances U and ε (Figure 2.9) are very 

continuous during disassembly. The path of the compliance centre can be deduced as follows:
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Figure 2.9. Geometry and forces during two-point contact in the inner surfaces of pegs contact holes 

surfaces 

 

U + ε = L∁ sin θ 

ε = 𝑟′cos θ − R′ 

U − U0 = L∁(θ − θ0)                                                         (2.36) 

Considering an inverted peg-hole, the radius of the hole, which is considered in this 

section as the radius of the peg, is as follows: 

𝑅′ =
𝑟′

cos 𝜃
−

ℎ

2
tan 𝜃                                                                        (2.37) 

For small clearances between pegs and holes, equation (2.37) can be simplified as 

follows: 

hθ = 2R′∁   ;      ∁=
(r′ − 𝑅′)

r′
 ;  ∁: Clearance ratio for both peg − hole               (2.38) 

Contact forces and supporting forces at and about the compliance centre in the 

coordinate frame fixed at the tip of the peg are given by 

Fx = FN2 − FN1 
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Fz = μ(FN1 + FN2) 

M = (h − μR′)FN1 + μR′FN2                                             (2.39) 

The following is the applied force and moment by the compliance centre: 

Fx = −Kx(δ0 + U0 − U) 

M = Kx(L∁ − h)(δ0 + U0 − U) + Kθ(β0 + θ − θ0)                                            (2.40) 

Boundary conditions of two-point contact when FN1 = 0: 

Fx = FN2 

Fz = μFN2 

M = μR′FN2                                                             (2.41) 

The path of the compliance centre in the boundary conditions of the two-point contact 

state is expressed as follows using equations (4.3.1), (4.3.5) and (4.3.6): 

θ = θ0 − β0 +
Kx(h − μR′ − L∁)(δ0 + L∁β0)

KxL∁(h − μR′) − KxL∁
2 + Kθ

 

U = U0 + δ0 −
Kθ(L∁β0 + δ0)

KxL∁(h − μR′) − KxL∁
2 + Kθ

                             (2.42) 

A quadratic equation can be generated by substituting equations (2.37) and (2.38) into 

equation (2.42), which will be the roots of the equation for extraction depth1 h: 

αh2 + βh + γ = 0                                                                           (2.43) 

where 

α = A + KxLCB 

β = (E − KxL∁
2)B − (μR′ + L∁)A − (−2R′∁)KxL∁ 

γ = (−2R′∁)(KxL∁
2 − E) 

 
1 The period of the equation's roots (h2 & h2

′ ) is discussed in section IV. 
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A = Kx(δ0 + L∁β0) 

B = θ0 − β0 

E = Kθ − μR′KxL∁ 

So, 

(A + KxL∁B)h2 + ((E − KxL∁
2)B − (μR′ + L∁)A − (−2R′∁)KxL∁) h + (−2R′∁)(KxL∁

2 − E)

= 0 

The solutions of equation (2.43): 

h2 =
−β + √β2 − 4αγ

2α
        ,      h2

′ =
−β − √β2 − 4αγ

2α
                                            (2.44) 

The geometrical constraints during one-point contact (θ ≈ 0): 

U = L∁θ − ε 

ε = 𝑟′ − R′ 

U = L∁θ − 𝑟′ + R′                                                     (2.45) 

The path of the compliance centre during one-point contact by using equations (2.40) 

and (2.41) and θ is obtained using equations (2.45) and U: 

U = δ0 + U0 −
N2 + Kθθ

Kx(h − μR′ − L∁)
 

θ =
N2 − KxN1(h − μR′ − L∁)

−KxL∁(h − μR′ − L∁) − Kθ
                                           (2.46) 

where 

N1 = δ0 + U0 − R′ + 𝑟′, N2 = Kθ(β0 − θ0)                                               (2.47) 

 

The reaction force and extraction force during the two-point contact can be obtained from 

equation (2.39): 
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FN1 = −
μR′

h
Fx +

1

h
M 

FN2 =
h − μR′

h
Fx +

1

h
M 

Fz =
M

λR′
−

μ

λ
(1 − λ)Fx    ;       λ =

h

2R′μ
                                                 (2.48) 

Fx and M for two-point contact by using equations (2.36), (2.38) and (2.40): 

Fx = −kx (δ0 + L∁θ0 −
L∁(−2R′∁)

h
) 

M = kxL∁(δ0 + L∁θ0 − hθ − 2R′∁) −
kxL∁

2(−2R′∁)

h
− kxhδ0 + kθ(β0 − θ0)

+
kθ(−2R′∁)

h
       (4.3.14) 

The extraction force in the one-point contact state is calculated by substituting equation 

(2.46) into equation (2.41): 

Fz =
−μkθ(θ − θ0 + β0)

(h − μR′ − L∁)
                                                                   (2.49) 

 

IV. Region of extraction depth 

In equations (2.14), (2.29), and (2.43), h2 and h2
′  are the two roots representing the depth 

of extraction (h).  The parameters h2 and h2
′   represent the beginning and end of the two-point 

contact region, respectively. If h2
′  < h0, the peg and hole would be in the two-point contact area 

at the start of the disassembly process. If h0< h2
′ < h2, the peg-hole is initially in one-point 

contact, and there is at least one transformation between the one-point contact and two-point 

contact states. Two-point contact cannot occur during disassembly if the equations have no 

solution. If h0 <h2
′  = h2, the peg-hole has a two-point contact state at a certain depth point. The 

height and position of the two-point contact region are influenced by many parameters, 
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including the geometrical parameters of the hole-peg system, the location of the compliance 

centre, initial position errors, and the degree of compliance. 

 

V. Jamming region 

Jamming can be determined using equilibrium equations for rigid pegs [10]. Combining 

equations (2.10), (2.25), or (2.39) reveals the linear relationship for a peg in two-point contact: 

𝑀

ℎ𝐹𝑍
=

ℎ

2𝑟𝜇
−

𝐹𝑋

𝐹𝑍
(

ℎ

2𝑟
− 𝜇)                                                        (2.50) 

𝐹𝑋

𝐹𝑍
= ±

1

𝜇
                                                                          (2.51) 

Based on (2.50) and (2.51), 

𝑀

ℎ𝐹𝑍
= ±(

ℎ

2𝑟𝜇
+ 1)                                                     (2.52) 

As illustrated in Figure 2.10, equations (2.50) and (2.52) define the equilibrium instance 

(shown by the outline of the parallelogram) where the pegs are extracted from the holes based 

on the combination of 𝐹𝑋, 𝐹𝑍, and M. Jamming occurs when combinations of 𝐹𝑋, 𝐹𝑍, and M 

falls outside the parallelogram, while successful extraction occurs when they fall within the 

parallelogram. As h decreases, the peg is closer to the mouths of the hole, and the probability 

of jamming decreases [11]. Jamming becomes less likely as the peg is extracted from the hole. 

2.4.2 Key factors and their effects 

In the two-point contact state, the reaction forces applied to the pegs increase the risk 

of extraction failure, especially at the mouth of the hole. Two-point contact also increases the 

extraction force due to angular and lateral errors. This section identifies the most influential 

parameters for reducing the two-point region and their effect on its location. 
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Figure 2.10. Jamming diagrams for the dual-peg extraction problem based on contact forces[23]. 

 

Parameters LC, δ0, Kx, and kθ have been examined to demonstrate their impacts on the 

two-point contact region. These investigations are discussed in the following sections. 

I. Location of compliance centre 

A key design parameter is the placement of the compliance centre along the central axis 

of the pegs. When a compliant manipulator grasps a peg, initial position errors between the 

manipulator and the dual peg-hole system cause the peg to shift and rotate. Assuming that the 

dual peg-hole is solid (Figure 2.6), the black figure shows the initial location of the peg before 

the initial angular error. However, the initial lateral error causes the peg to displace and rotate 

around the compliance centre (red figure). If the compliance centre is positioned far from the 

peg tip, the peg rotates anticlockwise around it. In this case, the one-point contact state might 

change into a two-point contact. If the compliance centre is positioned at the peg tip, it rotates 

clockwise around it when grasped, resulting in one-point or line contact between the pegs and 

holes. These characteristics can help minimise the two-point contact region 

during disassembly. Figure 2.11 shows the boundary conditions of the two-point contact region 

based on the equations of extraction depth (h2 & h2
′ ). It is clear that when the 
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compliance centre is near the tip of the peg, the two-point contact area is significantly smaller. 

Additionally, as LC decreases, the two-point contact region shifts to the hole mouth. 

 

 

 

Figure 2.11. Dependence of the two-point contact region on the location of the compliance centre with 

𝛿0 =  2 mm, 𝛽0 = 0 rad, 𝐾𝑋 = 0.4 N mm-1, 𝐾𝜃 = 30*104  Nmm rad-1. a)  Contact in one of the dual peg-holes, 

b) External surfaces of pegs contact holes surfaces, c) Inner surfaces of pegs contact holes surfaces 
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II. Initial position errors 

The two-point contact region can be influenced by initial position errors, including lateral 

and angular errors between the compliant manipulator and the peg-hole system. When the 

compliance centre is located far from the tip, a large lateral δ0 error can cause the peg to rotate 

anticlockwise significantly. If δ0 is large enough, the peg and hole will remain in two-point 

contact during disassembly. If the compliance centre is at the tip, the peg rotates clockwise 

during disassembly. From the two-point contact, the hole and peg transition to one-point 

contact or line contact [12]. Figures 2.12, 2.13, and 2.14 show the effects of the initial lateral 

error on the two-point contact region for various compliance centre locations. The two-point 

contact region decreases as the lateral error increases when the compliance centre is near the 

tip of the peg. Angle errors affect the disassembly process both in magnitude and direction. 

When the compliance centre is far from the peg tip and the initial angular error is opposite to 

the rotation of the peg, as shown in Figure 2.15, a two-point contact region can be reduced. 

Otherwise, the two-point contact region increases. The effects of the initial angular error are 

similar when the compliance centre is at the tip of the peg. 
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Figure 2.12 The effect of the initial lateral error on the two-point contact region in one of the dual 
peg-holes: (a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 25, (𝑐) 𝐿𝐶 = 50 𝑤𝑖𝑡ℎ 𝛽0 = 0 rad, 𝐾𝑋 = 0.4 N mm-1, 𝐾𝜃 = 30*104  Nmm rad-

1. 

 

Figure 2.13. The effect of initial lateral error on the two-point contact region in the contact of the inner 

surfaces of the pegs with the holes: (a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 25, (𝑐) 𝐿𝐶 = 50 𝑤𝑖𝑡ℎ 𝛽0 = 0 rad,𝐾𝑋 = 0.4 N mm-1, 
𝐾𝜃 = 30*104  Nmm rad-1. 
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Figure 2.14. The effect of initial lateral error on the two-point contact region in the contact of the 

external surfaces of the pegs with the holes: (a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 25, (𝑐) 𝐿𝐶 = 50 𝑤𝑖𝑡ℎ 𝛽0 = 0 rad, 𝐾𝑋 = 0.4 
N mm-1, 𝐾𝜃 = 30*104  Nmm rad-1. 
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Figure 2.15. Dependence of the two-point contact region on the initial angular error: with 𝐿𝐶 = 50 mm, 

𝛿0 =  1 mm, rad, 𝐾𝑋 = 0.4 N mm-1, 𝐾𝜃 = 30*104  Nmm rad-1.. a) Contact in one of the dual peg-holes, b) 

External surfaces of pegs contact holes surfaces, c) Inner surfaces of pegs contact holes surfaces 

III. Stiffness 

A successful disassembly task depends on the location of the compliance centre on the 

peg and the coupling stiffness element between the translational and rotational directions [6]. 

Compliant manipulators define lateral and angular compliance based on their rotational and 

lateral stiffnesses. Figures 2.16, 2.17 and 2.18 (a and b) show that as the lateral stiffness and 

location of the centre of compliance increase, the two-point contact region decreases. This is 

because increased lateral stiffness causes the pegs to rotate less for similar positional errors, 

reducing the two-point contact region. 

The two-point contact region, on the other hand, increases with increasing angular 

stiffness regardless of the location of the compliance centre (Figures 2.16, 2.17 and 2.18 (c and 

d)). According to these figures, stiffness does not significantly influence the two-point contact 

region. 
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Figure 2.16. The effect of the two-point contact region in one of the dual peg-holes on the structural 

parameters: (a) 𝐾𝑥 =0.2 N mm-1, 𝐾𝜃 = 30*104 Nmm rad-1; (b) 𝐾𝑥 =0.6 N mm-1, 𝐾𝜃 = 30*104  Nmm rad-1; (c) 

𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 15*104  Nmm rad-1; (d) 𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 45*104 Nmm rad-1 with 𝛿0 =  2 mm, 

𝛽0 = 0 rad. 

 

Figure 2.17. The effect of the two-point contact region in the contact of the inner surfaces of the pegs 

with the holes on the structural parameters: (a) 𝐾𝑥 =0.2 N mm-1, 𝐾𝜃 = 30*104 Nmm rad-1; (b) 𝐾𝑥 =0.6 N mm-1, 

𝐾𝜃 = 30*104  Nmm rad-1; (c) 𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 15*104  Nmm rad-1; (d) 𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 45*104 

Nmm rad-1 with 𝛿0 =  2 mm, 𝛽0 = 0 rad. 
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Figure 2.18. The effect of the two-point contact region in the contact of the external surfaces of the pegs 

with the holes on the structural parameters: (a) 𝐾𝑥 =0.2 N mm-1, 𝐾𝜃 = 30*104 Nmm rad-1; (b) 𝐾𝑥 =0.6 N mm-1, 

𝐾𝜃 = 30*104  Nmm rad-1; (c) 𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 15*104  Nmm rad-1; (d) 𝐾𝑥 =0.4 N mm-1, 𝐾𝜃 = 45*104 

Nmm rad-1 with 𝛿0 =  2 mm, 𝛽0 = 0 rad. 

2.5 Experiment 

In this section, an experiment is performed with three samples with different radii to 

verify the results of the above analysis. Dual peg-holes have the following geometric 

dimensions (Table II). 

TABLE 2.2. Parameters for dual peg-hole 

Category Parameter Value 

Friction Characteristics Static Coefficient of friction                μ = 0.01 

Geometrical parameters 

Pegs mass m= 0.6 kg 

Pegs radius r= 5.7, 6 and 6.5 mm 

Holes radius R=6.1 mm 

Pegs length L= 50 mm 

Distance between two centres of pegs/holes D= 40 mm 

Clearance ratio ∁= 0.01639 , 0.06557, 0.00819 

Initial position/angle Depth h0 = 50 mm 

Angle θ0 =  −0.9 rad 
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2.5.1 Experimental Design 

The experiment presented in this section uses a six-degree-of-freedom KUKA LBR iiwa 

robot [29] and a force/torque sensor (Figure 2.19). The experimental video can be found at 

[30]. In this experiment, the force and moment were sampled accordingly. The hole block was 

positioned on a table while the peg was attached to the media flange of a robot arm. 

The exclusion of a gripper in this setup facilitates the examination of the compliance 

centre’s impact. It is noteworthy that established literature, including Zhang et al's work[12], 

frequently utilises the approach of affixing the workpiece to the robot's end effector. 

The peg and hole were made of thermoplastic material. The experiment was repeated 18 

times for each sample, with six repetitions for each compliance centre location (𝐿𝐶 = 50 mm, 

𝐿𝐶 = 25 mm, 𝐿𝐶 =0 mm). 

 

 

Figure 2.19. The experimental equipment 

The tool centre point (TCP) was also created using active compliance. In this experiment, 

the peg could rotate around the TCP without changing its position. To simulate the different 

Robot Arm 

F/T Sensor  

Dual-Hole 

Dual-Peg 
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locations of the compliance centre, several TCPs were configured. Lateral and angular stiffness 

could also be controlled [29]. 

 

2.5.2 Experimental Results 

The experimental parameters are listed in Table II. Along the extraction direction, a 

stiffness of 𝐾𝑥 = 0.3 N.mm-1 is set. A Savitzky‒Golay filter was used to remove noise before 

plotting extraction force measurements. Figure 2.20 shows the effects of the compliance centre 

location on extraction forces with depth or three samples with different radii. The area of two-

point contact increases with increasing extraction force. It is evident that both in theory and 

practice, the contact states significantly differ based on the position of the compliance centre. 

The blue curve shows that when the compliance centre was far from the tip of the dual-peg, the 

two-point contact region was the largest. The orange and green curves show narrower and 

lower peaks when 𝐿𝐶 decreases, corresponding to a smaller two-point contact region. 

2.6 Conclusion 

This paper presents a geometric and static force analysis for the dual-peg extraction 

jamming problem, considering all geometric variations. In a dual peg jamming problem, all 13 

contact states are identified. 

The applied geometric and quasistatic force analysis approach proves effective in 

studying the jamming phenomenon and exhibits potential for application to other assembly and 

disassembly problems. 

The incorporation of compliant manipulators offers the opportunity to establish 

geometric and force/moment conditions for each contact state, underscoring the potential for 

developing more precise and reliable robotic systems tailored for disassembly and 

remanufacturing tasks. In this investigation, we delve into several factors, including the 

location of the compliance centre, initial lateral and angular errors, and manipulator stiffness, 
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to assess their influence on the area of the two-point contact. Of particular note, our results 

emphasise the pivotal role played by the location of the compliance centre. 

