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Abstract 

Globally, the transition to electric vehicles (EVs) is accelerating. As these EVs 

reach the end of their service life, large quantities of valuable components, 

including electric motors, need to be remanufactured to achieve a more 

sustainable circular economy. Disassembly, the first step in the 

remanufacturing process, typically requires human intervention due to 

difficulties in automating it. This thesis investigates the robotic disassembly of 

a permanent magnet DC brushless motor. Six typical tasks are defined in motor 

disassembly, and four of them are studied, including the ‘Press-in’ task, ‘Press-

on’ task, Unplugging task and Coil disassembly task.  

Related to methodology, an analytical model implementing the magnetomotive 

force method was developed to calculate disassembly forces when removing a 

rotor with permanent magnets from a stator. This model provides reasonable 

accuracy in a very short calculation time without requiring high-performance 

computers compared with the finite element method. The average error rates 

of the FE method and MMF method are 16.7% and 26.3 %, respectively. By 

determining the material magnetic hysteresis, the improved analytical model 

predicts the force optimal positions, adapting to different cases of magnetic 

fields on the rotor with permanent magnets. Additionally, potential robotic 

solutions for the press-fit component disassembly tasks and the Coil 

disassembly task were investigated and experimentally validated.  

A robotic cell, including two collaborative robots, a set of tools and two devices 

for disassembling press-fit components, is designed to fully automate the 

disassembly process. The disassembly quality in the robotic process is superior 

to that in the manual process, preventing unnecessary damage to the 

components. The time of the robotic process is 886 s at full capacity, which is 

56.93% faster than that of the manual process (1390 s).  
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Robotic disassembly offers significant potential for advancing the circular 

economy in EV remanufacturing. However, although robotic automation 

improves disassembly efficiency and sustainability, it faces economic barriers 

due to high equipment costs. Future research should focus on cost-reduction 

strategies, expanding task automation, and hybrid approaches that combine 

robots and humans.  
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Chapter 1 Introduction 

1.1 Background 

Climate change, which significantly threatens human health, agricultural output, 

the environment and economies, has attracted much attention in recent 

decades. This is caused by the excessive emission of greenhouse gases from 

human activities, particularly deforestation and the burning of fossil fuels 

(Wuebbles, Fahey and Hibbard, n.d. and Pachauri et al., 2014). To reduce 

environmental impacts, most countries have set net zero carbon policies to 

reduce the carbon dioxide emissions produced by human activities. The net 

zero carbon policy is defined as achieving a balance of the carbon dioxide 

produced by human activities and that removed from the atmosphere (Shubbar 

et al., 2021). Major economies worldwide have set targets for net zero carbon, 

such as Germany by 2045; the USA, the UK, France, Japan, and South Korea 

by 2050; and China and Russia by 2060 (Climate Watch and Data-Driven 

EnviroLab, n.d.). Following this policy, the circular economy is one of the critical 

strategies in industry and is defined as a closed-loop system to extend the 

service life of materials for as long as possible (Hawken, Lovins and Lovins, 

2013). The circular economy aims to eliminate waste and ensure the continual 

use of resources through principles such as reuse, repair, refurbishment, 

remanufacturing and recycling (MacArthur, 2013). 
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Remanufacturing is a process in which end-of-life (EOL) products are returned 

to at least their original condition, giving them a new lease of life while reducing 

raw materials, energy consumption and greenhouse gas emissions compared 

with manufacturing the same products anew (Kerin and Pham, 2019). The main 

processes in remanufacturing are product disassembly, component cleaning, 

component repair or replacement, product reassembly, and product testing 

(Kerin and Pham, 2020). Disassembly is thus the first element in a 

remanufacturing process chain. It is labour-intensive, as disassembly is difficult 

to automate. When it can be successfully implemented, robotic disassembly 

improves work efficiency (Liu et al., 2020), reducing risks when dangerous 

products are involved. 

The need to remanufacture EOL permanent magnet (PM) motors has increased 

in recent years because of their availability and the desire to avoid sending 

them to landfills. PM motors are commonly used in electric vehicles (EVs), the 

quantity of which will reach more than 120 million in 2039 (Casper and Sundin, 

2021)The remanufacturing of PM motors enables the reuse of valuable 

components, such as rare earth magnets. 

The remanufacturing of EOL motors has been investigated for the UK market, 

and the lack of an automatic disassembling process has been highlighted 

(Tiwari et al., 2021). In China, the remanufacturing of Y-series AC induction 

motors has been shown to reduce energy consumption by 68.26%, raw material 
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usage by 75.32%, and greenhouse gas emissions by 68.26% (Handong et al., 

2017). With respect to disassembly techniques, a flexible vision-based method 

was developed to find and remove screws in electric motors automatically 

(Mangold et al., 2022), and a novel image-processing algorithm was proposed 

to enable a robot to detect screws and disassemble a motor (Bdiwi, Rashid and 

Putz, 2016). A sequence planning software platform was developed for the 

robotic disassembly of electric motors (Hansjosten and Fleischer, 2023), and 

the disassembly of a PM synchronous rotor was studied experimentally (Heim 

et al., 2023). 

To the best of the author’s knowledge, there has been no systematic study of 

the electric motor disassembly process to determine the optimum disassembly 

strategy to minimise the efforts required and ensure the integrity of motor 

components. This thesis systematically investigates and analyses the tasks 

involved in disassembling permanent magnet (PM) motors and proposes 

effective solutions to address these challenges. 
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1.2 Problem analysis and research questions 

This section analyses the configuration of a chosen electric motor as part of the 

initial inquiry into the motor disassembly process. Electric motors can be 

categorised based on their types of current use, working principles, or structural 

designs. Common examples include AC induction motors and DC brushless 

motors. In the disassembly process, the structure of motors can be classified 

into magnetless motors and permanent magnet motors. In magnetless motors, 

the rotor and stator are usually made of a nonmagnetic material. A typical 

example is squirrel cage induction motors, where the rotor is mainly made of 

aluminium or copper. Another example is the reluctance motor, where the rotor 

is made of coils. Thus, there is no magnetic field affecting the disassembly 

process of these magnetless motors. However, in permanent magnet DC 

brushless motors, the rotor is made of mainly magnetic materials, specifically 

NdFeB (neodymium iron boron).  Those magnetic materials have very strong 

magnetic fields, causing large and unstable magnetic forces in the disassembly 

process. Large magnetic forces increase the difficulty of robotic disassembly. 