Our theoretical exploration demonstrates striking similarities between the dual peg-hole 

extraction process and its single peg-hole counterpart. This suggests that techniques developed 

for single peg-hole scenarios, such as the compliance centre approach, can be viably applied to 

the dual peg-hole case as well, providing an effective strategy. 

To corroborate our theoretical findings, we conducted experiments. Our research 

confirms that the application of appropriate compliance strategies, such as adjusting stiffness 

and the remote centre of compliance, can significantly reduce disassembly forces. While it is 

true that the jamming conditions differ between single and dual peg-holes, as illustrated in 

Table 2.1, with 13 contact states compared to the 3 contact states in a single peg-hole [12], the 

judicious use of remote compliance strategies proves effective in mitigating disassembly forces 

in both scenarios. The experimental outcomes align with the predictions of the theoretical 

model concerning the disassembly of dual-peg-hole assemblies, further reinforcing the 

credibility and reliability of the study's findings.  

 

a) 
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b) 

 

c) 

 

Figure 2.20. Extraction force curves based on compliance centre locations. a) r= 5.7 mm, b) r= 6 mm, 

and c) r=6.5 mm 
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2.8 Appendix 

Variabl

e 

Description Formula State 

No 

∁ clearance ratio ∁= (𝑅 − 𝑟) 𝑅⁄  

D diameter of the hole (mm) Camera 

𝐅𝐱 lateral force (N) 
FX = −𝐾𝑥 (𝛿0 + 𝐿∁𝜃0 −

∁𝐷𝐿∁

ℎ
) 

Fx = −kx (δ0 − ε0 + LCθ0 + cD/2 −
cDLC

h
) 

Fx = −kx (δ0 + LCθ0 −
LC(−2R′∁)

h
) 

5 

10 

9 

   

𝐅𝐟𝐫𝟏 friction force at contact point 1 (N)  

𝑭𝒇𝒓𝟐 friction force at contact point 2 (N)  

𝑭𝑵𝟏 reaction force at contact point 1 (N)  

𝑭𝑵𝟐 reaction force at contact point 2 (N)  

𝑭𝒛 extraction force (N) 
FZ =

𝑀

𝜆𝑟
−

𝜇

𝜆
(1 − 𝜆)𝐹𝑥         ,       𝜆 = ℎ (2𝑟𝜇)⁄  

𝑭𝒛 one-

point 

contact 

extraction force (N) Fz =
μkθ(θ − θ0 + β0)

(h − μr − LC)
 

h extraction depth (mm) ℎ = (2𝑅 − 2𝑟 cos 𝜃) sin 𝜃⁄  

𝐡𝟎 initial depth of the peg in the hole 

(mm) 

ℎ0 = (2𝑅 − 2𝑟 cos 𝜃0) sin 𝜃0⁄  

H height of each peg (mm)  

𝑲𝒙 lateral stiffness of the compliant 

manipulator (N mm−1) 

 

𝑲𝒛 vertical stiffness of the compliant 

manipulator (N mm−1) 

 

𝑲𝜽 rotational stiffness of the compliant 

manipulator (N.mm rad−1) 
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𝑳∁ location of the compliance centre 

(mm) 

 

M moment applied on the peg (Nmm)  

r the radius of each peg (mm) Camera 

R the radius of each hole (mm) R=D/2 

2R’ Distance between two holes (mm) Camera 

2r’ Distance between two pegs (mm) Camera 

𝐔𝟎 the initial distance between the 

compliance centre and the hole axis 

(mm) 

|𝑋ℎ𝑜𝑙𝑒 − 𝑋𝐶| 

𝐔 

distance between the compliance 

centre and the hole axis (mm) 

U = U0 + δ0 −
Kθ(LCβ0 + δ0)

KxLC(h − μr) − KxLC
2 + Kθ

 

U = U0 + δ0 −
Kθ(LCβ0 + δ0 + cR − ε0)

KxLC(h − μr) − KxLC
2 + Kθ

 

U = U0 + δ0 −
Kθ(LCβ0 + δ0)

KxLC(h − μR′) − KxLC
2 + Kθ

 

 

5 

 

10 

 

9 

𝛃𝟎 initial angular error (rad)  

𝛅𝟎 initial lateral error (mm)  

𝜺 distance between the selected peg tip 

and the hole axis (mm) 

 

𝛆𝟎 the initial distance between the 

selected peg tip and the hole axis (mm) 

𝜀0 = 𝐿∁ sin 𝜃0 − 𝑈0 

𝜽 the tilt angle of the peg (rad) 

θ = θ0 − β0 +
Kx(h − μr − LC)(LCβ0 + δ0)

KxLC(h − μr) − KxLC
2 + Kθ

 

θ = θ0 − β0 +
Kx(h − μr − LC)(LCβ0 + δ0 + cR − ε0)

KxLC(h − μr) − KxLC
2 + Kθ

 

θ = θ0 − β0 +
Kx(h − μR′ − LC)(δ0 + LCβ0)

KxLC(h − μR′) − KxLC
2 + Kθ

 

5 

 

10 

 

9 

𝛉𝟎 the initial tilt angle of the peg (rad)  

𝝁 coefficient of friction  
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Data accessibility. All data sources are conveniently accessible through the electronic 

supplementary materials hosted on Figshare at the following URL 

https://figshare.com/s/9a9df1ea0a0a4c535aa7.. This ensures that the data associated with the 

study can be readily accessed for reference, transparency, and reproducibility. 
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Characterising the mechanics of rectangle 

peg-hole disassembly and the effect of 

active compliance centre position on 

extraction force 

 

Abstract 

This paper aimed at facilitating robotised disassembly for remanufacturing by focussing 

on the challenge of rectangular peg-hole disassembly. 

The study explores all potential contact states during the rectangular peg-hole 

disassembly process and identifies 26 distinct conditions, 16 of which are related to jamming. 

The contact conditions are categorised into five groups based on the number of contacts with 

the surface. Thereafter, it provides an in-depth analysis of jamming phenomena during the 

extraction process, employing both geometrical and quasistatic analyses to establish boundary 

conditions for jamming. 

Furthermore, the efficacy of the active compliance centre position in preventing jamming 

areas is explored, considering critical variables such as compliance degree, centre location, and 

initial position errors. The outcomes highlight that positioning the compliance centre at the end 

of the peg is the most effective strategy for reducing the jamming area and extraction force. 

Finally, the simulated results are confirmed by experiments and demonstrated 77.1% deduction 

to the maximum extraction force with the correct active compliance centre position, as opposed 

to when it is placed at the top of the peg. The findings contribute insights into the intricate 

dynamics of disassembly, revealing potential avenues for optimising automated robotic 

systems in remanufacturing. 
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Key words: Quasi-static, robotic disassembly, remanufacturing, active compliance, rectangle 

peg–hole disassembly 

 

3.1 Introduction 

The disposal of end-of-life (EOL) products creates both environmental and economic 

challenges [1]. To address these challenges, EOL products often undergo processes of  

remanufacturing, ensuring non-destructive separation of components and materials for 

prospective reuse [2]. 

Remanufacturing, a multi-stage process involving disassembly, cleaning, inspection, 

repair or replacement of damaged parts, reassembly, and testing, has emerged as a pivotal link 

connecting product return with product recovery [3], [4]. However, the manual disassembly 

process has proven to be inefficient, prompting the adoption of automatic disassembly 

facilitated by robots to enhance efficiency, reduce time and labour costs, and mitigate the 

dangers associated with human involvement [5]. A particular challenge in disassembly lies in 

the extraction of pegs from clearance-fit holes [6]. 

This routine operation, prevalent in the disassembly of mechanical components like 

shaft-hub connections in machinery, gears and sprockets, and pump and motor connections, 

extends to the disassembly of assemblies with rectangle peg-holes. This routine operation, 

prevalent in the disassembly of mechanical components such as shaft-hub connections in 

machinery, gears and sprockets, and pump and motor couplings, extends to the dismantling of 

assemblies with rectangular peg-holes. While previous research has extensively explored the 

peg-hole assembly, disassembly presents unique challenges due to the reverse nature of the 

process. Unlike the assembly of new products, which is deterministic because the components 

to be assembled are of known geometries, dimensions and states, disassembly is stochastic as 
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it has to contend with used products of uncertain shapes, sizes and conditions. They introduce 

uncertainties in tolerances and misalignments between the peg and hole in separation processes 

and may lead to increased extraction forces and potential damage to the components[7]. 

Lateral and angular misalignment between separated components can amplify reaction 

forces, resulting in problems during disassembly, including jamming and wedging [8]. 

It should be mentioned that in robotic disassembly, jamming describes the peg becoming 

lodged at an angle, complicating disassembly with misalignment issues, while wedging refers 

to the peg becoming tightly stuck in the hole due to friction or deformation. The use of robots 

in peg-hole disassembly should consider jamming and wedging due to unbalanced forces, 

which can cause damage to components and robots[8]. 

 Lateral and angular misalignment between separated components can amplify reaction 

forces, resulting in problems during disassembly, including jamming and wedging[8]. 

To address these challenges, researchers have explored various strategies, such as the 

remote compliance centre (RCC)[9], [10], [11], [12], to avoid jamming and wedging during 

disassembly [10], [11]. Despite these efforts, there is a notable absence of comprehensive 

investigations into multiple peg-hole disassembly, leaving a gap in understanding the 

mechanisms and contacts involved in this process. Simunovic[13] and Whitney [14], in their 

exploration of peg-hole assembly dynamics, employed a compliant manipulator, advancing the 

field by introducing an RCC device to enhance precision and efficiency. The investigation 

extended to various dimensions, encompassing rectangular peg insertion without chamfers[15] 

and three-dimensional scenarios [16], [17]. Sturges et al. contributed to the discourse by 

developing the Spatial Remote Centre Compliance (SRCC) [18]. Strip [19] innovatively 

devised a hybrid force-position strategy tailored for three-dimensional convex pegs, integrating 

active compliance. Zhang et al. investigated the intricacies of peg-hole disassembly by 

conducting a quasistatic analysis with a compliance device. Their inquiry scrutinised critical 
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variables such as compliance degree, the position of the compliance centre, and positional 

errors[11]. Wang et al. undertook a comparative study, of pitting passive against active 

compliance and concluding that the latter, despite its costs and restricted response speed, 

outshines in improving dynamic response and assembly reliability [20].  

This paper builds on prior studies [11], [21] that investigated contact states within one-

peg and one-hole scenarios.  

These scenarios are characterised by limited contact points concentrated at the peg tip 

and hole's inner surface. In [7], [22], we also explored the extension of techniques from single 

peg-holes to dual peg-holes, indicating the potential for more accurate robotic systems. The 

study underscores the potential applicability of single peg-hole techniques, such as the 

compliance centre approach, to the dual peg-hole case, with experimental results supporting 

the proposed claim. 

The complexities of rectangle peg-hole scenarios are less explored in the existing 

literature. These kind of pegs and their mating holes are commonly utilised in mechanical 

products, including industrial components, furniture, toys, and electronic devices. One of the 

complexities and differences in such configurations, compared to cylinder peg-hole assemblies, 

arises from the fact that a rectangular peg can establish multiple contact states with its 

corresponding hole, leading to complex jamming conditions. 

While cylinder pegs typically exhibit rotational symmetry, reducing the variety of contact 

points during extraction, rectangular pegs can contact the hole on multiple planes and edges. 

This significantly increases the complexity of disassembly for rectangular pegs, making control 

of lateral and angular misalignment more critical. Cylindrical peg-hole configurations 

generally require less extraction force and experience minimal friction. The geometry and 

symmetry of the cylinder make alignment, control, and sensing easier, often demanding precise 

tolerances but with predictable forces. In contrast, disassembly tasks involving polygonal 
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shapes face more complex forces, higher friction, and require more advanced robotic control 

strategies due to the increased complexity of surface interactions and mechanical constraints. 

The extraction force required to remove a rectangular peg from a mating hole constitutes 

another critical complexity within such configurations. Dismantling these assemblies typically 

demands substantial force, rendering the process challenging, time-consuming, and costly. A 

deep understanding of the mechanics involved in rectangular peg-hole disassembly becomes 

essential for enhancing the efficiency of disassembly processes. In this study, the mechanics of 

rectangular peg-hole disassembly are investigated, and the effect of the active compliance 

centre (ACC) position on the extraction force in three dimensions is analysed. Specifically, the 

relationships between the geometrical parameters of the peg and hole, the frictional properties 

of the contact surfaces, and the extraction force required to remove the peg from the hole are 

characterised. Thereafter, the effect of the ACC position on the extraction force is explored, 

and the optimal ACC position that minimises the force required for disassembly is identified. 

The geometrical boundary conditions (specifically, depths of extraction) of jamming are 

highlighted, and a solution using ACC to minimise the jamming area is proposed. 

Figure 3.1 illustrates the structure of this study, which delves into the robotic 

disassembly of a 3D rectangle peg from a hole.  

Two categories of contact states are listed, jamming and wedging, which are situations 

where the peg cannot be extracted from the hole smoothly. This study explores the influence 

of ACC positions on 16 jamming conditions using the formula derived from the quasi-static 

analysis. Finally, the Kuka LBR arm is utilised to validate the theoretical approach for practical 

application. 
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Figure 3.1. Investigate the impact of Active Compliance Centre (ACC) positions on 16 jamming conditions 

among 26 possible contact situations both in simulation and experiments. 

Our findings provide insights into the mechanics of rectangle peg-hole disassembly and 

highlight the importance of considering the ACC position in optimising disassembly processes. 

This knowledge can be applied to a wide range of mechanical systems and can lead to 

significant improvements in efficiency, cost, and sustainability. 

Section 3.2 provides an analysis of rectangle peg extraction during disassembly, 

encompassing geometric analysis, and delves into the force analysis of rectangle peg-hole 

extraction as a methodology. Section 3.3 presents the results and discussion of the analysis. 

Section 3.4 details the experimental design and results, confirming the theoretical disassembly 

model. 

3.2 Methodology  

Extracting a rectangular peg from a hole is a common task in disassembly applications. 

Considering the forces and moments involved in the extraction of a rectangular peg from a 

hole  is necessary to successfully complete the common task of extracting the peg from the hole. 

This analysis is based on the following main assumptions: 

• The pegs are stiff,  

• There is only one extraction direction: vertically upwards.  

• The ACC is located along the axis of extraction and the hole. 
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• The stiffness parameters (𝐾𝑋 , 𝐾𝑌 and 𝐾𝜃, 𝐾Φ, 𝐾Ψ) define the resistance of the 

system to lateral and rotational displacements during extraction. Higher stiffness 

values correspond to lower compliance, leading to reduced rotations and 

minimised two-contact regions. 

• Adhesive forces, such as parts being bonded by glue or due to corrosion, are not 

considered. 

Predicting force and torque during disassembly helps us identify configurations in which 

compliant devices supporting the pegs, such as RCC, SRCC, or ACC, may fail to avoid 

wedging and jamming [23]. This information provides a better understanding of the 

characteristics of the rectangle peg-hole disassembly using compliance mechanisms. 

The forces and moments acting on the peg can be used to predict the likelihood of 

wedging and jamming during extraction. If not properly controlled, the peg can wedge in the 

hole or jam against the sides of the hole. This knowledge can be used to design and control 

extraction processes to minimise the risk of these problems. 

In a rectangular peg-hole problem, the use of an ACC is expected to result in successful 

extraction with an appropriate initial configuration. The ACC will mitigate the likelihood of 

wedging and jamming by adjusting the forces and moments acting on the peg in real-time. This 

allows for a smooth and safe extraction process. The extracting phase of the rectangular peg-

hole extraction problem is thoroughly examined in the following sections. 

 

3.2.1 Geometric analysis 

The main dimensions of a rectangular peg-hole are shown in Figure 3.2. A hole's length 

and width are 𝑤 and 𝑣, respectively, and a peg's length and width are 𝑤′ and 𝑣′. The distance 

between the peg and the hole in the rectangle's length is ∁1, and the distance between the peg 

and the hole in its width is ∁2 ; ℎ represents the current extraction depth. 
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∁1=𝑤−𝑤′ and ∁2= 𝑣 − 𝑣′ 

Due to incompatible dimensions, the peg cannot be extracted from the hole in some cases. 

The rectangular peg can be extracted from the hole if the following condition is met: 

𝑤′ < 𝑤 & 𝑣′ < 𝑣  

The ability of a peg to be extracted from its hols is referred to as extractability. 

 

 

Figure 3.2. The geometric model of a rectangle peg-hole 

Figure 3.3 illustrates the rectangular peg-hole that is removable based on its maximum 

left or right, or left and right displacements. The pegs undergo three types of rotation: yaw, 

pitch, and roll while maintaining their current contact positions to generate various potential 

contact states. Disassembly of the rectangular peg from the corresponding hole can lead to a 

total of 26 potential contact states; however, after eliminating redundant states (with the same 

initial conditions), 16 distinct contact states remain in Table 3.1. These contact states can be 

categorised into five primary groups: (a) no contact, (b) point contact, (c) line contact, (d) 

combined point and line contact, and (e) combined line and plane contact. 
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Figure 3.3. Maximum left/right- and down/up-side travel cases 

 

TABLE 3.1 Various contact states for rectangle peg-hole extractions 

 One contact 

state 
Two contact state Three contact state 

Point Contact 

  

 

Line Contact  

 

 

 

 

 

Point & Line 

Contact 

 

 

 

Line & Plane 

Contact 

 

  
 

Ideally, the desired state for the peg is one of the states in the “no contact” group; 

nevertheless, in practice, this state is rarely achieved due to the small clearance between the 

peg and the hole. The disassembly process typically commences in a two-contact state, 

attributed to the compliant nature of manipulation and the presence of lateral and angular errors. 

Such a two-contact state occurs when a compliant manipulator grasps the peg, leading to slight 



Characterising the mechanics of rectangle peg-hole disassembly and the effect of active compliance 

centre position on extraction force 

76 

 

shifts and rotations. As the peg is progressively extracted, compliance may help reduce the 

errors, and the process can transition into one-contact states or states involving line or plane 

contact. 

In rectangular peg-hole disassembly, jamming is observed within 8 out of the 16 distinct 

contact modes. These states can be categorised into five primary groups: 1) two-point contact, 

2) two-sided contact, 3) combined two-sided and one-plane contact, 4) two-edge contact, and 

5) three-edge contact, as shown in Figure 3.4. 

 

 

Figure 3.4. Typical jamming states of the rectangle peg-hole disassembly process: (a) two-point contact, 

(b) two-side contact, (c) combined two-side and one-plane contact, (d) two-edge contact, and (e) three-edge 

contact. 

Jamming is a prevalent challenge in the context of peg-hole disassembly. Jamming arises 

when a peg becomes immobile due to forces and moments that are incorrectly applied. This 

issue primarily manifests in the two-contact state and can be mitigated by reducing the extent 

of the two-contact area and by carefully controlling the location at which the two-contact state 

occurs  [24]. Notably, the concern of jamming is relatively minimal in cases of four-line 

contact, as it manifests as wedging rather than jamming occurring at specific angles. R. H. 

Sturges studied four-point contacts during peg-hole insertion, also known as wedging [16], 
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[17]. This study is centred on the analysis of jamming within two- and three-contact states, 

recognising the distinct nature of the issue in these scenarios. 

 

3.2.2 Force analysis of Rectangle peg extraction 

Analysing the forces and moments involved in the extraction of a rectangular peg is 

crucial for planning precise motions. The insertion of peg-hole followed the same geometric 

analysis as extraction. Successful removal of the rectangular peg from its corresponding hole 

hinges on meeting specific conditions. Throughout the extraction process, the rectangular peg 

encounters various contact states, some of which are more favourable than others. 

As explained previously, in the context of a three-dimensional (3D) rectangular peg-hole 

problem, a total of 16 potential states can be identified Table 3.1. Among these states, eight are 

linked to contact situations that may lead to jamming Figure 3.4, and these eight states have 

been categorised into five distinct groups, as elucidated in the preceding subsection. This 

subsection will proceed to conduct an in-depth analysis of each of these categorised groups. 

Considering the rectangular peg-hole system as modelled in Figure 3.5, a consistent 

reference frame is utilised for the rectangular peg throughout all states, positioned at the end 

of the peg. All the forces and moments applied to the pegs are specified with respect to this 

established reference frame. Now, consider rotation angles θ around the X-axis, ϕ around the 

Y-axis and ψ around the Z-axis.  

It is assumed that both the peg and the hole are initially in a jamming state, and for the 

sake of computational simplification, it is further assumed that angular deviations are relatively 
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small. This assumption holds valid in practice, as the peg's angular errors typically remain 

within a few degrees at most. 

 

Figure 3.5. Dimensions and reference frame for rectangle peg-hole 

As depicted in Figure 3.6, δ⃗ = [δX, δY, δZ, δθ, δϕ, δψ]′ corresponds to the initial errors, 

and r 0 = [X0, Y0, Z0, θ0, ϕ0,  ψ0]′ denotes the initial distances from the axis of the hole to the 

compliance centre and the peg's tip. 

The initial state of the compliance centre moves concurrently with the manipulator, and 

the new position of the compliance centre can change the configuration of the springs. The 

position and orientation used are considered relative to the coordinate reference system that is 

related to the hole. The coordinate of the compliance centre is r m =

[Xm, Ym, Zm, θm, ϕm,  ψm]′. 

The disparity between the new state of the compliance centre and its initial state gives 

rise to state errors, defined as: 

δ⃗ = r o − 𝑟 𝑚                                                                                (3.1) 
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It can be asserted that the linear and torsional springs undergo greater changes when the 

compliance centre's initial position is more distant from the hole axis, and the rotation angle is 

larger after extracting the peg from the hole. 

In addition, due to the differences in states between the peg's state and the manipulator, 

the manipulator creates forces and torques, which are defined as follows: 

f = K∆⃗⃗                                                                                  (3.2) 

In which f = [fsX, fsY, fsZ, τsθ, τsϕ, τsψ]′ is the force/torque vector, K = 

diag[kX, kY, kZ, kθ, kϕ, kψ] is the gain matrix and ∆⃗⃗  = δ⃗ + r − r o , in which r is the current 

distance from the axis of the hole to the compliance centre and the peg's tip. 

 
Figure 3.6. Definition of initial errors and position in rectangle peg-hole 

 

I. Case 1: Two-point contact 

In this case, we scrutinise the contact scenario where two points of the peg contact the 

surfaces of the hole (Figure 3.4.a). 

In this case, the coordinate transformation matrix is formulated as follows: 
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Tp
h = [

cψcϕ sθcψsϕ − sψcθ sθsψ + cθcψsϕ
sψcϕ sθsψsϕ + cψcθ cθsψsϕ − sθcψ
−sϕ cψsθ cϕcθ

]                                                (3.3) 

Th
p

= [

cψcϕ sψcϕ −sϕ
sθcψsϕ − sψcθ sθsψsϕ + cψcθ cψsθ
sθsψ + cθcψsϕ cθsψsϕ − sθcψ cϕcθ

]                                                (3.4) 

A kinematic constraint in the closed-loop kinematic chain is characterised based on the 

spatial arrangement of the peg relative to the hole. 

R1 − Tp
hr1 = RC,     R2 − Tp

hr2 = RC                                                          (3.5) 

Where, 

R1 = [
0
ε1

0
]   ,   R2 = [

−v
w − ε2

−h′
]   ,    r1 =

[
 
 
 
 

v′

2

−
w′

2

−(H + LC − h)]
 
 
 
 

p

  ,   r2 =

[
 
 
 
 −

v′

2

w′

2

−(H + LC)]
 
 
 
 

p

  (3.6) 

Therefore, 

Tp
h (r1 − r2) + R2 − R1 = 0                                                                      (3.7) 

where ε1 represents the distance along the Y-axis from the left wall, and ε2 denotes the 

distance from the right wall. Additionally, h′ signifies the vertical distance from the second 

contact point to the upper surface of the hole (Figure 3.7). 

Conducting a thorough force analysis involves considering the forces and torques from 

the peg-hole contact, as well as those at the compliance centre due to spring length variations. 

This analysis allows for the determination of the force Fz in relation to other variables. 
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Figure 3.7. Geometry and forces during the two-point contact in the rectangle peg-hole. 

The frictional force and the applied force are as follows: 

FN1 = −FN1Th
p
êh × êp = FN1 [

−sθsψsϕ − cψcθ
sψcϕ

0

]

p

, 

 FN2 = FN2Th
p
Î = FN2 [

cψcϕ
sθcψsϕ − sψcθ
sθsψ + cθcψsϕ

]

p

                                                                 (3.8) 

Fr1 = −μFN1k̂        ,        Fr2 = −μFN2 [

−sϕ
cψsθ
cϕcθ

] = −μFN2K̂                                          (3.9) 

Considering ∑Fp = 0 and ∑Mp = 0 , the following is the applied force and moment by 

the compliance centre: 

F + Th
p
f𝑠 + FN1 + FN2 + Fr1 + Fr2 = 0                                                               (3.10) 

M + r1 × (FN1 + Fr1) + r2 × (FN2 + Fr2) + Th
p
τs = 0                                       (3.11) 

in which F = [Fx, Fy, Fz]`, f𝑠 = [f𝑠𝑥 , f𝑠𝑦, f𝑠𝑧]  M = [Mx, My, Mz]`, τs = [τsθ, τsϕ, τsψ ]. 

In instances involving small clearances between peg and hole, equations (3.10) and (3.11) 

can be formulated as: 



Characterising the mechanics of rectangle peg-hole disassembly and the effect of active compliance 

centre position on extraction force 

82 

 

[

Fx

Fy

Fz

] + [

1 ψ −ϕ
−ψ 1 θ
ϕ −θ cϕcθ

] [

fsX
fsY
fsZ

] + FN1 [
−1
ψ
0

] + FN2 [
1

−ψ
ϕ

] + [
0
0

−μFN1

] − μFN2 [
−ϕ
θ
1

] = 0          

               (3.12) 

[

Mx

My

Mz

] + r1 × [
−FN1

ψFN1

−μFN1

] + r2 × [

FN2 + ϕμFN2

−ψFN2 − θμFN2

ϕFN2 − μFN2

] + [

1 ψ −ϕ
−ψ 1 θ
ϕ −θ cϕcθ

] [

τsθ

τsϕ

τsψ

] = 0            (3.13) 

To solve the equations, the force Fz is applied in the z-direction (Fx, FY = 0), and 

compliance is incorporated along the y and θ directions (fsZ = 0): 

Fz = −ϕfsX + θfsY − ψFN1 + ψFN2 + θμFN2                                         (3.14) 

[
FN1

FN2
] = [

−1 1 + ϕμ
ψ −ψ − θμ

]
−1

[
−fsX − ψfsY
ψfsX − fsY

] =
[
−ψ−θμ −1−ϕμ

−ψ −1
]

θμ−ψϕμ
[
−fsX − ψfsY
ψfsX − fsY

]            (3.15) 

By using (3.14) and (3.15), there is: 

[

Mx

My

Mz

] = −

[
 
 
 
 
w′

2
μFN1 + (H + LC − h)ψFN1

(H + LC − h)FN1 +
v′

2
μFN1

v′

2
ψFN1 −

w′

2
FN1 ]

 
 
 
 

−

[
 
 
 
 
w′

2
(ϕFN2 − μFN2) − (H + LC)(ψFN2 + θμFN2)

−(H + LC)(FN2 + ϕμFN2) +
v′

2
(ϕFN2 − μFN2)

v′

2
(ψFN2 + θμFN2) −

w′

2
(FN2 + ϕμFN2) ]

 
 
 
 

− [

1 ψ −ϕ
−ψ 1 θ
ϕ −θ 1

] [

τsθ

τsϕ

τsψ

]                     (3.16) 

In this scenario, when FN2 = 0, it signifies the limited state of contact. Consequently, the 

boundary condition can be established as follows. 

[
0
0
Fz

] + [

1 ψ −ϕ
−ψ 1 θ
ϕ −θ 1

] [

fsX
fsY
fsZ

] + [
−FN1

ψFN1

−μFN1

] = 0                                                          (3.17) 

fsX + ψfsY − ϕfsZ − FN1 = 0                                                                                       (3.18) 

−ψfsX + fsY + θfsZ + ψFN1 = 0                                                                                 (3.19)                                                

Using the above two equations and two unknowns, we can find:  

FsY + θfsZ + ψ2fsY − ϕψfsZ = 0                                                                             (3.20) 



Characterising the mechanics of rectangle peg-hole disassembly and the effect of active compliance 

centre position on extraction force 

83 

 

FN1 = fsX + ψfsY − ϕfsZ                                                                                             (3.21) 

w′

2
μ(kX(δX + X − X0) + ψkY(δY + Y − Y0) − ϕkZ(δZ + Z − Z0)) + (H + LC −

h)ψ(kX(δX + X − X0) + ψkY(δY + Y − Y0) − ϕkZ(δZ + Z − Z0)) + kθ(δθ + θ − θ0) +

ψkϕ(δϕ + ϕ − ϕ0) − ϕ(δψ + ψ − ψ0) = 0                                                                          (3.22) 

Now, a quadratic equation can be formulated to determine the roots corresponding to the 

extraction depth h: 

ah2 + bh + c = 0                                                                                                        (3.23) 

in which:  

a ≜ kY (δY + 2w −
3w′

2
− Y0) 

b ≜ −
w′

2
μkY (δY + 2w −

3w′

2
− Y0) − kY (δY + 2w −

3w′

2
− Y0) (H + LC)

+ kY(w − w′)(H + LC) − (w − w′)μkX (δX −
v′

2
− X0)

1

2
+ kθ(δθ − θ0) 

c ≜
w′

2
μkY(w − w′)(H + LC) +

w′

2
μ(w − w′)μkX (δX −

v′

2
− X0)

+ kY(w − w′)(H + LC)
2 + kθ(w − w′) 

The roots (extraction depth1) of the equation is: 

h1 =
−b+√b2−4ac

2a
, h2 =

−b−√b2−4ac

2a
                                                                          (3.24) 

II. Case 2: Two-side contact 

In this section, we conduct an analysis of the contact state wherein two lines of the peg 

come into contact with the inner surfaces of the hole (Figure 3.4.b). In this scenario, the rigidity 

inherent in both the peg and the hole results in a uniform distribution of the vertical force along 

 
1 The period of the equation's roots (h1 & h2) is discussed in section 3.3.1. 
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the contact lines. Consequently, the vertical force and the friction force, which are initially 

distributed forces, are treated as concentrated forces acting at the centre of the contact lines. 

Based on the relative position of the peg in relation to the hole, kinematic constraints can 

be delineated as follows. Kinematic constraints represent equations that govern the motion of 

solids, faces, edges, or points and can be formulated utilising predefined coordinate systems or 

custom coordinate systems. 

R1 − Tp
hr1 = RC  ,   R2 − Tp

hr2 = RC                                                                               (3.25) 

Let RC = [X, Y, Z]`, R1 and R2 denote the midpoints of two contact lines in the hole 

coordinates, and r1 and r2  represent the midpoints of two contact lines in the peg coordinates. 

In this scenario, it is evident that ψ=0 , and ϕ is contingent on the extraction depth, 

denoted as h. The calculation for ϕ is as follows: 

v = h sinϕ + v′ cosϕ                                                                                                          (3.26) 

For small clearances and angles between pegs and holes, Equation (3.26) can be 

simplified as v = hϕ + v′ and, therefore: 

ϕ =
v−v′

h
                                                                                                                                     (3.27) 

Using the same assumption, the coordinate transformation matrix is also calculated as 

follows: 

Tp
h = [

cϕ 0 sϕ
0 1 0

−sϕ 0 cϕ
]    ,   Th

p
= [

cϕ 0 −sϕ
0 1 0
sϕ 0 cϕ

]                                                          (3.28) 

Additionally, the peg exhibits an offset in the Y-direction from the hole wall, denoted as 

ε. Consequently, the following equations can be formulated: 

R1 = (ε +
w′

2
) j ̂ ,  R2 = (ε +

w′

2
) ĵ − v′î − hk̂  ,  r1 =

v′

2
î − (H + LC − h)k̂   ,  

 r2 = −
v′

2
î − (H + LC)k̂                                                                                                                                      (3.29) 

Using Equation (3.25), RC will result is:  
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RC =

[
 
 
 
 sϕ(H + LC − h) −

cϕv′

2

ε +
w′

2

cϕ(H + LC − h) +
sϕv′

2 ]
 
 
 
 

= [
X
Y
Z
]                                                                                (3.30) 

A comprehensive force analysis can be conducted by considering forces and torques 

arising from the peg-hole contact, alongside forces and torques at the compliance centre 

attributed to spring length variations. The force Fz can therefore be determined by other 

relevant variables (Figure 3.8). 

 

Figure 3.8. Geometry and forces during the two-side contact in the rectangle peg-hole 

The frictional force and the applied force are as follows: 

FN1 = −FN1i ̂     ,       FN2 = Th
p
FN2Î                                                                                     (3.31) 

Fr1 = −Fr1k̂ = −μFN1k̂    ,    Fr2 = −Fr2K̂ = −μFN2K̂                                                 (3.32) 

The following is the applied force and moment by the compliance centre: 

∑Fp = 0 

F + Th
p
fsx + [

−FN1

0
−μFN1

] + [
FN2cϕ

0
FN2sϕ

] + [
μFN2sϕ

0
−μFN2cϕ

] = 0                                   (3.33) 
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∑Mp = 0 

M + r1 × (FN1 + Fr1) + r2 × (FN2 + Fr2) + Th
p
τs = 0                                       (3.34) 

In the case of small clearances between pegs and holes, equations (3.33) and (3.34) 

can be simplified as: 

[

Fx − FN1 + FN2 + μFN2ϕ
Fy

Fz − μFN1 + FN2ϕ − μFN2

] + [

fsX − fsZϕ
fsY

fsXϕ + fsZ

] = 0                                                           (3.35) 

𝑀 + [

0

FN1 (H + LC − h +
μv′

2
)

0

] + [

0

FN2 (−(H + LC)(1 + μϕ) +
v′

2
(ϕ − μ))

0

] +

[

τsθ − τsψϕ
τsϕ

τsθϕ + τsψ

] = 0                                                                                                                          (3.36) 

Equations can be expressed in the following way: 

−FN1 + FN2(1 + μϕ) + fsX = 0                                                                                      (3.37) 

Fz − μFN1 + FN2(ϕ − μ) + fsXϕ = 0                                                                             (3.38) 

FN1 (H + LC − h +
μv′

2
) + FN2 (−(H + LC)(1 + μϕ) +

v′

2
(ϕ − μ)) + τsϕ = 0  (3.39) 

Utilising equations (3.37) and (3.38), one can calculate the vertical forces acting on 

the surface as Fz. 