This study selects a DC (permanent magnet) motor (model number: 

W5248GCF) for robotic disassembly. This type of motor is used in industrial 

electric fans and grass trimmers, adapting DC 58 V voltages, delivering 900 W 

of power and achieving a spinning speed of 2800 RPM. Regarding the structure 

of the permanent magnet DC brushless motor (Figure 1-1), a Bearing (large) 
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(A.2) and a Bearing (small) (D.1) are held in a Front cover (A.1) and End cover 

(D.2). A Stator case set (C.13) houses 12 sets of Coils (C.1 - C12). A Rotor set 

(B), which is made of neodymium magnets, is connected on the Bearing (large) 

(A.2) and Bearing (small) (D.1). 4 Screws (E.1–E.4) are fixed together with the 

End cover (D.2), Stator set (C.13) and Front cover (A.1). 

 
(a) A permanent magnet DC brushless motor in product view (Magnet 

DC motor, n.d.) 
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(b) Permanent magnet DC brushless motor in assembly view 

Figure 1-1 Structure of a permanent magnet DC brushless motor (Magnet DC motor, n.d.). 

The manual disassembly process is analysed on Table 1-1. The permanent 

magnet DC brushless motor is disassembled in 6 stages. Based on the analysis 

of the motor, disassembly tasks are classified as follows: 

1. Press-in task (T.1): A component has interference fitted and hidden in 

the other component, where one of the components has very limited 

accessibility for disassembly. The Bearing (large) (A.2) is pressed into 

the Front cover (A.1), e.g., The Bearing (large) (A.2) is viewed in only 

one direction. 

2. Press-on task (T.2): A component has interference fitted on the other 

component, where both components have good accessibility for 
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In summary, problem analysis has reviewed different tasks in a permanent 

magnet DC brushless motor. Following these tasks, the following hypothesis is 

proposed: 

“Robotic disassembly can be an alternative disassembly technique for 

permanent magnet DC brushless motor disassembly and reduces the total time 

in the disassembly process.” 

To validate or refute this hypothesis, three research questions were 

subsequently examined in this study: 

1. What are the impacts on the magnetic forces during the Unplugging 

tasks (T.3)? 

2. How does robotic disassembly perform on a Press-fitted component (T.1 

and T.2) and Coil disassembly (T.4)? 

3. What are the constraints of robotic disassembly of electric motors? 
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1.3 Aim and objectives 

This study aims to explore the robotic disassembly process for permanent 

magnetic electric motors. To achieve this aim, the objectives are as follows: 

1. To study and model the influence of magnetic forces on the disassembly 

process (OB.1), address the Unplugging task (T.3); 

2. To improve the model by using a data-driven method and to predict the 

optimised disassembly position (OB.2), address the Unplugging task 

(T.3); 

3. To study and simulate how disassembly force affects the press-fit 

component disassembly process (OB.3), address the Press-in task (T.1) 

and Press-on task (T.2); 

4. To examine key parameters and investigate an automatic solution 

(OB.4), address the Coil disassembly task (T.4); 

5. To develop a robotic cell to automate the disassembly process for the 

selected permanent magnet DC brushless motor (OB.5). 
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1.4 Thesis outline 

This thesis comprises seven chapters summarised as follows. 

• Chapter 1 introduces the background of remanufacturing and robotic 

disassembly of the PM motor, analyses the structure of the selected PM 

DC brushless motor, raises hypotheses and research questions, and 

summarises the aim and objectives of this research. 

• Chapter 2 reviews the literature concerning the manufacturing of 

electric motors and each disassembly task mentioned in section 1.2. 

• Chapter 3 studies the problem of separating the rotor with permanent 

magnets from the stator, referred to as the Unplugging task (T.3). An 

analytical model, known as the magnetomotive force (MMF) model, and 

a finite element (FE) model are developed to evaluate magnetic forces 

in the separation process. The performances of both models are 

evaluated and compared with the experimental results. 

• Chapter 4 studies the problem of unbalanced magnetic pulling force 

(UMPF) in the disassembly process and improves the accuracy of the 

developed MMF model by measuring the material permeability of the 

hub. The improved MMF model predicts the positions of the robot 

where the disassembly forces are minimised in the UMPF problem. 
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• Chapter 5 studies challenges for press-fit components, which are 

classified as Press-in tasks (T.1), Press-on tasks (T.2), and Coil 

disassembly tasks (T.4). Solutions associated with robotic disassembly 

are offered for these tasks. 

• Chapter 6 describes the design of a robotic cell for DC magnetic electric 

motor disassembly. Differences and time efficiency between robotic 

disassembly and manual disassembly for this permanent magnet DC 

brushless motor are presented. 

• Chapter 7 summarises the key findings of this thesis and suggests 

areas for further development. 
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Chapter 2 Literature review 

2.1 Remanufacturing of electric motors 

This section reviews the remanufacturing of electric motors in recent years. 

Remanufacturing is a broad term meaning a process in which EOL products 

are restored to at least their original condition, giving them a new lease of life 

while reducing raw materials, energy consumption and greenhouse gas 

emissions compared with manufacturing the same products anew (Kerin and 

Pham, 2019). The main processes in the remanufacturing of EOL electric 

motors include electric motor sorting, cleaning, condition testing, disassembly, 

repairing or replacement, reassembly, and product testing. 

To understand the need for the remanufacturing of electric motors, Tiwari et al. 

(2021) comprehensively researched the circular economy of electric motors. 

They highlighted the growing demand for the remanufacturing of electric motors 

in the next few years, which aims to minimise material waste and energy 

consumption in the production of new electric motors. However, the challenges 

in remanufacturing are summarised as follows: (i) uncertainties in EOL electric 

motors, (ii) insufficient automation technologies and complex processes, and 

(iii) cost-effectiveness and investment considerations for remanufacturing. In 

terms of impacts on the environment, Handong et al. (2017) reported that 

remanufacturing electric motors results in an average reduction of 68.26% in 

energy consumption, 75.32% in material consumption and 68.26% in the 
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emission of greenhouse gases in their study of remanufacturing Y-series motors 

in China. With respect to material savings, Li et al. (2021) reported a value 

composition for a permanent magnet synchronous motor, attributing 40% to 

copper products, 30% to magnetic materials, 20% to silicon steel sheets and 

10% to manufacturing and other factors. They stated that the added value of 

remanufactured parts can be brought into full play by remanufacturing high-

value parts, such as the stator, casing, end cover and shaft. Ihne et al. (2024) 

proposed that magnetic materials, specifically rare earth (RE) elements, such 

as neodymium iron boron (NdFeb) materials, are crucial strategic materials in 

the European industry. These materials are widely used in permanent magnet 

motors in electric vehicles (EVs); nevertheless, there is a lack of recycling or 

remanufacturing methods to reuse or recycle these materials from EOL EVs. Li 

et al. (2019) demonstrated the cost and energy savings of remanufacturing 

magnets from EOL EVs and reusing magnets on permanent magnet motors. 