[
FN1

FN2
] =

[
−(H+LC)(1+μϕ)+

v′

2
(ϕ−μ) −1−μϕ

−H−LC+h−
μv′

2
−1

]

−
v′

2
ϕ+h+hμϕ−

μϕμv′

2

[
−fsX
−τsϕ

]                                                         ( 3.40) 

As a result, there are: 

Fz = μFN1 − FN2(ϕ − μ) − fsXϕ                                                                                    (3.41) 

where 

δX + X − X0 = δX + sϕ(H + LC − h) − cϕv′ − X0                                                    (3.42) 
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Also, 

[

Fx

Fy

Fz

] = − [

−FN1 + FN2 + μFN2ϕ + fsX − fsZϕ
fsY

−μFN1 + FN2ϕ − μFN2 + fsXϕ + fsZ

]                                                         (3.43) 

[

Mx

My

Mz

] = − [

0

FN1 (H + LC − h +
μv′

2
)

0

] − [

0

FN2 (−(H + LC)(1 + μϕ) +
v′

2
(ϕ − μ))

0

] −

[

τsθ − τsψϕ
τsϕ

τsθϕ + τsψ

]                                                                                                                                                  (3.44) 

By assuming FN2=0 for the contact force at line 2, it is possible to calculate the 

boundary conditions for the two-side contact. Accordingly, the h are as follows : 

h =
τsϕ

fsX
+ H + LC +

μv′

2
                                                                                                           (3.45) 

h is expressed as follows using equations (3.42) and (3.45). 

h =
kϕ(δϕh+v−v′−hϕ0)

kX[h(δX−v−X0)+(v−v′)(H+LC)]
+ (H + LC +

μv′

2
)                                                           (3.46) 

Now, a quadratic equation can be formulated to determine the roots corresponding 

to the extraction depth h: 

ah2 + bh + c = 0                                                                                                                   (3.47) 

in which:  

a ≜ kX(δX − v − X0) 

b ≜ kX(v − v′)(H + LC) − kϕ(δϕ − ϕ0) − kϕ(v − v′) − kX (H + LC +
μv′

2
) (δX − v − X0) 

c ≜ −(H + LC +
μv′

2
) kX(v − v′)(H + LC) 

The roots (extraction depth1) of equation (3.47) are. 

 
1 The period of the equation's roots (h1 & h2)is discussed in section 3.3.1. 
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h1 =
−b+√b2−4ac

2a
, h2 =

−b−√b2−4ac

2a
                                                                    (3.48)      

                                                       

III. Case 3: Two-side and one-plane contact 

In this section, we scrutinise the contact scenario where two lines and one plane of the 

peg contact the inner surfaces of the hole (Figure 3.4.c). In the context of plane contact, the 

vertical force of the surface is oriented perpendicular to both planes, and the friction force 

direction exhibits two components within the contact plane, which are determined by the 

direction of movement. However, due to the small angles involved, the direction of the friction 

force can be approximated as vertical. Consequently, all forces are applied at the centre of the 

contact surface, considering the uniformity of the vertical force along the contact lines. 

Additionally, both the vertical force and the friction force, which are initially distributed forces, 

are treated as concentrated forces applied at the centre of the contact lines . 

A kinematic constraint/kinematic loop can be defined according to the position of the 

peg in relation to the hole. 

R1 − Tp
hr1 = RC  ,     R2 − Tp

hr2 = RC                                                                       (3.49) 

Where, 

r1 = [

0

−
w′

2

−(H + LC)

]

p

, r2 = [

0
w′

2

−(H + LC − h)

]

p

 , r3 =

[
 
 
 
 

v′

2

−
w′

2
+ y̅

−(H + LC − z̅)]
 
 
 
 

p

                      (3.50) 

Here, y̅ and z̅ denote the centre of the third contact surface in relation to the bottom corner 

of the peg. The contact surface consistently takes the shape of a trapezoid with a side length of 

ℎ and height w′. However, given the negligible rotation angle of the peg within the hole, the 

contact surface can be approximated as a rectangle with sides h and w′. 
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y̅ =
w′

2
    ,   z̅ =

h

2
     ,     r3 = [

v′

2

0

− (H + LC −
h

2
)

]

p

                                                (3.51) 

As illustrated in Figure 3.9 the peg is constrained to rotate solely around adapter X to 

preserve the contact state. Consequently, ϕ and ψ are both zero, and θ can be expressed in terms 

of h as follows. 

hθ = w − w′   ,    θ =
w−w′

h
                                                                                 (3.52) 

The coordinate transformation matrix and compliance centre position are calculated as 

follows: 

Tp
h = [

1 0 0
0 cθ −sθ
0 sθ cθ

]   ,    Th
p

= [
1 0 0
0 cθ sθ
0 −sθ cθ

]                                                  (3.53) 

RC = R2 − Tp
hr2 =

[
 
 
 
 −

v′

2

w −
w′

2
− θ(H + LC − h)

−θ
w′

2
+ (H + LC − h) ]

 
 
 
 

= [
X
Y
Z
]                                         (3.54) 

A thorough force analysis can be undertaken by considering the forces and torques 

originating from the peg-hole contact, as well as the forces and torques at the compliance centre 

associated with variations in spring length. Consequently, the force Fz can be expressed in 

terms of other pertinent variables. 
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Figure 3.9. Geometry and forces during the Two-side and one-plane contact in the rectangle peg-hole 

The frictional force and the applied force are as follows: 

FN1 = FN1Th
p
ĵ = FN1 [

0
cθ

−sθ
]       ,       FN2 = −FN2j ̂     ,      FN3 = −FN3i ̂              (3.55) 

Fr1 = −Fr1Th
p
k̂ = −μFN1 [

0
sθ
cθ

], Fr2 = −Fr2k̂ = −μFN2k̂ ,Fr3 = −Fr3Th
p
k̂ = −μFN3 [

0
sθ
cθ

]               

(3.56) 

The following is the applied force and moment by the compliance centre: 

∑Fp = 0 

F + Th
p
fs + FN1 + FN2 + FN3 + Fr1 + Fr2 + Fr3 = 0                                                (3.57) 

∑Mp = 0 

M + r1 × (FN1 + Fr1) + r2 × (FN2 + Fr2) + r3 × (FN3 + Fr3) + Th
p
τs = 0           (3.58) 

in which: 

r1 = [

0

−
w′

2

−(H + LC)

]

p

    , r2 = [

0
w′

2

−(H + LC − h)

]

p

, r3 = [

v′

2

0

−(H + LC −
h

2
)

]

p

             (3.59) 
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 In instances involving small clearances between peg and hole, equations (3.57) and 

(3.59) can be streamlined as: 

[

Fx

Fy

Fz

] + [

fsX
fsY + fsZθ

−fsYθ + fsZ

] + [

−FN3

FN1 − FN2 − θμFN1 − θμFN3

−θFN1 − μFN1 − μFN2 − μFN3

] = 0                                 (3.60) 

[

Mx

My

Mz

] + [

w′

2
FN1(θ + μ) + FN1(H + LC)(1 − θμ)

0
0

] + [
−

w′

2
μFN2 − FN2(H + LC − h)

0
0

] −

    

[
 
 
 
 θμFN3 (H + LC −

h

2
)

−FN3 (H + LC −
h

2
) −

v′

2
μFN3

v′

2
θμFN3 ]

 
 
 
 

+ [

τsθ

τsϕ + τsψθ

−τsϕθ + τsψ

] = 0                                                (3.61) 

To address the equations, the Fz   force is introduced in the z-direction, while Compliance 

is applied in the y and θ directions. Thus, the equations can be conceptualised as follows. 

Moreover, in the absence of compliance in the x-direction, the vertical force on the FN3 surface 

would be zero. Therefore, it is presumed that compliance exists in the x-direction, and the force 

is represented as FN3 = fsX. 

[
0
0
Fz

] + [

fsX
fsY

−fsYθ
] + [

−fsX
FN1 − FN2 − θμFN1 − θμfsX

−θFN1 − μFN1 − μFN2 − μfsX

] = 0                                        (3.62) 

[
0
0
0
] + [

w′

2
FN1(θ + μ) + FN1(H + LC)(1 − θμ)

0
0

] + [
−

w′

2
μFN2 − FN2(H + LC − h)

0
0

] −

[
 
 
 
 θμfsX (H + LC −

h

2
)

−fsX (H + LC −
h

2
) −

v′

2
μfsX

v′

2
θμfsX ]

 
 
 
 

+ [

τsθ

τsϕ

−τsϕθ
] = 0                                                                 (3.63) 

As a result, there are: 

FN1(1 − θμ) − FN2 = −fsY + θμfsX                                                                           (3.64) 
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FN1 (
w′

2
(θ + μ) + (H + LC)(1 − θμ)) + FN2 (−

w′

2
μ − (H + LC − h)) = θμfsX (H +

LC −
h

2
) − τsθ                                                                                                                     (3.65) 

Fz = fsYθ + θFN1 + μFN1 + μFN2 + μfsX                                                                (3.66) 

By solving the three equations with three unknowns, namely FN1  ،FN2  and  Fz, their 

respective values can be determined. 

[
FN1

FN2
] =

[
−

w′

2
μ−(H+LC−h) 1

−
w′

2
(θ+μ)−(H+LC)(1−θμ) 1−θμ

]

(1−θμ)(−
w′

2
μ−(H+LC−h))+

w′

2
(θ+μ)+(H+LC)(1−θμ)

[
−fsY + θμfsX

θμfsX (H + LC −
h

2
) − τsθ

]        

(3.67) 

[

Fx

Fy

Fz

] = − [

fsX
fsY

−fsYθ
] − [

−fsX
FN1 − FN2 − θμFN1 − θμfsX

−θFN1 − μFN1 − μFN2 − μfsX

]                                              (3.68) 

[

Mx

My

Mz

] = − [

w′

2
FN1(θ + μ) + FN1(H + LC)(1 − θμ)

0
0

] −

[
−

w′

2
μFN2 − FN2(H + LC − h)

0
0

] +

[
 
 
 
 θμfsX (H + LC −

h

2
)

−fsX (H + LC −
h

2
) −

v′

2
μfsX

v′

2
θμfsX ]

 
 
 
 

− [

τsθ

τsϕ

−τsϕθ
]                  (3.69) 

In this scenario, when FN1 = 0, it signifies the limited state of contact. Consequently, the 

boundary condition can be established as follows. 

FN2 = fsY − θμfsX                                                                                                    (3.70) 

−
w′

2
μFN2 − FN2(H + LC − h) − θμfsX (H + LC −

h

2
) + τsθ = 0                            (3.71) 

where; 
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   τsθ = kθ(δθ + θ − θ0) ;  [
X
Y
Z
] =

[
 
 
 
 −

v′

2

w −
w′

2
− θ(H + LC − h)

−θ
w′

2
+ (H + LC − h) ]

 
 
 
 

                                 (3.72) 

The following results can be obtained by using equations (3.70) and (3.71): 

−
w′

2
μkY [(δY + w −

w′

2
− Y0 + w − w′) h − (w − w′)(H + LC)]

+
w′

2
μ(w − w′)μkX (δX −

v′

2
− X0)

− kY [(δY + w −
w′

2
− Y0 + w − w′)h − (w − w′)(H + LC)] (H + LC − h)

− (w − w′)μkX (δX −
v′

2
− X0)

h

2
+ kθ(δθ − θ0)h + kθ(w − w′) = 0 

          (3.73) 

Now, a quadratic equation (ah2 + bh + c = 0) can be formulated to determine the roots 

corresponding to the extraction depth h, in which: 

a ≜ kY (δY + 2w −
3w′

2
− Y0) 

b ≜ −
w′

2
μkY (δY + 2w −

3w′

2
− Y0) − kY (δY + 2w −

3w′

2
− Y0) (H + LC)

+ kY(w − w′)(H + LC) − (w − w′)μkX (δX −
v′

2
− X0)

1

2
+ kθ(δθ − θ0) 

c ≜
w′

2
μkY(w − w′)(H + LC) +

w′

2
μ(w − w′)μkX (δX −

v′

2
− X0)

+ kY(w − w′)(H + LC)
2 + kθ(w − w′) 

The roots (extraction depth1) of the equation is: 

h1 =
−b+√b2−4ac

2a
, h2 =

−b−√b2−4ac

2a
                                                                               (3.74) 

 
1 The period of the equation's roots (h1 & h2)is discussed in section 3.3.1. 
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IV. Case 4: Two-edge contact 

In this section, we analyse the contact scenario in which two edges of the peg come into 

contact with the surfaces of the hole (Figure 3.4.d). Both the vertical force and the friction force 

initially span along the contact lines but are treated as concentrated forces positioned at the 

midpoint of the contact line. The maintenance of the contact state involves the peg moving 

both vertically and in the Y direction. In this scenario, the angles θ and ϕ are negligible, and 

for simplification, we consider them to be zero. 

In this case, the coordinate transformation matrix is formulated as follows: 

Tp
h = [

cψ −sψ 0
sψ cψ 0
0 0 1

]   ,    Th
p

= [
cψ sψ 0

−sψ cψ 0
0 0 1

]                                                   (3.75) 

Also, 

w′ sinψ + v′ cosψ = v                                                                                           (3.76) 

The ψ angle can be obtained in this manner.  

A kinematic constraint or kinematic loop can be characterised based on the spatial 

arrangement of the peg relative to the hole. 

R1 − Tp
hr1 = RC      ,      R2 − Tp

hr2 = RC                                                               (3.77) 

Where, 

r1 =

[
 
 
 
 

v′

2

−
w′

2

−(H + LC −
h

2
)]
 
 
 
 

p

      ,      r2 =

[
 
 
 
 −

v′

2

w′

2

−(H + LC −
h

2
)]
 
 
 
 

p

                                       (3.78) 

The forthcoming steps involve the calculation of the coordinate transformation matrix 

and the determination of the compliance centre position through the following procedures: 

RC = R1 − Tp
hr1 =

[
 
 
 −

v′

2
− ψ

w′

2

ε +
w′

2
− ψ

v′

2

H + LC − h ]
 
 
 

= [
X
Y
Z
]                                                              (3.79) 
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Anticipating the ensuing steps, an exhaustive force analysis entails the consideration of 

forces and torques stemming from the interaction between the peg and the hole, along with 

those affecting the compliance centre due to variations in spring length. The outcome of this 

analysis will facilitate the determination of the force Fz relative to other pertinent variables 

(Figure 3.10). 

 

Figure 3.10. Geometry and forces during the Two-edge contact in the rectangle peg-hole. 

The frictional force and the applied force are as follows: 

FN1 = −FN1Th
p
𝑖 ̂   ,   FN2 = FN2Th

p
𝑖̂                                                                               (3.80) 

Fr1 = −μFN1k̂      ,      Fr2 = −μFN2k̂                                                                       (3.81) 

As the peg continues its extraction from the hole, the contact line diminishes, leading to 

a reduction in the friction force. Consequently, the friction coefficient can be regarded as a 

function of h and is expressed as follows. 

μ = μ′h                                                                                                                    (3.82) 

The following is the applied force and moment by the compliance centre: 

∑Fp = 0 

F + Th
p
fs + FN1 + FN2 + Fr1 + Fr2 = 0                                                                   (3.83) 
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∑Mp = 0 

M + r1 × (FN1 + Fr1) + r2 × (FN2 + Fr2) + Th
p
τsθ = 0                                     (3.84) 

In this scenario, under the assumption of negligible clearance between the peg and the 

hole, and considering a small angle of rotation, the equations can be reformulated as follows: 

[

Fx

Fy

Fz

] + [

fsX + fsYψ
−fsXψ + fsY

fsZ

] − FN1 [

1
−ψ

μ′h
] + FN2 [

1
−ψ

−μ′h
] = 0                                          (3.85) 

[

Mx

My

Mz

] + FN1

[
 
 
 
 
w′

2
μ′h + (H + LC −

h

2
)ψ

(H + LC −
h

2
) +

v′

2
μ′h

v′

2
ψ −

w′

2 ]
 
 
 
 

+ FN2

[
 
 
 
 −

w′

2
μ′h − (H + LC −

h

2
)ψ

−(H + LC −
h

2
) −

v′

2
μ′h

v′

2
ψ −

w′

2 ]
 
 
 
 

+

[

τsθ + τsϕψ

−τsθψ + τsϕ

τsψ

] = 0                                                                                                           (3.86) 

To resolve the equations, the force Fz is introduced in the z-direction, and compliance is 

applied in the y and θ directions. Consequently, the equations can be formulated as follows. 