They highlighted that automatic disassembly technologies for both EOL motors 

and magnets are underdeveloped at this stage. Similar studies on the recycling 

and reuse of magnets have been reported (Jin et al., 2018; Nordelöf et al., 2019; 

Kimiabeigi et al., 2018 and Gonzalez et al., 2018). To summarise these studies, 

the reuse of remanufactured magnets is promising; however, the disassembly 

process is one of the key challenges in removing magnets from EOL EVs. 

Therefore, these studies illustrate that the remanufacturing of EOL electric 

motors is not only environmentally beneficial and more cost-effective than the 
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production of new electric motors but also supplies strategic RE magnetic 

materials to industry. 

The author subsequently reviews the technical aspects of remanufacturing EOL 

electric motors. The most relevant studies of the disassembly of EOL electric 

motors were conducted by a German research team.  Hansjosten and Fleischer 

(2023) developed a software platform for the robotic disassembly of electric 

motors. The software platform can identify the time-optimised path in the 

disassembly sequences and offers backup plans when problems stop robotic 

execution in the original sequence. Hansjosten, Baumgärtner and Fleischer 

(2024) developed a method for destructive disassembly of electric motors, 

which cut off the support structure on the front cover to reduce the disassembly 

time rather than unfastening the screws on the cover. However, the paper does 

not present the key parameters, such as the cutting force, feeding rate, tool 

spinning speed, etc. The author suggested that this method might not be the 

best for disassembling permanent magnet motors because the cutting chips 

might be attached to the magnets and are very difficult to remove because of 

magnetic forces. Heim et al. (2023) studied the removal of magnets from a rotor 

through several experiments. The magnets are pressed out from the rotor in 

serial tests to evaluate how disassembly forces perform across different sizes 

of magnets. A model of disassembly forces was developed based on the 

experiments. However, the key step of removing the rotor with permanent 

magnets from the stator set has not been studied in this paper. In addition, the 
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disassembly capabilities of 5 different electric motors used on electric bicycles 

were studied by Erdmann et al. in 2023, who highlighted that the positioning 

and disconnection processes consume the majority of the disassembly time. 

The robot vision system helps with screw detection during EV electric motor 

disassembly (Bdiwi, Rashid and Putz, 2016). Furthermore, some studies have 

evaluated the performance of manufactured electric motors in production. The 

efficiency of an electric motor is enhanced to the IE4 level when the induction 

motor is replaced by an interior permanent magnet during remanufacturing (Ni 

et al., 2016). The remanufacturing of an asynchronous motor, which replaces 

the original magnetless rotor with a permanent magnet rotor, results in more 

stable output performance, particularly in terms of torque, and saves 185 billion 

kilowatts of electricity power annually (Li et al., 2022). 

To the best of the authors’ knowledge, work on the robotic disassembly of 

electric motors has not been studied systematically; however, this is a very 

important process in remanufacturing based on the literature review. There has 

been no systematic study of the disassembly process to determine the optimum 

disassembly strategy to minimise the efforts required and ensure the integrity 

of motor components. The author reviews the literature on each disassembly 

task. 
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2.2 Press-fit component disassembly (T.1 and T.2) 

This section reviews press-fit component disassembly. The key issue is to study 

how the disassembly force changes in press-fit components. This review 

focuses on the methodologies for calculating the disassembly force. Huang et 

al. (2020) studied human-robot collaboration for the disassembly of press-fit 

components in 2020. In this study, the robot is tasked with picking and placing 

objects, and the hammer executes the disassembly of press-fit components on 

a hydraulic press by manually shaking the hydraulic pump. However, this paper 

lacks a methodology for modelling or calculating disassembly forces. A relative 

study by Xu, Pham and Su (2024) examined robotic disassembly solutions for 

twist-and-pull or twisting-pulling mechanisms in the press-fit components, 

presenting an analytic model and a FE method in ABAQUS software. This study 

proves that the twisting-pulling method reduces the average axial friction by 

approximately 32.53% compared with direct unplugging in press-fit component 

disassembly. Nevertheless, studies on the disassembly of press-fit components 

are very limited; thus, the author will look into methodologies related to the 

assembly of press-fit components. 

However, unlike disassembly, the assembly of press-fit components has been 

well studied. The common methods for determining assembly force can be 

classified into analytical methods and numerical methods. In terms of the 

analytical method, initial research on a pin inserted into a hole was conducted 
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by Goel in 1978). This study developed an analytic model for how radial forces 

affect pin-hole assembly. Qiu (2016) presented both an analytical method and 

an FE method for interference assembly for 3 rings, also referred to as 

multilayer thick-walled cylinders. The analytical method illustrated high 

accuracy and rapid calculation in early design, with an error rate of only 0.40% 

compared with the FE method in ABAQUS. The FE method requires time and 

high-performance equipment to achieve precise results in a detailed design. 

Wang et al. (2017) systematically studied analytical methods and FE methods 

to calculate the resistance force for press-fit components assembly, introducing 

a thick-walled cylinder theory to improve calculation accuracy. In 2018, Bai et 

al. (2018) studied the impacts of centrifugal forces and temperatures on an 

analytical model in a multilayer press-fit scenario. 

One famous numerical method for the FE method is the finite element (FE) 

method. Sun et al. (2010) provided a detailed 3D FE method in Abaqus software 

in 2010. This study discusses (i) the optimisation of contact behaviours with 

different heating methods before the components are assembled, (ii) the effects 

on the interface during the assembly process, and (iii) the structural distortion 

after the assembly process. Kovan (2011) developed a detailed FE method in 

COMSOL Multiphysics for analysing the stress and separation frequencies of 

interference-fitted connections throughout all preferred diameter series. 

Golbakhshi, Namjoo and Mohammadi (2013) studied the impact of temperature 
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on the assembly of press-fit components on a 3D FE model via SolidWorks 

software in 2013. 

In summary, even if there are very few studies on press-fit component 

disassembly, the assembly of press-fit components has been well-developed in 

both analytical methods and FE methods in recent decades. The studies 

covered most areas in press-fit component assembly, including calculation of 

assembly forces, multilayer component conditions, effects of temperatures and 

material deformations, etc. These studies and methodologies will be applied to 

the development of press-fit component disassembly; therefore, the author will 

develop a model for both the Press-in task (T.1) and Press-on task (T.2) in 

Chapter 5. 
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2.3 Disassembly of magnetic materials (T.3) 

This section reviews the disassembly of magnetic materials, typically removing 

the Rotor set (B) with permanent magnets from the Stator set (C.13). 

Unfortunately, few studies have investigated the robotic disassembly of 

magnetic materials. The author looks into 2 main aspects, including 

methodology for calculating for disassembly forces and effects from magnetic 

field distributions. 

The mechanism for the disassembly force is dependent upon the magnetic 

force generated by magnetic materials. Thus, the author investigated 

methodologies for calculating magnetic forces. The computation of magnetic 

forces is a popular topic in electromagnetism. The main modelling techniques 

in electromagnetism can be classified as analytical or numerical. Maxwell’s 

equations, Poisson’s equation, the magnetic scalar potential, and the magnetic 

vector potential have been the fundamental tools used to generate analytical 

models in recent decades. Analytical modelling methods include equivalent 

circuit mapping, Schwartz Christoffel (SC) mapping, the harmonic method, the 

method of images and the surface charge and current model (Curti, Paulides 

and Lomonova, 2015). Most cases in which the analytic method has been 

applied involve motor rotation. These analytical methods have been used to 

model magnetic field distributions in rotating magnet machines (Ramakrishnan 

et al., 2017). A motor model has been developed via the magnetomotive force 
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(MMF) method in the framework of equivalent circuit mapping (Zhu and Howe, 

1993). Moreover, the main numerical tools employed in the study include the 

FE method and boundary element (BE) method. The FE and BE are used to 

solve Laplace’s equation, which describes magnetic fields in space, and 

Poisson’s equation, which shows how they behave in different materials (Jin et 

al., 2018) (Gaul, Kögl and Wagner, 2013). Therefore, both analytical and 

numerical methods are well developed for modelling the magnetic force 

distribution for a rotor rotating inside a stator. 

In terms of the effects of magnetic field distributions, the unbalanced magnetic 

pulling force (UMPF) problem, an ordinary problem arising from an uneven 

distribution of magnetic fields, refers to the effects of the magnetic field 

distribution in motor rotation scenarios. The conventional UMPF problem has 

been well developed in motor rotation scenarios over the past 2 decades. 

Related to the definition of this problem, Holehouse et al. (2014) defined the 

UMPF problem across 3 cases in a permanent magnet motor and resolved it 

via analytic models. This paper introduced uniform displacement, displacement 

at one end and opposite radial displacement in the UMPF problem. The UMPF 

problem affects motor spinning continuity and generates vibrations to damage 

bearings, hence reducing motor lifespan. Additionally, Abdi, Abdi and McMahon 

(2015) defined both static and dynamic models of motor rotation. Analytical 

methods and numerical methods are widely used to model this UMPF problem. 

On the one hand, Salah, Dorrell and Guo (2019) summarised motor faults, the 
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percentage of faults, and fault monitoring and developed an analytical model 

for the UMPF problem caused by airgap eccentricity in induction motors. The 

analytic model is improved by using motor magnetic saturation and least 

squares approaches throughout the rotation process of a bearingless induction 

motor (Yang et al., 2020). Finally, Li et al. (2022) proposed that the hybrid model 

of a nonlinear conformal mapping and reluctance network displays comparable 

accuracy to the FE model for addressing the UMPF problem in a surface-

mounted permanent magnet motor. However, one of the drawbacks of 

employing analytic methods is the reduction in accuracy. On the other hand, 

related to the numerical model, the 2D FE method has proven effective in 

modelling the UMPF in a wound rotor induction machine (Dorrell and Kayani, 

2014) and in a large hydrogenator (Abdi, Abdi and McMahon, 2015). Holehouse 

et al. (2014) demonstrated funding from both an analytic model and 2D/3D FE 

models in permanent magnet machines. Compared with the analytic method, 

the numerical method has superior accuracy. Nevertheless, the numerical 

method requires high-performance computing capabilities and is time-

consuming in its calculations. 

In summary, the effects of magnetic forces and distributions of magnetic fields 

in motor rotation have been well developed through both analytical and 

numerical methods; however, these 2 problems in motor disassembly have not 

been investigated until now. Fortunately, both analytical and numerical methods 
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can be effectively employed to develop models for motor disassembly. The 

author discusses the Unplugging task (T.3) in detail in Chapters 3 and 4. 

2.4 Coil disassembly (T.4) 

The target of the coil disassembly task (T.4) is to remove copper Coil (C.1–C.12) 

from the Stator set (C.13). However, the author did not identify related papers 

about coil disassembly. A possible solution is that the copper coils might be cut 

off by robots. Thus, the author investigated the areas of robotic cutting and 

robotic milling; fortunately, this area is popular and has been well explored. 

Several studies have evaluated developments in robotic cutting and milling and 

their challenges and trends. Bogue (2008) reviewed cutting techniques and 

their possible applications in robotics, including (1) water jets, (2) laser cutting, 

(3) ultrasonic cutting, (4) plasma cutting and (5) oxy-gas cutting. Chen and 

Dong (2013) reviewed the development of robot machining systems, including 

path planning for robotic machining, vibration and chatter analysis, vibration 

compensation, dynamic modelling and stiffness modelling. Wang et al. (2023) 

provided a comprehensive review of both traditional milling processes using 

CNC machines and robotic milling. The key benefits of robotic milling are (i) 

complete automatic processing, (ii) cost efficiency and (iii) flexibility in the 

milling process. However, the challenges are low stability and difficulties in 

developing dynamic models and milling trajectories. Zhu et al. (2022) recently 

reviewed the challenges, approaches and trends associated with the robotic 
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milling process. The problems include offline process simulation and planning 

and online status monitoring and control. 

In terms of studies of key parameters in robotic cutting and milling, Matsuoka 

et al. (1999) experimentally investigated essential parameters in robotic milling, 

such as (a) feed rate, (b) cutting force, (c) end milling capacity of the robot, (d) 

cutting surface conditions, (e) static stiffness, (f) structural dynamic 

characteristics, (g) cutting accuracy of the articulated robot and (h) forced 

vibration. Cordes, Hintze and Altintas (2019) developed an analytical model for 

cutting analysis by incorporating the traditional milling method into the dynamic 

control method. Their testing validated the model in both high-speed and low-

speed milling of aluminium workpieces. Given the improvements in the qualities 

of robotic cutting and milling, 2 main areas of robotic configuration and stability 

are critical. With respect to the effects of robotic configuration and positioning, 

Vosniakos and Matsas (2010) focused on the key parameters of the initial pose 

of the robot and employed genetic algorithms to determine the optimal pose for 

robotic milling. Denkena and Lepper (2015) analysed errors in robotic 

positioning and developed a solution for tool deflection to compensate for these 

errors. Cen and Melkote (2017) studied the influences of robot dynamics on 

machining forces and suggested an optimal robot configuration (pose) and 

cutting conditions to improve the milling process according to the machining 

forces. Mousavi et al. (2018) explained the optimisation of robotic machining 
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stability through robot configurations and the functional redundancy based on 

the chatter model. 