Additionally, in the absence of compliance in the x-direction, the vertical force on the FN3 

surface would be zero. Thus, it is presumed that compliance exists in the x-direction, and the 

force is expressed as  FN3 = fsX 

[
0
0
Fz

] + [
fsX + fsYψ

−fsXψ + fsY
0

] + [

−(FN1 − FN2)

ψ(FN1 − FN2)

−μ′h(FN1 + FN2)
] = 0                                                      (3.87) 

[
0
0
0
] +

[
 
 
 
 (FN1 − FN2) (

w′

2
μ′h + Hψ + LCψ −

h

2
ψ)

(FN1 − FN2) (
v′

2
μ′h + H + LC −

h

2
)

(FN1 + FN2) (
v′

2
ψ −

w′

2
) ]

 
 
 
 

+ [

τsθ + τsϕψ

−τsθψ + τsϕ

τsψ

] = 0               (3.88) 

Utilising equations (3.87) and (3.88), one can calculate the vertical forces acting on the 

surface as Fz. 

fsX + fsYψ − (FN1 − FN2) = 0                                                                                 (3.89) 
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(FN1 + FN2) (
v′

2
ψ −

w′

2
) + τsψ = 0                                                                         (3.90) 

Equations can be expressed in the following way: 

FN1 =
fsX+fsYψ

2
−

τsψ

v′ψ−w′                                                                                              (3.91) 

FN2 = −
τsψ

v′ψ−w′
−

fsX+fsYψ

2
                                                                                           (3.92) 

Fz = μ′h(FN1 + FN2) = −
2μ′hτsψ

v′ψ−w′
                                                                             (3.93) 

[

Fx

Fy

Fz

] = − [
fsX + fsYψ

−fsXψ + fsY
0

] − [

−(FN1 − FN2)

ψ(FN1 − FN2)

−μ′h(FN1 + FN2)
]                                                        (3.94) 

[

Mx

My

Mz

] = −

[
 
 
 
 (FN1 − FN2) (

w′

2
μ′h + Hψ + LCψ −

h

2
ψ)

(FN1 − FN2) (
v′

2
μ′h + H + LC −

h

2
)

(FN1 + FN2) (
v′

2
ψ −

w′

2
) ]

 
 
 
 

− [

τsθ + τsϕψ

−τsθψ + τsϕ

τsψ

]                (3.96) 

In this instance, it is evident that the contact boundary condition is solely dependent on 

the ψ angle. Assuming FN2=0, the contact forces can be computed as follows: 

FN1 =
fsX+fsYψ

2
−

τsψ

v′ψ−w′ = 0                                                                                     (3.96) 

By formulating a cubic equation as  

aψ3 + bψ2 + cψ + d = 0                                                                                           (3.97) 

we can determine the corresponding roots of the angle ψ. 

a ≜ −
kYv′2

2
 

b ≜ −
kXv′w′

2
+ kYv′ (δY + ε +

w′

2
− Y0) +

kYw′v′

2
 

c ≜ kXv′ (δX −
v′

2
− X0) +

kXw′2

2
− kYw′ (δY + ε +

w′

2
− Y0) − 2kψ 

d ≜ −kXw′ (δX −
v′

2
− X0) − 2kψ(δψ − ψ0) 
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It is obvious that, in this particular case, the roots of the quadratic equation remain 

unaffected by the ACC's location, indicating a unique scenario where the contact geometry 

dominates the extraction dynamics. This observation underscores the robustness and 

independence of the extraction process from the ACC position in this specific contact 

configuration. In another way, the position of the ACC becomes inconsequential to the 

extraction depth. 

V. Case 5: Three-edge contact 

In this section, we investigate the contact situation where three edges of the peg make 

contact with the surfaces of the hole (Figure 3.4.e). Initially, both the vertical force and the 

friction force extend along the contact lines but are simplified as concentrated forces located at 

the midpoint of the contact line. Preserving the contact state requires vertical and lateral 

movement of the peg. In this context, the angles θ and ϕ are deemed negligible, and for 

simplicity, we assume their values to be zero. 

In this case, the coordinate transformation matrix is formulated as follows: 

Tp
h = [

cψ −sψ 0
sψ cψ 0
0 0 1

]  ,   Th
p

= [
cψ sψ 0

−sψ cψ 0
0 0 1

]                                                       (3.98) 

Also, 

w′ sinψ + v′ cosψ = v                                                                                             (3.99) 

A kinematic constraint or kinematic loop can be characterised based on the spatial 

arrangement of the peg relative to the hole. 

R1 − Tp
hr1 = RC    ,    R2 − Tp

hr2 = RC     ,     R3 − Tp
hr3 = RC                                       (3.100) 

Where, 

r1 =

[
 
 
 
 

v′

2

−
w′

2

−(H + LC −
h

2
)]
 
 
 
 

p

, r2 =

[
 
 
 
 −

v′

2

w′

2

−(H + LC −
h

2
)]
 
 
 
 

p

 ,r3 =

[
 
 
 
 −

v′

2

−
w′

2

−(H + LC −
h

2
)]
 
 
 
 

p

           (3.101) 
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The upcoming stages encompass the computation of the coordinate transformation 

matrix and establishing the position of the compliance centre, achieved through the subsequent 

processes: 

RC = R3 − Tp
hr3 =

[
 
 
 −ψ

w′

2
−

v′

2

v′

2
ψ +

w′

2

H + LC − h]
 
 
 

= [
X
Y
Z
]                                                             (3.102) 

Foreseeing the next phases, an in-depth examination of forces involves taking into 

account the forces and torques originating from the interaction between the peg and the hole, 

as well as those influencing the compliance centre due to changes in spring length. The result 

of this analysis will aid in establishing the force Fz in relation to other relevant variables (Figure 

3.11). 

 

Figure 3.11. Geometry and forces during the Three-edge contact in the rectangle peg-hole. 

The frictional force and the applied force are as follows: 

FN1 = −FN1Th
p
i ̂  ,    FN2 = FN2Th

p
i ̂    ,       FN3 = FN3Th

p
ĵ                                      (3.103) 

Fr1 = −μFN1k̂   ,   Fr2 = −μFN2k̂     ,     Fr3 = −μFN3k̂                                            (3.104) 
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when the peg is extracted from the hole, the contact line diminishes, resulting in a 

decrease in the friction force. As a result, the friction coefficient can be considered a function 

of h and is articulated as follows: 

μ = μ′h                                                                                                                         (3.105) 

The following is the applied force and moment by the compliance centre: 

∑Fp = 0 

F + Th
p
fs + FN1 + FN2 + FN3 + Fr1 + Fr2 + Fr3 = 0                                                  (3.106) 

∑Mp = 0 

M + r1 × (FN1 + Fr1) + r2 × (FN2 + Fr2) + r3 × (FN3 + Fr3) + Th
p
τs = 0         (3.107) 

In this situation, assuming minimal clearance between the peg and the hole and 

considering a slight rotation angle, the equations can be rephrased as follows: 

[
0
0
Fz

] + [

fsX + fsYψ
−fsXψ + fsY

fsZ

] + [

−FN1 + FN2 + ψFN3

ψFN1 − ψFN2 + FN3

−μFN1 − μ′hFN2 − μ′hFN3

] = 0                                     (3.108) 

[
0
0
0
] +

[
 
 
 
 (Hψ + LCψ −

h

2
ψ +

w′

2
μ′h) (FN1 − FN2 + FN3)

(H + LC −
h

2
+

v′

2
μ′h) (FN1 − FN2 − FN3)

v′

2
(FN1ψ + FN2ψ − FN3) − (FN1 + FN2 − FN3ψ)

w′

2 ]
 
 
 
 

+ [

τsθ + τsϕψ

−τsθψ + τsϕ

τsψ

] = 0  

(3.109) 

Utilising equations (3.108) and (3.109), one can calculate the vertical forces acting on 

the surface as Fz. 

FN1 − FN2 − ψFN3 = fsX + fsYψ                                                                             (3.110) 

ψFN1 − ψFN2 + FN3 = fsXψ − fsY                                                                           (3.111) 

v′

2
(FN1ψ + FN2ψ − FN3) − (FN1 + FN2 − FN3ψ)

w′

2
= −τsψ                                    (3.112) 

Equations can be expressed in the following way: 
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[
FN1

FN2

FN3

] =
[
 
 
 
 

v′

2
ψ2−

w′

2
ψ−

v′

2
ψ+

w′

2

v′

2
ψ2−

w′

2
ψ+

v′

2
ψ−

w′

2
v′ψ2−w′ψ

−
v′

2
ψ2+

w′

2
ψ−

v′

2
ψ+

w′

2

v′

2
ψ2−

w′

2
ψ−

v′

2
ψ+

w′

2
−v′ψ+w′

−ψ2−1 −ψ2−1 0 ]
 
 
 
 

−v′ψ3+w′ψ2−v′ψ+w′
[

fsX + fsYψ
fsXψ − fsY

−τsψ

]                 (3.113) 

Fz = −fsZ + μ′h(FN1 + FN2 + FN3)                                                                           (3.114) 

[

Fx

Fy

Fz

] = − [

fsX + fsYψ
−fsXψ + fsY

fsZ

] − [

−FN1 + FN2 + ψFN3

ψFN1 − ψFN2 + FN3

−μFN1 − μ′hFN2 − μ′hFN3

]                                            (3.115) 

[

Mx

My

Mz

] = −

[
 
 
 
 (Hψ + LCψ −

h

2
ψ +

w′

2
μ′h) (FN1 − FN2 + FN3)

(H + LC −
h

2
+

v′

2
μ′h) (FN1 − FN2 − FN3)

v′

2
(FN1ψ + FN2ψ − FN3) − (FN1 + FN2 − FN3ψ)

w′

2 ]
 
 
 
 

− [

τsθ + τsϕψ

−τsθψ + τsϕ

τsψ

]  

(3.116) 

 

In this instance, it is evident that the contact boundary condition is solely dependent on 

the ψ angle. Assuming FN3=0, the contact forces can be computed as follows: 

fsX + fsYψ + fsXψ − fsY = 0                                                                                       (3.117) 

By formulating aψ2 + bψ + c = 0 as the quadratic equation, we have: 

a ≜ −kX

w′

2
+ kY

v′

2
 

b ≜ kX (δX − X0 −
v′

2
−

w′

2
) + kY (δY − Y0 −

v′

2
+

w′

2
) 

c ≜ kX (δX − X0 −
v′

2
) − kY (δY − Y0 +

w′

2
) 

we can determine the corresponding roots of the angle ψ as:  

ψ1,2 =
−b±√b2−4ac

2a
                                                                                                       (3.118) 

3.3 Results and Discussion 
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3.3.1 Region of extraction depth 

The two roots in Case 1, 2 and 3, h1 and h2, denote the depth of extraction (h).  The two 

roots in Case 4 and 5, ψ1 and ψ2, represent the rotation angles as ψ around the Z-axis. Here, 

h1 and h2 represent the initial and final points of the two-contact region, respectively. If h2 

< h0, the peg and hole are initially in the two-contact area at the commencement of the 

disassembly process. When h0 < h2 <  h1, the peg-hole initially undergoes one-contact, and 

there is at least one transition between the one-contact and two-contact states. If the equations 

have no solution, then no contact occurs during the extraction. When h0 < h2 =  h1, the peg-

hole exhibits a two-contact state at a specific depth. The dimensions and position of the two-

contact region are influenced by various factors, including the geometric parameters of the 

hole-peg system, the compliance centre’s location, initial position errors, and the level of 

compliance. 

 

3.3.2 Key Factors 

In the two-contact state, the reaction forces exerted on the peg increase the susceptibility 

to extraction failure, particularly at the entrance of the hole. Additionally, two contact states 

contribute to an increase in the extraction force attributed to angular and lateral errors. This 

section delves into the identification of key parameters crucial for minimising the two-contact 

region and elucidates their influence on its location. The parameters under scrutiny, namely 

compliance centre position (𝐿𝐶), initial lateral (δX, δY , δZ) and angular errors (δθ, δΦ , δψ), and 

stiffness (KX, KY, Kθ, KΦ and Kψ), are subjected to analysis to elucidate their impacts on the 

two-contact region, with detailed discussions presented in subsequent sections. 

I. Location of Compliance Centre 

One crucial design parameter involves determining the optimal placement of the 

compliance centre along the central axis of the peg. When the manipulator secures a peg, initial 
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positional discrepancies between the manipulator and the rectangular peg-hole system induce 

shifts and rotations in the peg. Assuming the rigidity of the rectangular peg-hole (Figure 3.6), 

the blue figure illustrates the initial position of the peg before angular errors occur. However, 

initial lateral errors cause the peg to displace and rotate around the compliance centre (depicted 

in the red figure). 

If the compliance centre is situated far from the peg tip, the peg rotates towards the 

contact side around the axis parallel to the contact line. For instance, if the intersection aligns 

with the length of the peg, rotation occurs around the Y-axis, potentially altering a single-

contact state to a two-contact state. Conversely, when the compliance centre is positioned at 

the peg tip, rotation occurs around the parallel axis when gripped in the opposite direction to 

the line of contact, resulting in a single contact between the peg and the hole. 

These characteristics play a pivotal role in minimising the two-point contact region 

during disassembly. As illustrated in Figure 3.12, the boundary conditions of the two-contact 

region are presented based on the extraction depth equations (h1 & h2) for the initial three 

categories. It becomes evident that when the compliance centre is near the peg tip, the two-

contact area is significantly reduced. Furthermore, as 𝐿𝐶 decreases, the two-point contact 

region shifts towards the hole mouth. 
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Figure 3.12. Dependence of the two-point contact region on the location of the compliance 

centre with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1. a) two-point contact, b) 

two-side contact, c) combined two-side and one-plane contact 

 

II. Initial errors 

The two-contact region is susceptible to influence from initial position errors, 

encompassing lateral and angular deviations between the compliant manipulator and the peg-

hole system. Notably, when the compliance centre is positioned far from the tip, substantial 

lateral errors (𝛿𝑋 and 𝛿𝑌) can induce significant rotation of the peg in the opposite direction to 

the axes of rotation. In instances where 𝛿𝑋 and 𝛿𝑌 reach considerable magnitudes; the peg and 

hole persist in a two-contact region throughout the disassembly process. Conversely, if the 

compliance centre is situated at the tip, the peg rotation is in alignment with the axes of rotation 

during disassembly. The transition from two-point contact to one-contact is observed as a 

consequence of these dynamics [12]. Figures 3.13 - 3.18 illustrate the impact of initial lateral 
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errors on the two-contact region for diverse compliance centre locations. The two-contact 

region diminishes with increasing lateral errors when the compliance centre is in close 

proximity to the tip of the peg. 

Angular errors (𝛿𝜃, 𝛿𝛷 𝑎𝑛𝑑 𝛿𝜓) play a pivotal role in influencing the disassembly process 

both in terms of magnitude and direction. When the compliance centre is distant from the peg 

tip and the initial angular error opposes the peg's rotation, as depicted in Figures 3.19-3.27, a 

reduction in the two-contact region is evident. Conversely, if the initial angular error aligns 

with the rotation of the peg, the two-contact region expands. Similar effects of initial angular 

errors are observed when the compliance centre is located at the tip of the peg. 

 

 
Figure 3.13. The effect of initial lateral error 𝛿𝑋 on the two-contact region in the  two-point 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1 ,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 =

75, (𝑐) 𝐿𝐶 = 150. 
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Figure 3.14. The effect of initial lateral error 𝛿𝑋 on the two-contact region in the two-side 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 =

75, (𝑐) 𝐿𝐶 = 150. 

 

 
Figure 3.15. The effect of initial lateral error 𝛿𝑋 on the two-contact region in the combined 

two-side and one-plane contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 

,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 75, (𝑐) 𝐿𝐶 = 150. 

    

                 
 
     

   

 

  

   

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

    

                 
 
     

   

 

  

   

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

    

                 
 
     

   

 

  

   

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

    

                 
 
     

 

  

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

             
  

  

 

 

 

 

    

                 
 
     

 

  

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

             

  

  

  

  

  

    

                 
 
     

 

  

   

   

 
 
  
 
 
  
 
 
  
 
 
  
  
  
 
 
 

   

Start Start 

Start 

Start Start 

Start 

End 

End 

End 

End End 

End 



Characterising the mechanics of rectangle peg-hole disassembly and the effect of active compliance 

centre position on extraction force 

107 

 

 
Figure 3.16. The effect of initial lateral error 𝛿𝑌 on the two-contact region in the two-point 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 =

75, (𝑐) 𝐿𝐶 = 150. 

 
Figure 3.17. The effect of initial lateral error 𝛿𝑌 on the two-contact region in the two-side 

contact  with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 =

75, (𝑐) 𝐿𝐶 = 150. 
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Figure 3.18. The effect of initial lateral error 𝛿𝑌 on the two-contact region in the combined 

two-side and one-plane contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 

,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 75, (𝑐) 𝐿𝐶 = 150. 

 

 

 
Figure 3.19. The effect of initial angular error 𝛿𝜃 on the two-contact region in the two-point 

contact with 𝐾𝑋 , 𝐾𝑌 = 0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and a) 𝐿𝐶 =

0 , (𝑏) 𝐿𝐶 = 75, (𝑐) 𝐿𝐶 = 150. 
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Figure 3.20. The effect of initial angular error 𝛿𝜃 on the two-contact region in the two-side 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and 1) 𝐿𝐶 = 0 , (2) 𝐿𝐶 =

75, (3) 𝐿𝐶 = 150. 

 

 
Figure 3.21. The effect of initial angular error 𝛿𝜃 on the two-contact region in the combined 

two-side and one-plane contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 

,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 75, (𝑐) 𝐿𝐶 = 150. 

 

 

 

 

 



Characterising the mechanics of rectangle peg-hole disassembly and the effect of active compliance 

centre position on extraction force 

110 

 

 
Figure 3.22. The effect of initial angular error 𝛿𝛷 on the two-contact region in the two-point 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 =

75, (𝑐) 𝐿𝐶 = 150. 