With respect to machinery stability and vibration compensation during the 

robotic milling process, Huynh et al. (2020) studied a dynamic model for joint 

stiffness and damping parameters and experimented with the dynamic model 

on KUKA KR90 R3100. Zaeh and Roesch (2014) developed a method for 

compensating for static path deviation via a model-based fuzzy controller, and 

the model was validated on a KUKA KR 240 R2500 for robotic milling. 

Vibrations were analysed to improve quality in robotic milling via a KR500-3 6-

DOF industrial robot (Nguyen, Johnson and Melkote, 2020). This work studied 

the relationships between the natural frequency and robot movements in the X, 

Y and Z directions and developed a model via Gaussian process regression 

(GPR) for suppressing vibrations. Hao et al. (2020) introduced experimental 

studies on the stability of robotic milling. The main outcome is the development 

of a regenerative chatter model to predict stability in high-speed milling. Guo, 

Zhang and Sun (2022) concentrated on improving the stability of a robotic 

milling system and developed a dynamic model for robotic control. 

In summary, although the specific situation of Coil disassembly (T.4) has not yet 

been studied, robotic cutting and milling, as a potential technology for copper 

coil disassembly, has been well developed. Fortunately, most of the models 

developed for robotic cutting and milling require the detailed geometry of the 
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tool. Nevertheless, the geometry of the cutting tool might be unclear in the coil 

disassembly task (T.4). This problem will be studied in Chapter 5. 

2.5 Unscrewing process (T.5) 

This section reviews the robotic unscrewing process, and a large amount of 

research has been conducted in this field. The main 2 research aspects can be 

defined as screw positioning and the robotic execution of unscrewing. With 

respect to screw positioning, the main research directions are vision systems 

and sensor-based systems. DiFilippo and Jouaneh (2018) introduced a study 

employing a designed sensor equipped with a screwdriver and a vision system 

of 2 webcams, one of which is installed over the robot and the other of which is 

fixed on the robot. Both systems achieve a 96.5% success rate in removing the 

screws from a laptop. A learning method is built into the vision system to 

increase accuracy. Liu et al. (2023) studied camera detection for structure 

damage to screws and developed a linear regression model as a solution for a 

two-stage detection framework. The initial stage includes screw extraction 

employing reflection features, and the second stage uses texture features to 

filter out false areas. Vision detection was developed by DiFilippo, Jouaneh and 

Jedson in 2024 via a neural network in YOLO-v5 for unfastening tasks on 

laptops. The key factors influencing the system’s overall detection rate are 

systematically studied, including (a) the screw hole depth, (b) the presence of 

a taper in the screw hole, (c) the screw hole location, and (d) the colour 
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difference between the laptop cover and the screw colour. Research from Foo, 

Kara and Pagnucco in 2021 focused on the identification of several types of 

screws via a deep learning model. Al Assadi et al. (2022) proposed a 

supervised learning strategy for identifying screw stripping on a screwdriver 

during the unscrewing process, whereby the bit or nut is inserted inside the 

screw drive. 

In terms of robotic execution, an early research by Chen, Wegener and Dietrich 

in 2014 introduced a case of human robot collaboration in the unscrewing 

process using impedance control. Owing to the special design of the bit holder, 

the robot can use standard socket wrench bits. To address initial positional 

errors, Li et al. (2020) presented a spiral search strategy to align, locate, and 

engage a nut runner with a hexagon screwdriver. Rastegarpanah et al. (2021) 

achieved a 95% success rate on hexagonal nuts unscrewing by using a 

compliant robot. In a comprehensive study on the robotic unfastening process, 

Huang et al. (2021) introduced 3 typical failures: (1) screwdriver misalignment 

with the screw head, (2) screwdriver slipping on the screw head and (3) screws 

being too tight to be removed. This paper offered strategic solutions for 

secondary trials of searching and unfastening attempts when failures occurred 

in the first trial. This strategy achieved a 100% successful operation rate. 

Learning methods can improve the success rate and optimise robotic actions. 

Zhou et al. (2022) focused on improving the efficiency and safety of human-

robot collaboration during the unscrewing process and employed an innovative 
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PSO‒Pareto algorithm. Peng et al. (2024) investigated the optimisation of the 

robotic unscrewing method via reinforcement deep learning, improving the 

precision of screw location and the success rate of the unfastening process. 

In summary, Unscrewing tasks (T.4) have been well developed in terms of 

positioning and robotic disassembly execution. The technologies are able to 

achieve a very high success rate for the unscrewing task. The author suggested 

that existing methods and models might effectively achieve the unscrewing task 

in motor disassembly, making the development of new methods and models 

unnecessary. 

2.6 Pick and place (T.6) 

This section focuses on the literature regarding robotic pick-and-place 

operations. Overall, this area has been well developed in recent years. With 

respect to the background of robotic pick and place operations, Surati et al. 

(2021) reviewed robotic pick and place tasks in industry, including robot types, 

artificial intelligence, object recognition and controllers. Lobbezoo, Qian and 

Kwon (2021) and Lobbezoo and Kwon (2023) reviewed the application of 

reinforcement learning in robotic pick and place operations and analysed key 

factors for reinforcement learning. These two papers claimed that generalising 

the training samples could make the pick and place task more widely applicable. 
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Furthermore, vision systems are widely used for identification and positioning 

in robotic pick and place operations. Kotthauser and Mauer (2009) developed 

a vision-based system for identification and positioning in robotic pick and place 

operations. Kumar et al. (2014) focused on feature extraction and classification 

in a vision system applied during robotic pick and place operations. They 

achieved 99.33% classification accuracy and 83.64% feature extraction 

accuracy. Andhare and Rawat (2016) developed a method to determine the x 

and y coordinates of an object within a vision system for robotic pick and place 

operation. The vision system also helps to improve safety in human-robot 

collaboration (Kotthauser and Mauer, 2009). 

With respect to robotic pick and place applications, Jørgensen et al. (2019) 

designed an adaptive robotic system for handling deformable objects, 

employing 3D light scanning and a vacuum gripper. Myint and Htun (2016) 

designed a robot equipped with a gripper for pick and place tasks via an inverse 

kinematic model. Borrell Méndez et al. (2020) applied robotic pick and place 

operations in the footwear industry; they built a vision-based system to identify 

different pieces of footwear and developed a decision-making model to 

generate a time-optimised sequence. To minimise the operation time, Perumaal 

and Jawahar (2013) developed a mathematical model to generate a robotic 

path for pick and place operations. Unlike the optimisation of path planning 

above, a method for optimising the energy consumption of robotic systems was 

developed by parametrising motors and prescheduled trajectories with action 
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constraints (Pellicciari et al., 2013). Recently, a learning-based model has been 

applied to this operation. Gomes et al. (2022) applied a reinforcement learning 

method on a cobot for picking untrained objects and achieved an 89.9% 

success rate of grasping. 

In summary, this area has been well developed, in which vision systems 

improve the success rate of the robotic unscrewing process, and a learning-

based model helps to adapt a wide range of objects in robotic pick and place 

operations. The author suggested that the robot-trained method can be easily 

applied to robotic pick and place operations in motor disassembly, making 

further research or development in this field unnecessary.  
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Chapter 3 Model of electric magnet motor 
disassembly 

3.1 Problem description 

Given the importance and value of magnetic materials, the author studied the 

Unplugging task (T.3), which involves removing the Rotor set (B) with 

permanent magnets from the Stator set (C.13) (Figure 3-1). 

 

Figure 3-1 Unplugging task (T.3): Removal of the Roter set (B) from the Stator set (C.13). 

The separation of the rotor and stator when disassembling PM motors can be 

simplified as the problem of removing a cylindrical peg from a cylindrical hole 

in the presence of a magnetic field. During disassembly, the peg may not be in 
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contact with the hole, or it may touch the hole at one point or two points or along 

a line (Figure 3-2) (Zhang et al., 2019). Disassembly can fail because of 

jamming and wedging, which only take place under two-point contact conditions 

(contact state (c) in Figure 3-2). 

Jamming occurs when the peg cannot move because of incorrectly applied 

forces and moments. Wedging involves the peg becoming stuck at a position 

because high internal forces within the peg keep it in static balance regardless 

of the external force. Wedging can occur only when the peg or the hole can 

deform elastically and when the clearance between the peg and the hole is 

sufficiently small relative to its diameter (Pham, 1982). 

 

Figure 3-2 Peg-hole contact conditions: (a) no contact, (b) one-point contact, (c) two-point 
contact and (d) line contact (Zhang et al., 2019). 

The ideal state during disassembly is that of having no contact between the peg 

and the hole, as there are no contact forces to cause damage. In the case of a 

rotor and stator, this is difficult to achieve because of the permeant magnetic 

forces that tend to cause the rotor to attach itself to the stator. Contact states 
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(b), (c) and (d) in Figure 3-2 are therefore likely to occur, with contact state (d), 

the worst-case, being the most likely. 

In the ideal state of no contact, the rotor levitates at the centre of the stator once 

both end bearings are removed. This would be possible if the magnetic fields 

at the poles were equal and if the rotors were perfectly symmetrical. However, 

the magnetic fields are normally unbalanced, and the rotor geometry is 

imperfect. Therefore, without external intervention, the rotor will attach itself 

fully to the stator after the removal of the end bearings, which explains the high 

likelihood of the line contact state (Figure 3-2 (d)). 

The contact state (d) is to be avoided because both the rotor and the stator can 

be damaged during disassembly. The strong magnetic attractive forces 

between the rotor and stator generate high frictional resistance, causing 

excessive scoring and wear on the contact surfaces. This is also an issue with 

contact states (b) and (c). Scenario (c) is worse than scenario (b) because it 

provides the necessary conditions for jamming and wedging, although wedging 

is unlikely because the clearance between the rotor and stator is on the order 

of 0.7–1.5 mm, which is large for a 50–60 mm-diameter rotor. 

This work aims to facilitate an ideal disassembly process where the rotor can 

be removed under contactless conditions to prevent damage. The next section 

describes the modelling of the forces acting on the rotor, the purpose of which 

is to direct a robot to pull the rotor away without the latter touching the stator. 
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3.2 Methodology 

3.2.1 Overall force analysis 

In the following analysis, for simplicity, slot structures are neglected, and the 

rotor and stator are assumed to be smooth cylinders. The rotor axis and stator 

axis are kept parallel throughout. Otherwise, contact state (c) will occur, 

incurring the risk of jamming. The disassembly force Fdis comprises two 

components, Fpx and Fpz (Eq. 3.1). Under line contact conditions (Figure 3-3 

(a)), Fpx and Fpz are given by Eq. 3.2 and Eq. 3.3, respectively, where FBx and 

FBz are the x- and z-components of the resultant magnetic force FB on the rotor, 

mg is the weight of the rotor, and Ff is the friction force on the rotor due to FBx. 

Ff is given by Eq. 3.4, where μf   denotes the dynamic coefficient of friction 

between the rotor and stator. The same equations apply under no-contact 

conditions, except that Ff is now zero (Figure 3-3 (b)). 
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(a) Line contact (b) No-contact 
 

Figure 3-3 Force analysis under line contact and no-contact conditions. 

Fdis = −�Fpz
2 + Fpx

2  (3.1) 

Fpx =  −(FBx)  (3.2) 

Fpz =  −(FBz + Ff + mg)  (3.3) 

Ff = μfFBx  (3.4) 

The key to obtaining the total disassembly force is to determine the magnetic 

forces FB, which is the subject of the next section. 
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3.2.2 Determination of magnetic forces via the MMF method 

The MMF method (Zhu and Howe, 1993) was chosen over the magnetic scalar 

potential method (Engel-Herbert and Hesjedal, 2005) because it is simpler and 

yields more accurate results. This is because the latter method requires the 

solution of 3D integral equations and produces large errors associated with 

divisions by small numbers, given the small distances involved (the gap 

between the rotor and the stator being less than a millimetre). 

The MMF method was used first to model the magnetic force between a single 

bar magnet and a parallel steel bar. The result obtained was then integrated to 

provide the force between a rotor comprising several bar magnets 

circumferentially positioned on a circular hub and a concentric steel cylinder 

representing the stator. It is assumed that the relative movement of the rotor 

and the hub is slow and that magnetostatic conditions apply. Lenz’s Law could 

therefore be neglected. 

3.2.2.1 Force between a bar magnet and a parallel steel bar 

Both the magnet and the steel bar are modelled as consisting of points. For the 

magnet, the points are magnetic point sources. Referring to Figure 3-4, the 

magnet (the green part) and its holder (the orange part) move along the X and 

Z directions relative to the steel bar (the blue part). The magnetic flux diffuses 

from the point source (Br ) in the magnet (Eq. 3.5) (Zhu and Howe, 1993) 

through air (Bg) (Eq. 3.6) (Zhu and Howe, 1993) into the steel bar (Bs) (Eq. 3.10), 
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resulting in magnetic forces in the X direction (Fx) (Eq. 3.11) and Z direction (Fz) 

(Eq. 3.12) on the steel bar. The magnetic flux (Br) can be determined on the 

surface of the magnets via a Gauss meter. 