 

 
Figure 3.23. The effect of initial angular error 𝛿𝛷 on the two-contact region in the two-side 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and 1) 𝐿𝐶 = 0 , (2) 𝐿𝐶 =

75, (3) 𝐿𝐶 = 150. 
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Figure 3.24. The effect of initial angular error 𝛿𝛷 on the two-contact region in the combined 

two-side and one-plane contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 

,and a) 𝐿𝐶 = 0 , (𝑏) 𝐿𝐶 = 75, (𝑐) 𝐿𝐶 = 150. 

 

 

 
Figure 3.25. The effect of initial angular error 𝛿𝜓 on the two-contact region in the two-point 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1 ,and a)𝐿𝐶 =

0 𝑚𝑚, (𝑏) 𝐿𝐶 = 75 𝑚𝑚, (𝑐) 𝐿𝐶 = 150 𝑚𝑚. 
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Figure 3.26. The effect of initial angular error 𝛿𝜓 on the two-contact region in the two-side 

contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 ,and 1) 𝐿𝐶 =

0 𝑚𝑚, (2) 𝐿𝐶 = 75 𝑚𝑚, (3) 𝐿𝐶 = 150 𝑚𝑚. 

 

 

Figure 3.27. The effect of initial angular error 𝛿𝜓 on the two-contact region in the combined 

two-side and one-plane contact with 𝐾𝑋 , 𝐾𝑌 =0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104  Nmm rad-1 

,and a) 𝐿𝐶 = 0 𝑚𝑚, (𝑏) 𝐿𝐶 = 75 𝑚𝑚, (𝑐) 𝐿𝐶 = 150 𝑚𝑚. 

III. Stiffness 

The success of a disassembly task is contingent upon the positioning of the compliance 

centre on the peg and the coupling stiffness elements between translational and rotational 
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directions [6]. Compliant manipulators exhibit lateral and angular compliance determined by 

their rotational and lateral stiffness. Figures 3.28-3.33 show that as the lateral stiffness 𝐾𝑋 , 𝐾𝑌 

(N mm-1)) and Figures 3.34-3.42 increase, the angular stiffnesses (𝐾𝜃, 𝐾𝛷, 𝐾𝜓) and the location 

of the compliance centre and the two-contact region diminishes very slightly. This phenomenon 

is attributed to heightened lateral stiffness, which results in reduced peg rotation for equivalent 

positional errors, thereby minimising the two-point contact region. According to these figures, 

the stiffness has a limited impact on the two-contact region. 

 

Figure 3.28. The effect of the two-contact region the two-point contact on the structural 

parameters: (a) 𝐾𝑋 =0.2 N mm-1; (b) 𝐾𝑋 =0.3 N mm-1; (c) 𝐾𝑋 =0.4 N mm-1; (d) 𝐾𝑋 =0.6 N 

mm-1 with 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 mm ,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 

0 rad. 
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Figure 3.29. The effect of the two-contact region the two-side contact on the structural 

parameters: (a) 𝐾𝑋 =0.2 N mm-1; (b) 𝐾𝑋 =0.3 N mm-1; (c) 𝐾𝑋 =0.4 N mm-1; (d) 𝐾𝑋 =0.6 N 

mm-1 with 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 mm ,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 

0 rad. 

 
Figure 3.30. The effect of the two-contact region the combined two-side and one-plane 

contact on the structural parameters: (a) 𝐾𝑋 =0.2 N mm-1; (b) 𝐾𝑋 =0.3 N mm-1; (c) 𝐾𝑋 =0.4 

N mm-1; (d) 𝐾𝑋 =0.6 N mm-1 with 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  

𝛿𝑋 , 𝛿𝑌 =  2 mm ,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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Figure 3.31. The effect of the two-contact region the two-point contact on the structural 

parameters: (a) 𝐾𝑌 =0.2 N mm-1; (b) 𝐾𝑌 =0.3 N mm-1; (c) 𝐾𝑌 =0.4 N mm-1; (d) 𝐾𝑌 =0.6 N 

mm-1 with 𝐾𝑋 = 0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 

rad. 

 
Figure 3.32. The effect of the two-contact region the two-side contact on the structural 

parameters: (a) 𝐾𝑌 =0.2 N mm-1; (b) 𝐾𝑌 =0.3 N mm-1; (c) 𝐾𝑌 =0.4 N mm-1; (d) 𝐾𝑌 =0.6 N 

mm-1 with 𝐾𝑋 = 0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0  
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Figure 3.33. The effect of the two-contact region of the combined two-side and one-plane 

contact on the structural parameters: (a) 𝐾𝑌 =0.2 N mm-1; (b) 𝐾𝑌 =0.3 N mm-1; (c) 𝐾𝑌 =0.4 

N mm-1; (d) 𝐾𝑌 =0.6 N mm-1 with 𝐾𝑋 = 0.3 N mm-1, 𝐾𝜃, 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  

𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷 , 𝛿𝜓 = 0  

 

 

 
Figure 3.34. The effect of the two-contact region two-point contact on the structural 

parameters: (a) 𝐾𝜃 =15*104 Nmm rad-1  ; (b) 𝐾𝜃 =30*104 Nmm rad-1  ; (c) 𝐾𝜃 =45*104 

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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Figure 3.35. The effect of the two-contact region the two-side contact on the structural 

parameters: (a) 𝐾𝜃 =15*104 Nmm rad-1  ; (b) 𝐾𝜃 =30*104 Nmm rad-1  ; (c) 𝐾𝜃 =45*104 

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 

 

 
Figure 3.36. The effect of the two-contact region the combined two-side and one-plane 

contact on the structural parameters(a) 𝐾𝜃 =15*104 Nmm rad-1  ; (b) 𝐾𝜃 =30*104 Nmm rad-1  

; (c) 𝐾𝜃 =45*104 Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝛷, 𝐾𝜓 = 30*104 Nmm rad-1  

𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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Figure 3.37. The effect of the two-contact region the two-point contact on the structural 

parameters: (a) 𝐾𝛷 =15*104  Nmm rad-1  ; (b) 𝐾𝛷 =30*104  Nmm rad-1  ; (c) 𝐾𝛷 =45*104  

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝜃, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 

 

 

 
Figure 3.38. The effect of the two-contact region the two-side contact on the structural 

parameters: (a) 𝐾𝛷 =15*104  Nmm rad-1  ; (b) 𝐾𝛷 =30*104  Nmm rad-1  ; (c) 𝐾𝛷 =45*104  

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝜃, 𝐾𝜓 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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Figure 3.39. The effect of the two-contact region the combined two-side and one-plane 

contact on the structural parameters: (a) 𝐾𝛷 =15*104   Nmm rad-1  ; (b) 𝐾𝛷 =30*104 Nmm 

rad-1  ; (c) 𝐾𝛷 =45*104 Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1  , 𝐾𝜃, 𝐾𝜓 = 30*104 Nmm rad-

1  𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 

 

 
Figure 3.40. The effect of the two-contact region the two-point contact on the structural 

parameters: (a) 𝐾𝜓 =15*104 Nmm rad-1  ; (b) 𝐾𝜓 =30*104 Nmm rad-1  ; (c) 𝐾𝜓 =45*104 

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝜃, 𝐾𝛷 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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Figure 3.41. The effect of the two-contact region the two-side contact on the structural 

parameters: (a) 𝐾𝜓 =15*104 Nmm rad-1  ; (b) 𝐾𝜓 =30*104 Nmm rad-1  ; (c) 𝐾𝜓 =45*104 

Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1, 𝐾𝜃, 𝐾𝛷 = 30*104 Nmm rad-1  𝛿𝑋 , 𝛿𝑌 =  2 

mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 

 

 
Figure 3.42. The effect of the two-contact region the combined two-side and one-plane 

contact on the structural parameters: (a) 𝐾𝜓 =15*104 Nmm rad-1  ; (b) 𝐾𝜓 =30*104 Nmm 

rad-1  ; (c) 𝐾𝜓 =45*104 Nmm rad-1  with  𝐾𝑋 , 𝐾𝑌 = 0.3 𝑁 𝑚𝑚−1 , 𝐾𝜃, 𝐾𝛷 = 30*104 Nmm rad-

1  𝛿𝑋 , 𝛿𝑌 =  2 mm,𝛿𝜃, 𝛿𝛷, 𝛿𝜓 = 0 rad. 
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3.4 Experiment 

In this section, an experiment is performed with three samples with different dimensions 

to verify the results of the above analysis. Rectangle peg-hole has the following geometric 

dimensions (Table 3.2). 

TABLE 3.2. Parameters for rectangle peg-hole 

Category Parameter Value 

Friction Characteristics Static Coefficient of friction for PLA μ = 0.266 

Geometrical parameters Peg mass m= 0.4 kg 

Peg dimensions 

Sample 1: 59.5*39.5 mm, 

Sample 2: 60*40 mm,                            

Sample 3: 60.5*40.5 mm 

Hole dimensions 60.1* 40.1 mm 

Peg length L= 150 mm 

Initial position/angle Depth h0 = 150 mm 

Angle θ0 =  −0.9 rad 

3.4.1 Experimental Design 

The experimental setup described in this section employed a six-degree-of-freedom 

KUKA LBR iiwa robot [25] in conjunction with a wrist-mounted force/torque sensor (Figure 

3.43). The video documenting the experiment is available at [26]. During the experiment, the 

force and moment data were recorded. The experimental setup involved placing a block with a 

hole on a table, with a peg affixed to the media flange of the robot arm. A noteworthy feature 

of this configuration is the deliberate exclusion of a gripper by attaching the workpiece to the 

robot's end effector, as the work by Zhang et al [11].  

Both the peg and the hole were fabricated from thermoplastic material. The experiment 

was conducted 18 times for each sample, with six repetitions for each compliance centre 

location (𝐿𝐶 = 150 mm, 𝐿𝐶= 75 mm, 𝐿𝐶 = 0 mm). 
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The tool centre point (TCP) was dynamically established through active compliance. In 

this context, the peg could rotate around the TCP. To experiment with diverse compliance 

centre locations, various TCP configurations were implemented [25]. 

 
Figure 3.43. The experimental setup. 

3.4.2  Experimental Result 

The experimental parameters utilised in this study can be found in Table 3.2. To ensure 

consistency, a stiffness value of  𝐾𝑥 , 𝐾𝑦 = 0.3 N.mm-1, was set along the extraction direction. 

Prior to plotting the extraction force measurements, a Savitzky-Golay filter was employed to 

effectively eliminate any noise present in the data. 

Figure 3.44 visually presents the outcomes obtained from investigating the influence of 

the location of the compliance centre on extraction forces across various depths for three 

samples with different dimensions. As the extraction force increases, the area of the two-

contact progressively expands. This observation highlights the significant disparity in contact 

states between theoretical predictions and practical implementations, depending on the position 

of the compliance centre. 
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Notably, the blue curve in Figure 3.44 clearly indicates that the two-point contact region 

attains its maximum extent when the compliance centre is situated far from the tip of the 

rectangle peg. On the other hand, the orange and green curves demonstrate narrower and lower 

peaks as the distance 𝐿𝐶  decreases, thus corresponding to a diminished two-contact region. 
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Figure 3.44. Extraction force curves based on compliance centre locations. a) 𝑤′ ∗ 𝑣′= 59.5*39.5 mm, b) 𝑤′ ∗ 𝑣′= 60*40 

mm, and c) 𝑤′ ∗ 𝑣′=60.5*40.5 mm 

3.5 Conclusion 

This paper has conducted a thorough examination of the challenges associated with 

extracting a rectangular peg from a hole, focusing on geometric and quasistatic force analysis. 

Identifying 26 potential contact states in this scenario highlights complexities relevant to both 

the assembly and disassembly of rectangular peg holes. The results of geometric and quasistatic 

force analysis provide valuable insights into the intricacies of jamming phenomena specific to 

rectangular peg-hole disassembly. Through systematic exploration involving factors such as 

compliance centre location, initial errors in lateral displacement or angular orientation, and 

manipulator stiffness, significant insights have been gained regarding their influence on two-

contact states—emphasising the crucial role of optimising these aspects to enhance 

disassembly processes effectively. 

Our findings demonstrated that positioning the ACC at the end of the peg results in the 

lowest extraction force compared to alternative ACC placements along the peg. Moreover, we 

have shown that allocating the ACC in this manner decreases or prevents the occurrence of 

jamming. To demonstrate the practical applications of our research, we utilised a 6-DOF 
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compliant manipulator, the KUKA LBR, in real-world settings. Over multiple experiments, we 

demonstrated that placing the ACC at the end of the peg reduced the average maximum 

extraction force by 77.1% compared to the top of the peg position, and by 55.6% compared to 

the centre of the peg position, which suggests a more efficient method for engineers in robotic 

disassembly operations. These findings suggest that a robot with a reduced payload could be 

effectively utilised, provided it employs an appropriate ACC strategy. This means that in many 

disassembly cases, lighter robots with lower payload capacities can be sufficient instead of 

heavy, high-payload robots with a good ACC strategy.  

In conclusion, this study not only enhances the understanding of disassembly processes 

but also underscores how the application of robotic systems in remanufacturing and other 

related industries can be revolutionised by integrating these findings. Our research focused on 

rectangular peg-hole systems which is an elementary disassembly case. More complex 

disassembly cases, such as irregular geometries, can be investigated through combining this 

research into rectangular peg-hole systems and other elementary disassembly cases such as 

cylindrical peg-hole systems  [11] and multi-peg–multi-hole systems [7], [22]. Future work 

could expand upon adhesive force by incorporating such effects, potentially enhancing the 

model’s applicability to recycling and remanufacturing scenarios where such forces are more 

prominent. Additionally, the research could investigate systems with changeable stiffness, 

exploring how dynamically adjusting stiffness parameters could improve the efficiency and 

adaptability of robotic systems during disassembly processes. These extensions may open new 

avenues for optimising disassembly tasks in real-world applications. 
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Disassembly of Rectangle Peg-Hole 

Structures Through Compliance Strategy 

and Reinforcement Learning 

 

Abstract 

Disassembling complex structures using robots is one of the fastest-growing areas of 

research at the cross-section of artificial intelligence (AI), robotics, and manufacturing. The 

ability to disassemble parts with efficiency, flexibility and adaptability is important for many 

sectors including remanufacturing and recycling sectors. This paper presents a new method of 

disassembling rectangle peg-hole structures by combining compliance strategies with 

reinforcement learning (RL).  

This shows that the combination of compliance strategy with reinforcement learning 

improves the efficiency and adaptability of disassembly processes by reducing the force 

required to extract the peg. Reinforcement learning empowers the system to learn disassembly 

motions by recurrent learning, and dynamically adapting strategies by environmental feedback, 

such as force/torque sensing.  

Experimental results confirm the effectiveness of the proposed method, showing that the 

extraction force is reduced by 29.6 % compared to the method described in chapters 2 & 3 

when using the reinforcement learning-based compliance strategy. It is revealed that the RL 

agent with a compliance strategy learns optimised disassembly motions while considering 

material compliance and geometrical limitations. 

Key words: Disassembly, compliance strategy, Reinforcement Learning, peg-hole, PyBullet. 
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4.1 Introduction 

The development and growth of the economy and consumption are coupled with public 

concerns over waste product recycling [1]. Research shows that there are 1.3 billion tons of 

metal waste in the world, and by 2050, the amount might reach 27 billion tons [2]. The 

manufacturing sector which adapts to the environmental and resource challenges needs to 

emphasise environmental impact and resource efficiency, minimising the environmental 

hazards of end-of-life products while maximising the economic and social benefits of the 

products [3], [4], [5], [6]. 

A remanufacturing concept allows products to have a longer life cycle and utilise 

resources efficiently [7]. Disassembly is considered the first remanufacturing step, increasing 

product utilisation in the manufacturing sector, lowering the cost of remanufacturing, and 

reducing the average carbon consumption per product [8]. On the other hand, disassembly is 

also at the junction of recycling and remanufacturing, and there are several influencing factors 

such as product design [9], [10].  

Using robots in contact-rich tasks is inherently complex due to the dynamic interactions 

between the robot and the object being assembled/disassembled [11]. It is imperative to employ 

impedance control strategies in these tasks since they enable robotic systems to adapt to 

uncertainties and variations inherent in real-world environments [12]. It effectively reduces the 

risk of damage to objects and improves the effectiveness of the disassembly process. 

Impedance strategy is typically categorised into static and adaptive methodologies. In 

disassembly tasks, static impedance strategies often do not cope with the unpredictable nature 

of the process [13]. On the contrary, adaptive impedance strategies provide a more robust 

framework for dealing with the complexities of contact-rich tasks because they dynamically 

adjust gains according to task conditions [14]. 
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In robotic disassembly, adaptive impedance is adopted in a variety of ways to select 

appropriate adaptive gains. Although traditional methods are effective in certain scenarios, they 

lack the adaptability necessary for complex disassembly tasks due to their reliance on 

heuristics. Data-driven insights can be leveraged for dynamic impedance optimisation by 

incorporating machine learning (ML) techniques [15]. 

Although adaptive impedance control is useful for robotic disassembly, there are some 

challenges involved. The complexity of modelling dynamic interactions and the diversity of 

object characteristics necessitate complex approaches to control strategy design [12], [16]. 