 

 

(a) magnet moves in X direction (b) magnet moves in Z direction 

Figure 3-4 Single magnet and single steel bar problem. 

|M0| =
Br

μ0μrmag

  (3.5) 

where μ0 is the magnetic permeability in vacuum, μrmag is the relative magnetic 

permeability of the magnet and M0 is the magnetisation of the magnet. Both the 

magnetic north pole and south pole exert attractive forces on magnetic 

materials such as steel. Thus, the absolute value of magnetisation is used to 

simplify the calculations. 
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Bg(x, z) =
ℱ ∗  Λ

A
=

(|M0|Tm) ∗ � μ0
g′(x, z)�

A
  

= �
Br

μ0μrmag

Tm� ∗

⎝

⎛ μ0

dg(z) + Tm
μrmag⎠

⎞ �
Am(x)
Ag(x) � =

⎝

⎜
⎛ Br

1 +
μrmagdg(z)

Tm ⎠

⎟
⎞

�
Am(x)
Ag(x) � 

=

⎝

⎛ Br

dg(z) + Tm
μrmag⎠

⎞ �
Tm

μrmag

� �
Am(x)
Ag(x) � 

 (3.6) 

where Bg(x, z) is the magnetic flux density related to the position of the magnet 

in the X direction and Z direction in the air gap. ℱ  represents the MMF to 

determine magnetic source from the magnet and Λ  is the permeance, 

describing how magnetic field transferring in the airgap (Eq. 3.6). Both 

equations are fundamental in the Magnetostatic (Zhu and Howe, 1993). g′ is 

the effective airgap, considering the thickness of the magnet (Tm) and the airgap 

with the magnet located at x dg(x). Ab and  Am represent the areas of the steel 

bar (Eq. 3.7) and the magnet (Eq. 3.8), respectively. Am is assumed to be the 

same as the area of the air gap Ag. These areas change, depending on the 

position of the magnet in the Z direction. Lb and Lm represent the lengths of the 

steel bar and the magnet, respectively. Wb and Wm represent the widths of the 

steel bar and the magnet, respectively.  

Ab(z) = (Lb − |z|) ∗ Wb  (3.7) 

Am(z) = (Lm − |z|) ∗ Wm  (3.8) 
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Hg(x, z) =
Bg(x, z)

μair
=

Bg(x, z)
μ0μrair

  (3.9) 

Bs(x, z) = 0.2811 *  log(Hg(x, z))+ 0.2561  (3.10) 

where Hg is the external magnetic strength in the air gap. μair = μ0μrair is the 

magnetic permeability of air. The magnetic hysteresis B‒H curve is used to 

model how steel components react to magnetic fields. The steel bar used in the 

experiment was made of S235 grade carbon steel, but its B‒H curve was not 

available to the author. The B‒H curve for 1018 low-carbon steel from COMSOL 

Multiphysics 5.6 software, a similar material, was used instead (Eq. 3.10). A 

correction factor (μfactor) was added to adjust the magnetic permeability of the 

material in the B-H region. μfactor was determined by considering the difference 

between the magnetic force calculated via the MMF model and that 

experimentally determined. The force FB is given by Eq. 3.11 and Eq. 3.12: 

FBx(x, z) = −
Bg(z)2Ab(x)

2 Bs(x, z)
Hg(x, z) ∗ μfactor

  (3.11) 

FBz(x, z) = FBx(x, z) ∗ tanθ (x, z)  (3.12) 

where 

tanθ (x, z) =
z

dg(x) + Tm + Tb + Th
2

  (3.13) 

where FBx and FBz represent the resultant magnetic forces in the X direction and 

Z direction, respectively. TB, Tm and Th are the thicknesses of the steel bar, the 

magnet, and the magnet holder, respectively. 
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3.2.2.2 Force between a cylindrical rotor assembly and a cylindrical steel 
hub 

The above method was extended to the case where the rotor was made up of 

four bar magnets equidistantly positioned around a cylindrical holder as one 

common structure of a PM rotor (Ocak, 2018). This rotor assembly was able to 

move axially (along the Z direction in Figure 3-5 (a)) and, to a limited degree, 

radially inside a cylindrical steel hub (along the X and Y directions in Figure 3-5 

(b)). The hub represents the stator. The equations describing the relative 

position between points on the magnets and corresponding points on the hub 

are given in Appendix A. 

 

(a) 3D view 
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(b) top view 

Figure 3-5 Cylindrical rotor and hub. 

Similar to the previous case, the resultant magnetic forces in the X, Y and Z 

directions (FBx , FBy  and FBz ) can be calculated (Eqs. 3.14–3.26) (Zhu and 

Howe, 1993). 

|M0(i)| =
Br(i)

μ0μrmag

  (3.14) 

Bg(i, x, y, z) =

⎝

⎜
⎛ Br(i)

�dg(i, x, y)� + Tm(i)
μrmag ⎠

⎟
⎞

�
Tm(i)
μrmag

� �
Am(i, z)
Ag(i, z) �  (3.15) 

Ab(i, z) = (Lb(i) − |z|) ∗ Wb(i) ∗  �
Rbi ∗ π ∗ θM(i)

180
�  (3.16) 

Am(i, z) = (Lm(i) − |z|) ∗ Wm(i) ∗  �
Rmi ∗ π ∗ θM(i)

180
�  (3.17) 
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Hg(i, x, y, z) =
Bg(i, x, y, z)

μair
=

Bg(i, x, y, z)
μ0μrair

  (3.18) 

Bs(i, x, y, z) = 0.2811 * log(Hg(i, x, y, z)) + 0.2561  (3.19) 

FBx = Fx1 − Fx4  (3.20) 

FBy = Fy3 − Fy2  (3.21) 

Fz(i, x, y, z) = Fx(i) ∗ tanθ (i, x, y, z) +  Fy(i) ∗ tanθ (i, x, y, z)  (3.22) 

tanθ (i, x, y, z) =
z

dg(i, x, y) + Tm(i) + Tb(i) + Th
2

  (3.23) 

Tm(i) = Rmo(i) − Rmi(i)  (3.24) 

Tb(i) = Rbo(i) − Rbi(i)  (3.25) 

FBz = � Fz(i)
i=4

i=1

  (3.26) 

 

3.2.3 Determination of magnetic forces via the finite element 

method 

The problem of determining the forces on the magnetised rotor shown in Figure 

3-5 can be described by partial differential equations (PDEs). As the movement 

of the rotor is slow, the problem is a magnetostatic problem, and it is possible 

to consider only the magnetic forces in the FE model. The governing equations 

demonstrate how the magnetic flux transfers from the magnets (point sources), 

though the airgap, to the steel hub and produces magnetic forces on the hub 

(Kovetz, 2000): 

𝛁𝛁 ∙ 𝐁𝐁 = 0  (3.27) 
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𝐇𝐇 = − 𝛁𝛁 ∙ 𝐕𝐕𝐦𝐦  (3.28) 

𝐁𝐁𝟏𝟏𝐧𝐧𝟏𝟏 = 𝐁𝐁𝟐𝟐𝐧𝐧𝟐𝟐  (3.29) 