These challenges can be addressed through Reinforcement Learning (RL). With RL, 

control strategies can be designed that can adapt and optimise performance through trial and 

error, leveraging environment information to achieve optimal outcomes in even the most 

complex disassembly tasks [6], [17].  

Recently, the rise of reinforcement learning (RL) in robotics provides an exciting new 

approach, where systems are learning and adapting to their environment through trial-and-error 

processes and optimising actions based on evaluation of the environment [18]. This paradigm 

is especially suited for robotic disassembly, in which the tasks are highly variable and therefore 

call for dynamism in responding to these variations in order to achieve efficiency and minimise 

damage [19]. 

Recent studies have demonstrated that robotic systems with RL are capable of dealing 

with variabilities by making real-time decisions that can help remanufacturing processes [20]. 

The use of compliance strategies in disassembly reduces the risk of damaging the parts 

and avoids contact problems such as jamming and wedging. Because of the feedback from the 

physical interactions, these methods enable the disengagement mechanism to change its motion 

dynamically, thereby increasing the precision of disassembly [21]. Hence, such a blend of RL 

and compliance with robotics addresses the shortcomings of conventional disassembly 
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techniques, such as using purely mechanical or pre-programmed robotic approaches, and works 

as a strategy that is adaptive and sensitive to the environment of the task [22]. 

The literature presents several cases where RL has been deployed successfully in robotic 

tasks from autonomous driving to robot manipulation tasks requiring high-level dexterity [23], 

[24], [25]. Nevertheless, RL lacks a specific focus on disassembly processes where clearance 

is small and contact conditions are complex. In particular, how the RL could be integrated with 

compliance strategies, a conventional technique supporting assembly and disassembly 

processes, is missing.  

Our previous study examined the effect of the location of the compliance centre on the 

extraction of dual peg-holes and rectangle peg-holes [26]. As a result of considering the 

compliance centre at the end of the peg, less force is required to extract it [27], [28].  

In this study, we intend to optimise the extraction process by integrating RL with 

compliance strategies for disassembly. More specifically, this development is carried out using 

rectangular peg-hole systems, which is seen as a classic challenging disassembly case study 

where contact conditions are complex and unknown, and contact processes are difficult to 

model using conventional analytical approaches (Figure 4.1). 

 

Figure 4.1 A graphic Overview of Disassembly with Active Compliance Strategy and Reinforcement 

Learning 
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4.2 Methodology 

4.2.1 Peg-Hole disassembly task 

Peg-out-hole is a classic disassembly process which demonstrates an array barrier of 

robotic manipulation. This task involves bringing the peg axes and the hole axes parallel to 

have the peg extracted to the specified depth. Even small misalignments at this point result in 

severe friction or even hinder the movement. As shown in Figure 4.2, the extraction phase can 

be divided into one-contact and two-contact states according to the contact state. In two-contact 

states, jamming can easily occur due to lateral and angular errors, even though the motion is 

small. Thus, to avoid the object’s surface being scratched through jamming, admittance control 

was used to realise the compliance control in the robotic disassembly. 

Farzaneh et al explore the details of jamming during the disassembly of the peg hole [27], 

[29]. While the friction and jamming effects are most likely the hardest to model, they 

complicate the task of maximising performance models-based approaches, making such 

options impractical. This effort is focused on the extraction stage, which is the most challenging 

part and requires fine force command. 

In tasks where it's crucial to perfectly centre the peg in the hole, the actual depth of the 

hole may be unclear or unpredictable. Consequently, kinematic planning and position control 

by conventional means are not efficient enough to ensure a satisfactory task in this case. In this 

study, the rectangular peg-hole configuration is selected, and a manipulator pulls the peg out 

of the hole. Taking advantage of state feedback, a state-action controller is built to be highly 

tuned to help pilot the disassembly process. 
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Figure 4.2. Contact stats of rectangle peg-hole disassembly1 

 

 

4.2.2 Robotic disassembly simulation setup 

Our research focuses on the intricate task of disassembling a rectangular peg from a 

corresponding hole using RL techniques with a compliance strategy. Our simulated 

environment incorporates realistic models of the rectangle peg and hole, ensuring accuracy and 

realism through the utilisation of CAD files (Figure 4.3) within the PyBullet simulation (Figure 

4.4).  

 

Figure 4.3. A 3D view of rectangle peg-hole 

 
1 More detail in chapter 3. 
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Figure 4.4 An environment simulated using PyBullet 

We employ a powered KUKA iiwa robot equipped with a torque/force (T/F) sensor to discern 

and react to physical connections between the peg and the hole (Figure 4.4). The force/torque 

sensor integrated into the robot allows us to measure the applied force along the x and y axes 

during the peg extraction process. 

To enhance the adaptability of our approach, we incorporate a compliance strategy within the 

RL framework. This strategy enables the robot to dynamically adjust its behaviour based on 

external forces and constraints encountered during the disassembly process. 

4.2.3 Robotic Compliance and Adaptability 

One of the most often used methods for compliance control [30] is impedance control 

[31], which aims to increase positioning precision. It is generally assumed that a robot moving 

slowly and smoothly in a constrained environment can be regarded as a quasi-static operation 

during disassembly. 

In this case, a stiffness controller rather than an impedance controller is suitable due to 

the small speed and acceleration. When obstructions prevent the obedient robot from following 

the virtual trajectory, it will veer off course and pull itself back with the specified stiffness. 

In other words, compliance refers to the robot's ability to dynamically adjust its stiffness 

and responsiveness to external forces and constraints encountered during the disassembly 

process.  
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The purpose of this research is to integrate RL with a compliance strategy aiming at the 

following goals: 

• Stiffness modulation: The stiffness of the robot refers to its resistance to deformation 

when subjected to external forces. By incorporating compliance parameters into the RL 

algorithm, we enable the robot to modulate its stiffness dynamically. This modulation allows 

the robot to adapt its behaviour based on the nature and magnitude of external forces 

encountered during the disassembly task. 

• Responsiveness adjustment: In addition to stiffness modulation, our compliance 

strategy empowers the robot to adjust its responsiveness to external stimuli. This 

responsiveness refers to the robot's ability to react to changes swiftly and accurately in the 

environment, such as variations in the position or orientation of the peg and hole. 

• Controlled disassembly process: The overarching goal of integrating compliance into 

the RL framework is to promote a controlled and adaptable disassembly process. By 

dynamically adjusting its stiffness and responsiveness, the KUKA iiwa robot can effectively 

navigate uncertainties and variations in the environment while maintaining task objectives. 

• Real-time adaptation to environmental dynamics: One of the key advantages of our 

compliance strategy is its real-time adaptability to environmental dynamics. As the robot 

interacts with the peg and hole, it continuously monitors and responds to changes in force, 

torque, and spatial relationships. This real-time adaptation allows the robot to optimise its 

disassembly strategy based on the evolving conditions of the task environment. 

• Precision and stability emphasis: Central to the compliance strategy is the emphasis on 

precision and stability during the disassembly process. By dynamically modulating its stiffness 

and responsiveness, the robot can achieve precise and stable interactions with the peg and hole, 

minimising errors and maximising task success rates. 
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4.2.4 Reinforcement learning algorithm with compliance strategy  

Robotic RL involves a robot acting sequentially over a sequence of time steps in a 

stochastic environment in order to learn. The RL agent is to learn how to accomplish the goal 

of selecting actions that will result in maximum cumulative reward, meet the safety constraints, 

and do efficient disassembly within the simulated environment. An agent can conduct actions 

𝑎 ∈ 𝐴 and observe the environment through observations 𝑜 ∈ 𝑂 that may or may not equal. 

The environment is characterised by a state 𝑠 ∈ 𝑆. With a maximum of T time steps per episode, 

we examined an episodic interaction of finite time steps. To control the dynamical system, the 

agent seeks to identify a policy 𝜋(𝑎(𝑡)|𝑜(𝑡)) that chooses actions 𝑎(𝑡) conditioned on 

observations 𝑜(𝑡). With 𝛾 acting as a discount factor, the goal is to identify a policy 𝜋∗ that 

maximises the expected sum of future rewards provided by  

𝑅(𝑡) = ∑ 𝛾𝑟(𝑠(𝑡), 𝑎(𝑡))∞
𝑖                                                                                                            (4.1) 

given stochastic dynamics 𝑝(𝑠(𝑡 + 1)|𝑠(𝑡), 𝑎(𝑡)) and reward function 𝑟(𝑠, 𝑎) [18]. 

For this study, we define the problem of dismantling a rectangular peg from a matching 

hole using an RL algorithm called soft actor-critic (SAC) with the "MlpPolicy" for policy 

representation. SAC is renowned for its capability to address continuous environments and 

event-driven structures, making it an ideal choice for our complex disassembly objectives. 

Utilising the MlpPolicy algorithm, which is based on a multilayer perceptron architecture, 

facilitates the learning of intricate, nonlinear policies required for the disassembly task. The 

main goal of this technique is to complete the task as successfully as possible while acting 

randomly. As an off-policy algorithm, SAC reuses information from recent rollouts for sample-

efficient training by using a replay buffer [32]. 
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Based on the equation (4.1) , we define the state 𝑆(𝑡) as a vector containing key variables that 

characterise the robot's operational state:  

𝑆(𝑡) = [𝑥, 𝑦, 𝑧, 𝐹𝑥, 𝐹𝑦, 𝐹𝑧 , 𝜃, 𝜙, Ψ]                                                                                                      (4.2) 

In the context of the robot's operations, the variables x, y, and z represent the Cartesian 

coordinates of its flange, whereas θ, ϕ, and Ψ represent the flange's rotational angles. 

Additionally, 𝐹𝑥, 𝐹𝑦 and 𝐹𝑧 indicate the forces and torques exerted along the x, y, and z axes, 

respectively, as measured by the force/torque sensor. Meanwhile, the controller issues the 

action 𝑎(𝑡), defined as a set comprising changes in position (∆x, ∆y, ∆z) and changes in force 

(∆𝐹𝑥, ∆𝐹𝑦, ∆𝐹𝑧).  

𝑎(𝑡) = [∆𝑥, ∆𝑦, ∆𝑧, ∆𝐹𝑥, ∆𝐹𝑦, ∆𝐹𝑧]                                                                                              (4.3) 

This action dictates the movement commanded to the robot by the controller at each sequential 

time step. 

4.2.5 Training Parameters  

Effective configuration of training parameters significantly influences the learning 

process and eventual performance of the agent. Throughout the training process, we adjusted 

the number of successful programs of the train_freq parameter, set to time step 50, enabling 

the model to adapt its strategy based on accumulated experience. Moreover, setting the size of 

our replay buffer as a buffer_size parameter of 100,000 plays a crucial role in storing and 

replaying past interactions, enabling the model to analyse various scenarios encountered during 

training. 

To explore and learn efficiently in the simulated environment, it is crucial to ensure an 

appropriate range of total_timesteps. We verify and adjust the total timestep range to optimise 

the training process. Table 4.1 shows other parameters of the learning algorithm. 
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TABLE 4. 1. The Leaning Agent’s Specific Parameters  

Parameter Value 

𝛾 0.99 

𝛼 0.2 

𝑟𝑒𝑛𝑑 

+1      ;   if the trial is successful 

−1     ;   if the trial is not successful 

𝑤𝑑 Rectangle Peg-Hole: 1 

𝑤𝑓 1 

𝑤𝑠𝑡𝑓 Rectangle Peg-Hole: 0.1 

4.2.6 Reward System and Analysis 

The reward system serves as a pivotal component of reinforcement learning, incentivising 

behaviour conducive to successful peg-hole disassembly.  

To train the extraction controller, the environment provides a reward 𝑟(𝑠, 𝑎) after 𝑎(𝑡) is 

executed. The reward function is defined as follows based on the desired behaviour in the 

extraction task: 

𝑟(𝑠, 𝑎) = −𝑤𝑑. ∆𝑧 − 𝑤𝑓 . ‖𝑓𝑥𝑦‖ − 𝑤𝑠𝑡𝑓 . ‖𝑘𝑥𝑦‖ + 𝑟𝑒𝑛𝑑                                                           (4.4) 

These first three represent the immediate rewards at each stage, according to the depth of the 

hole, the average contact forces in the x-y direction, and the stiffness. The relative weights of 

these terms can be set by moving 𝑤𝑑  , 𝑤𝑓 , 𝑤𝑠𝑡𝑓. 

A reward design starts with encouraging upward movement of the peg while discouraging 

actions requiring large contact forces or high stiffness.  In the last step of this episode 𝑟𝑒𝑛𝑑 is 

provided to the network if the trial succeeds or fails before reaching the maximum number of 

steps.  

Our reward function incorporates several critical parameters, including: 
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• Z-directional distance: The Z-directional distance reflects the successful removal of the 

peg from the hole. As the robot progresses through the disassembly task, minimising the 

Z-directional distance signifies effective extraction of the peg without causing disruptions 

or deviations from the desired trajectory. Achieving this objective leads to higher rewards. 

• Average forces along X and Y Axes: Stability and precision during disengagement are 

crucial for successful peg-hole disassembly. To emphasise these aspects, the reward system 

considers the average forces exerted along the X and Y axes. Lower forces indicative of 

stable and controlled interactions between the robot, peg, and hole result in higher rewards. 

• Robot compliance and adaptability: The compliance strategy encourages the robot to 

dynamically adjust its stiffness and responsiveness to external forces and constraints 

encountered during the disassembly process. A higher reward is assigned when the robot 

demonstrates adaptive behaviour and adjust its compliance parameters to navigate varying 

environmental conditions. 

4.2.7 Simulation Result 

In this section, we want to investigate the performance criteria of an RL project on 

separating a rectangular peg from a hole using a focused matching strategy.  

Figure 4.5  shows the comparative results of the extraction forces (𝐹𝑧) required to extract 

a rectangular peg from a hole using two approaches: reinforcement learning (RL) and 

reinforcement learning with compliance strategy (CS). The horizontal axis represents the 

number of episodes and the vertical axis represents the extraction force (N). 

As shown, the extraction force required by the RL method fluctuates significantly in 

the previous episodes and tends to stabilise with higher peaks as the learning progresses. This 

behaviour indicates that the method tries to optimise the extraction process, but struggles to 

achieve a constant force reduction. On the other side, the RL method integrated with the 

adaptive strategy shows a more stable and lower extraction force throughout the episodes. The 
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extraction force is smoother, indicating that the integration of compliance strategy with the 

reinforcement learning algorithm effectively reduces the sudden force changes and thus 

reduces the overall force demand. This improvement can be attributed to the ability of the 

adaptation strategy to dynamically adapt to environmental constraints, reducing resistance 

forces during the peg extraction process.  

 

Figure 4.5. Comparison of extraction forces (𝐹𝑧) using RL and RL with compliance strategy (CS) 

Another performance metric is the average X-Y force (N) during the episodes. Figure 

4.6 shows the average force exerted along the X and Y axes throughout the episodes. As can 

be seen, over time, the average force decreases sharply and then continues to fluctuate at a 

lower level.  

This reduction indicates that the RL algorithm has improved in employing an efficient 

strategy, which can imply a more delicate and controlled interaction between the robot and the 

environment. Figure 4.7 shows the discounted cumulative reward of each episode. A decrease 

in the negative value over time indicates that the agent is learning and improving its 

performance, making fewer mistakes or more optimal actions while learning.  
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Figure 4.6. The average force exerted along the X-Y axis during each episode 

 

 

Figure 4.7. The discounted cumulative reward of each episode 

 

Figure 4.8 represents different observations from an RL algorithm during a training phase. 

These observations typically include positional data and force measurements over a number of 

time steps or iterations.  

The top graph plots the positions of a peg in a 3-dimensional space over time. The positions 
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are measured along the X, Y, and Z axes. The X-axis of the graph represents the time steps or 

iterations during the training. The Y-axis represents the normalised position values, which 

range from 0 to 1, suggesting that the positions have been scaled or normalised for the purpose 

of the analysis. 

 

Figure 4.8. Trajectory and force dynamics in an RL-controlled disassembly task for Rectangle Peg-Hole 
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The graph shows that the position along the Z-axis increases over time, which could 

indicate a successful disassembly motion. The relatively flat lines for the X and Y positions 

suggest stability in the horizontal plane, which is typically desired in a disassembly task to 

avoid lateral forces that could jam the peg. 

Results represent a typical learning curve of an agent that improves over time. They 

also show stabilisation as the number of episodes increases, which is a correct behaviour in 

RL, as the agent begins to converge toward a more stable policy. 

In addition, the agent's performance improves as the robot adapts better to the 

compliance strategy based on the reduction in force. Therefore, the RL algorithm quickly 

identified strategies that require less force, which demonstrates the agent's ability to learn and 

adapt. 

Also, the results suggest that the compliance strategy is effectively integrated into the learning 

process. The reduction in the force applied indicates that the robot adjusts its stiffness and 

responsiveness in real-time to adapt to the environment, which is a complex task that reflects 

advanced learning capabilities. The cumulative reward process suggests that compliance 

parameters are adjusted to achieve the desired task while maximising efficiency and 

minimising force interactions. 

In conclusion, the technical details and trends in the plots suggest that our RL algorithm can 

handle the task with a compliance and controlled strategy. 

 

4.3 Experimental and Result 

In this section, we describe the experiment setup and the results and discussions. 
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4.3.1 Experimental Setup 

To validate the effectiveness of the proposed methodologies in this chapter, we 

conducted rectangular peg-hole disassembly experiments utilizing a KUKA iiwa collaborative 

robot, which was securely mounted on a table. A HEX 6-axis force/torque sensor was affixed 

to the robot's flange at the end-effector.  

A rectangular peg (dimensions 60 mm by 40 mm) was made with a 3D printer and 

attached beneath the sensor with screws. As depicted in Figure 4.9, a corresponding rectangular 

hole, measuring 60.1 mm by 40.1 mm, was positioned at an arbitrary location on the table. The 

reinforcement learning (RL) agent's environment was trained on a system equipped with an 

Intel i9-13900HX CPU and an NVIDIA GeForce RTX 4080 GPU with 12 GB of GDDR6 

memory. SunriseWorkbench (KUKA Software) was employed to control the robotic agent. 

Figure 4.9 illustrates the physical setup of the real-robot experimental environment. 

 
Figure 4.9 Overview of Kuka robot with F/T sensor and peg-hole 

 

The parameters for our methodology are defined as outlined in Table 4.2. To prevent 

unintentional damage to both the components and the disassembly system, maximum allowable 

Cartesian force and torque limits were established within the experimental setup. At the outset, 

the robot was configured in teach mode and positioned within the designated hole. 
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To ensure experimental safety during the robotic disassembly process, the velocity of the 

robot was restricted to a maximum of 0.1 m/s. Furthermore, a contact force threshold of 20 N 

was established for both the X and Y axes to prevent excessive force during interaction. In each 

adjustment step, the translation offset was limited to a maximum of 0.1 mm along the X and Y 

axes, with a rotational offset constraint of 5 degrees. These parameters were selected to 

maintain precise control over movement and contact forces throughout the disassembly 

process. 

 

TABLE 4. 2. Parameters of rectangle peg-hole disassembly 

Parameter Values 

Stiffness Gains (N/m) [50, 50, 50] 

Damping Gains (N*s/m) [0.05, 0.05, 0.05] 

Contact force threshold (N) 10 

Maximum cartesian torque (Nm) [3,3,1] 

 

 

4.3.2 Experimental Result 

This section presents the results of the experiment. To ensure accuracy and efficiency in 

the results, the experiment was repeated 10 times. Figure 4.10 compares the extraction force 

(𝐹𝑧) based on reinforcement learning and compliance strategies (CS) with the method described 

in chapters 2 & 3. The method described in chapters 2 & 3, depicted by the red line, shows 

consistently higher forces throughout the process, which fluctuates significantly and has 

prominent peaks. There is a sharp increase in force with the method described in chapters 2 & 

3, reaching over 12 N with more oscillations.  
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 In contrast, the RL with a compliance strategy, shown by the green line, maintains a 

more stable and lower force profile throughout the entire depth range. The RL method's peak 

forces never exceed 8 N, which reflects that the system has to overcome initial resistance, such 

as static friction. In this process, the force slowly decreases to stabilise at 5 N and display 

smaller oscillations compared to the method described in chapters 2 & 3. This decrease in force 

proves that the compliance strategy of RL is adaptive; it optimises the application of force after 

the initial resistance is overcome. The middle phase shows steady-state behaviour with slight 

oscillations in the force, which indicates that the RL system continuously adapts to changes in 

either stiffness or contact points for smooth and controlled extraction. These results evidence 

that RL with compliance strategy allows reaching very good precision and high efficiency 

under variable conditions. 

 
Figure 4.10. Extraction force (𝐹𝑧) using a reinforcement learning compliance strategy 

 

Figure 4.11 Comparing the extraction force (𝐹𝑧) for two methods: between the method 

described in chapters 2 & 3 and an RL-based compliance strategy. The IQR is represented by a 

box, with the average median force shown as the horizontal line inside the box. The whiskers 
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portray the full range of recorded forces, while the triangles in green represent the measured 

mean forces. 

It can also be clearly seen from this graph that the forces for the RL-based strategy are 

lower and more consistent than those of the method described in chapters 2 & 3. The median 

and mean of the RL method are significantly lower, with a reduced IQR showing less 

variability. Conversely, the method described in chapters 2 & 3 results in higher average and 

peak forces, with greater variability.  

 
Figure 4.11. Comparison of 𝐹𝑧 for the method described in chapters 2 & 3 and compliance strategy 

using reinforcement learning. 

Figure 4.12 shows the time taken for the method described in chapters 2 & 3 and RL-

based compliance methods to complete the extraction process. The RL-based compliance 

strategy has constantly recorded shorter times, both in terms of its median and mean, which are 

less than that of the method described in chapters 2 & 3. On the other hand, this RL method 

has shown reduced variability with a narrower IQR and with whiskers barely as short as the 

range, whereas the method described in chapters 2 & 3 has mostly higher times with greater 

inconsistency. This illustrates how the RL strategy optimises the extraction process, making it 

time-effective with reliability.  
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These findings point out that the proposed RL-based compliance strategy is efficient and stable 

in maintaining controlled force application during the extraction process, hence having the 

potential to outperform the method described in chapters 2 & 3, especially in applications 

where precision and consistency are crucial. Based on RL policy, the disassembly success rate 

is 94%, and the average disassembly time needed is 7.6 seconds. 

 

 
Figure 4.12. Extraction Time Comparison for The Method Described in Chapters 2 & 3 vs. RL-Based 

Compliance Approaches 

 

4.4 Conclusion 

In this research, a compliance strategy integrated with reinforcement learning was used 

to disassemble rectangular hole structures, increasing their efficiency, flexibility, and 

adaptability. This approach shows significant reductions in force required for disassembly with 

high accuracy and adaptation to dynamic environments using the SAC algorithm in PyBullet's 

simulated environment. The compliance strategy empowers the robot to modulate its stiffness 

and responsiveness to external forces, facilitating adaptive and robust disassembly 

manoeuvres. 
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Experimental results demonstrate the effectiveness of the proposed method, with the 

extraction force reduced by 29.6% compared to the the method described in chapters 2 & 3, 

validating the combined use of reinforcement learning and compliance strategies. By 

dynamically adjusting compliance parameters, such as stiffness coefficients and force 

thresholds, the robot can effectively navigate uncertainties and variations in the environment 

while maintaining task objectives. Results confirm that reinforcement learning algorithms 

combined with compliance strategies are effective for disassembly. 

Future work will investigate various shapes of peg-holes using this algorithm and 

undertake comprehensive laboratory experiments to validate the results. It would significantly 

increase the robustness and reliability of our results, thereby facilitating the understanding and 

application of this innovative approach. 
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Chapter 5. GENERAL DISCUSSION  

 

5.1 Discussion 

In this thesis, geometric and quasistatic force issues related to robotic disassembly tasks 

are evaluated, with a special focus on dual-peg assemblies and rectangular peg holes. The 

study systematically develops the jamming phenomenon and compliance strategies and 

includes advanced techniques such as reinforcement learning to further understand and 

optimise robotic disassembly processes. 

In the second chapter, this work addresses the geometric and static force analysis for 

the dual-peg extraction jamming problem, considering all geometric variations. The 

identification of 13 distinct contact states in the dual-peg jamming problem is a pivotal 

contribution, highlighting the complexity of this task. The quasi-static force analysis 

demonstrates its effectiveness in examining the jamming phenomenon, offering significant 

insights applicable to a variety of assembly and disassembly problems.  

In Section 2.2, we simplify the dual peg‐hole disassembly by assuming (i) circular, 

axisymmetric components, (ii) perfect alignment, (iii) no tilt, and (iv) a clearance smaller 

than the peg size. These assumptions, supported by prior work (e.g., Lan et al. [1]), enable 

a tractable two-dimensional analysis that captures the essential physics of jamming and 

extraction. Although real manufacturing may exhibit slight misalignments or tilts, modern 

precision techniques and active compliance effectively mitigate these, making our 

assumptions realistic approximations for many industrial applications. 

Compliant manipulators integrated into the study further improve the geometric and 

force/moment conditions for each of the contact states, therefore opening ways to develop 
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more accurate and reliable robotic systems that could be applied to disassembly and 

remanufacturing. The research study also identifies some factors that are critical in 

determining the two-point contact area, including the compliance centre location, initial 

errors in both lateral and angular displacements, and manipulator stiffness. First and 

foremost, this study identifies a new technique on how the location of the compliance centre 

might become very critical, considering compliance centre strategies that have been 

developed based on single peg-hole systems, which can be implemented successfully in 

dual peg-hole disassembly tasks. 

From this theoretical model, experimental tests justify these findings by showing how 

carefully adjusted compliance strategies, involving compliance at any appropriate variable 

of stiffness and remote centre compliance, effectively lower disassembly forces. While the 

jamming conditions for dual peg-hole assemblies are different from the single peg-hole 

assemblies, the remote strategy for compliance proves to effectively reduce the disassembly 

force in both cases. In addition, the experimental result not only confirms the predictions 

made from the theoretical model but also gives weight to reliability and practicality in 

applying the findings of this study. 

Figure 5.1 illustrates the measured extraction force (vertical axis) as a function of depth 

(horizontal axis) for three samples with different radii and three compliance centre 

locations. (𝐿𝐶 =0 mm, 25 mm, and 55 mm). Each solid curve represents the average of six 

repeated measurements (18 total experiments, with six repetitions per compliance centre 

location). The shaded regions around each curve denote the range of observed values across 

all repetitions, highlighting the variability in the experimental data. As the compliance 

centre moves away from the tip of the dual-peg, the two-point contact region increases, 

while the orange and green curves show narrower and lower peaks, indicating a smaller 

two-point contact region (as discussed in section 2.5.2). 
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b) 
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c) 

 

Figure 5.1 Extraction force curves based on compliance centre locations in dual peg-hole with 

a) r= 5.7 mm, b) r= 6 mm, and c) r=6.5 mm 

 

Figure 5.2 presents a boxplot comparing the distribution of measured extraction forces for 

three different compliance centre locations (𝐿𝐶=55 mm, 25 mm, and 0 mm). Each box 

depicts the interquartile range (the distance between the first and third quartiles), while the 

horizontal line within the box represents the median. The whiskers indicate the minimum 

and maximum observed values, and the triangular markers denote the mean extraction 

force. This representation highlights both the central tendency (median and mean) and the 

variability (range and interquartile spread) of the extraction force for each compliance 

centre location. 
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c) 

 

Figure 5.2 Comparison of the extraction force in dual peg-hole based on compliance centre 

locations with a) r= 5.7 mm, b) r= 6 mm, and c) r=6.5 mm. 

The third chapter of the thesis addresses rectangular peg dislodgment from a hole, 

invoking geometric and quasistatic force analyses to identify possible contact states at 26 

in that setting. By highlighting this intrinsic complexity within the setting of rectangular 

peg-hole disassembly, some new views concerning jamming phenomena will come into 

consideration. This work investigates the influence of compliance centre location, initial 

errors in lateral displacement and angular orientation, and manipulator stiffness on the 

disassembly process and identifies these factors as very important in optimising effective 

disassembly. It also presents results indicating that locating the ACC (Active Compliance 

Centre) at the end of the peg greatly reduces the magnitude of extraction forces compared 

to other positions along the peg. This finding suggests a more efficient disassembly strategy 

for robotic systems. In real-world experiments with a 6-DOF compliant manipulator, 

KUKA LBR, this setup achieved a 77.1% reduction in maximum extraction force relative 

to the top of the peg and a 55.6% reduction with respect to the centre of the peg, suggesting 



General Discussion 

159 

 

that robots with lower payload capacities can be put into effective use for disassembly tasks 

as long as the appropriate ACC strategy is applied. 

The theoretical contribution to disassembly processes makes this research an important 

element in the remanufacturing industry. While focusing on a rectangular peg-hole system, 

one of the most elementary cases of a disassembly problem, the work provides the basis 

upon which more complicated geometries would be addressed, like irregular shapes and 

multi-peg-hole systems. The addition of adhesive forces to this model is further work that 

could be done to extend these findings to recycling and remanufacturing processes, where 

adhesive forces are commonly found. Further research might involve the development of 

variable stiffness systems whose stiffness varies dynamically during the disassembly, 

potentially enabling more efficient and adaptable disassembly processes. 

Figure 5.3 illustrates the outcomes obtained from investigating the influence of the 

location of the compliance centre on extraction forces across various depths for three 

samples with different dimensions. Each solid curve represents the average of six repeated 

measurements (18 total experiments, with six repetitions per compliance centre location). 

The shaded regions around each curve denote the range of observed values across all 

repetitions, highlighting the variability in the experimental data. As the compliance centre 

moves away from the end of the rectangle-peg, the two-contact region grows, while the 

orange and green curves show narrower peaks, indicating a smaller two-contact region (as 

discussed in section 3.4.2). 
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Figure 5.3 Extraction force curves based on compliance centre locations in the rectangle 

peg-hole with a) w'*v'= 59.5*39.5 mm, b) w'*v'= 60*40 mm, and c) w'*v'=60.5*40.5 mm 

 

Figure 5.4 presents a boxplot comparing the distribution of measured extraction forces 

in the rectangle peg-hole for three different compliance centre locations (𝐿𝐶 =150 mm, 75 

mm, and 0 mm). Each box depicts the interquartile range (the distance between the first 

and third quartiles), while the horizontal line within the box represents the median. The 

whiskers indicate the minimum and maximum observed values, and the triangular markers 

denote the mean extraction force.  This visualisation effectively demonstrates both the 

central tendency (through median and mean) and the variability (via the range and 

interquartile spread) in extraction force measurements for the different compliance centre 

locations. 

We acknowledge that the current experimental setup does not allow for the direct 

measurement of the exact number and locations of contact points between the peg and the 

hole. While the simulations provided detailed predictions of various contact states, the 

practical tests do not capture all the complexities of the peg–hole interaction, particularly 

regarding the precise number and locations of contact points. However, both the simulation 
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and experimental results consistently indicate that positioning the compliance centre at the 

identified optimum location yields the best performance in terms of reducing extraction 

forces and mitigating jamming. This convergence of results reinforces the validity of the 

compliance centre location as a critical factor in enhancing disassembly efficiency. 

 

a) 

 

 

b) 
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c) 

Figure 5.4 Comparison of the extraction force in rectangle peg-hole based on compliance 

centre locations with a) w'*v'= 59.5*39.5 mm, b) w'*v'= 60*40 mm, and c) w'*v'=60.5*40.5 

mm 

The fourth chapter introduces the development of a compliance strategy integrated with 

reinforcement learning to improve disassembly efficiency, flexibility, and adaptability. The 

innovative approach significantly reduces the forces needed for disassembly, which is 

highly accurate and adaptive to dynamic environments using the Soft Actor-Critic 

algorithm in PyBullet's simulated environment. The ability of the robot to modulate 

stiffness in response to external forces enables adaptive disassembly manoeuvres, which 

makes it more robust in uncertain and changing conditions. Experimental results confirm 

that by integrating reinforcement learning and compliance strategies, the extraction forces 

were reduced by 29.6% compared to the method described in chapters 2 & 3, which 

confirms the potential of this combined approach for improving disassembly tasks. By 

dynamically adjusting key parameters, such as stiffness coefficients and force thresholds, 

the robot can effectively navigate uncertainties and variations in the environment while 

meeting task objectives. 
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5.2 Conclusion 

The findings of this research significantly advance our understanding of robotic 

disassembly by combining theoretical analysis with experimental validation. The work 

provides a deeper insight into the mechanics of disassembly in both dual-peg and 

rectangular peg-hole systems by systematically identifying the various contact states and 

associated jamming conditions. This comprehensive understanding has enabled the 

development of advanced compliance strategies, where the critical positioning of the 

Active Compliance Centre (ACC) plays a pivotal role in reducing disassembly forces. The 

experiments demonstrate that such strategies not only mitigate jamming but also make 

disassembly more reliable and efficient. 

Moreover, the integration of reinforcement learning with compliance control has 

proven to be an innovative approach, allowing the robotic system to adapt dynamically to 

varying conditions. By learning optimal disassembly motions and adjusting its stiffness in 

response to external forces, the robot achieves a significant reduction in extraction force 

compared to the method described in chapters 2 & 3. Overall, these contributions establish 

a strong foundation for the development of more efficient, robust, and adaptable robotic 

systems for remanufacturing and recycling applications. 

 

5.3 Future Work 

Future research should broaden the scope of this study by extending the developed 

methodologies to more complex and varied disassembly scenarios. One promising direction is 

to investigate the applicability of the current models to irregular shapes and multi-peg-hole 

systems, thereby generalising the findings beyond the elementary cases examined here. 

Additionally, future work should incorporate adhesive forces into the analytical framework to 
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better simulate realistic conditions encountered in recycling and remanufacturing processes, 

where such forces can significantly influence disassembly dynamics. Another exciting avenue 

is the development of variable stiffness systems that can dynamically adjust their mechanical 

properties during the disassembly process, potentially leading to even greater efficiency and 

adaptability in robotic operations. Moreover, future work should explore techniques for directly 

observing and quantifying the contact points during experiments. Possible approaches include 

integrating a transparent window into the experimental fixture, employing high-speed imaging, 

or using advanced force/torque sensors. These methods could provide valuable insights into 

the exact nature and location of the contact points, enabling a more accurate validation and 

refinement of the simulation models. Finally, further validation through extensive laboratory 

experiments in diverse real-world settings will be crucial to refining the reinforcement learning 

algorithms and compliance strategies, ensuring their robustness and broad applicability across 

a range of disassembly tasks. 
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