𝐁𝐁 = �

μ0(𝐇𝐇 + 𝐌𝐌) ,              in the magnet 
𝛍𝛍𝛍𝛍 ,                               in the airgap 

f(∥ 𝐇𝐇 ∥)
𝐇𝐇

∥ 𝐇𝐇 ∥
,     in the steel hub 

  (3.30) 

𝐅𝐅 = � 𝐧𝐧𝟏𝟏𝐓𝐓𝟐𝟐dS
 

∂Ω1

  (3.31) 

𝐓𝐓𝟐𝟐 = −𝐩𝐩𝐩𝐩 − �
𝛆𝛆𝟎𝟎

2
𝐄𝐄 ⋅ 𝐄𝐄 +

1
2μ0

𝐁𝐁 ⋅ 𝐁𝐁� 𝐈𝐈 + 𝛆𝛆𝟎𝟎𝐄𝐄𝐄𝐄𝐓𝐓 +
1

μ0
𝐁𝐁𝐁𝐁𝐓𝐓  (3.32) 

Eq. 3.27 and Eq. 3.28 are basic equations in magnetostatics, where 𝐁𝐁 is the 

magnetic flux density; 𝐇𝐇  is the external magnetic strength; and 𝐕𝐕𝐦𝐦  is the 

magnetic scalar potential. The transfer of magnetic fields between different 

materials is described by Eq. 3.29, where 𝐧𝐧  is the surface normal of the 

materials. Eq. 3.30 gives the magnetisation models of the magnet, air and steel 

hub, where 𝛍𝛍  is a matrix representing the magnetic permeability of the 

corresponding material. To calculate the magnetisation of the steel hub, the 

external magnetic strength (𝐇𝐇) is expressed as a function of the Magnetic flux 

density 𝐁𝐁, where the unit vector ( 𝐇𝐇
∥𝐇𝐇∥

) gives the direction of the magnetic strength 

(𝐇𝐇).  Eq. 3.31 yields the magnetic force (𝐅𝐅) on the steel hub, where 𝐧𝐧1 is the 

surface normal of the hub and 𝐓𝐓𝟐𝟐 is the stress tensor of the surrounding air. The 

stress tensor of the surrounding air (𝐓𝐓𝟐𝟐) is shown by Eq. 3.32, where 𝐩𝐩 is the 
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air pressure, which is 0 in vacuum; 𝐈𝐈  is the 3-by-3 identity matrix. 𝐄𝐄  is the 

electric field, which is 0 in the current free model, and 𝛆𝛆𝟎𝟎 is the permittivity in air. 

The FE method implemented in COMSOL Multiphysics 5.6 software was used 

to solve the above set of PDEs. The mesh sensitivity was tested to balance the 

accuracy of the results and the computational time. The following setting was 

adopted: a 0.5 mm triangular mesh was used on the surfaces of the magnets 

and the inner surface of the steel hub, and a triangular mesh in the range of 

0.209–4.87 mm controlled by COMSOL software was employed for the 

remaining components (Figure 3-6 (b)). The boundary of the air domain ((i) in 

Figure 3-6 (a)) was set to reduce the calculation time. The magnetic flux density 

of each magnet was measured by a Gauss meter. As in the case of the 

analytical models, the B‒H curve was also used to model how steel 

components react to a magnetic field. All the parameters (Table 3-1) were built 

in COMSOL via a laptop with an Intel i7 10th generation processor, an RTX 

2070MQ GPU and 32 GB of RAM. 
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(a) geometry: (i) air domain, (ii) steel hub, (iii) – (vi) magnets (M01, M02, 
M03 and M04) and (vii) magnet holder 

 

(b) mesh 

Figure 3-6 FE model of the cylindrical rotor-stator problem. 
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3.3 Experiment 

Experiments were conducted to validate the MMF and FE methods as applied 

to the cylindrical rotor-stator problem. The experimental setup is shown in 

Figure 3-7. The movement of the rotor was controlled by a Staubli TX90L 

collaborative robot arm with a touch-sensitive cover, and the steel components 

were fixed on a table. The magnetic forces between the magnet and the steel 

hub were determined at different positions via an ATI ‘Theta’ force/torque (FT) 

sensor fixed on the table. The magnetic flux density of the magnets is measured 

by a Gauss meter (Model: San Liang TS200). Static measurements were taken 

in the experiments; thus, Lenz’s law can be neglected. Each experiment was 

repeated 3 times, and 300 data points were recorded for each position of the 

rotor. Table 3-1 lists all the parameters for the problem. 

 

Figure 3-7 Experimental setup for the cylindrical rotor-stator problem: (a) Staubli TX90L Touch 
(robot), (b) magnet holder, (c) magnets, (d) steel hub, (d) holder of the steel hub and (f) ATI 
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Theta (FT sensor). Both the magnet holder and the holder of the steel hub were made of 
plastic, which did not affect the magnetic force. 

Table 3-1 Parameters of the cylindrical rotor-stator problem. 

No Parameters Symbol Values Unit 

1 Magnetisation of magnet 1 M01 -163.50 kA/m 

2 Magnetisation of magnet 2 M02 162.24 kA/m 

3 Magnetisation of magnet 3 M03 164.92 kA/m 

4 Magnetisation of magnet 4 M04 -174.40 kA/m 

5 Length of the steel hub Lb 30 mm 

6 Length of the magnet holder Lh 25 mm 

7 Length of the magnet Lm 25 mm 

8 Inner radius of the steel hub Rbi 39.5 mm 

9 Outer radius of the steel hub Rbo 59.5 mm 

10 Radius of the magnet holder Rh 33.5 mm 

11 Inner radius of the magnet Rmi 33.5 mm 

12 Outer radius of the magnet Rmo 37.5 mm 

13 Angle between magnets θMp 90 Degree 

14 Angle of cylindrical magnet θM 45 Degree 

15 Weight of the magnets and the 
holder 

m 0.327 kg 

16 Dynamic friction coefficient 
between the magnet and the 

hub 

μf 0.42 - 

17 Calculating factor for correcting 
the material magnetic 

permeability in the B-H region  

μfactor 100 - 

18 Magnetic permeability of 
vacuum 

μ0 4π10-7 H/m 
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3.4 Results 

Figure 3-8 shows the magnetic forces and disassembly force at different rotor 

positions. The X movement range X (-1.5 to 1.5 mm) and Y movement range (-

1.3 to 1.3 mm) are different because of the imperfect structure of the magnet 

holder in the experiment. The magnetic forces experienced in the positive 

positions (i.e., X = 0 to 1.5 mm; Y = 0 to 1.3 mm) and negative directions (i.e., 

X = 0 to -1.5 mm; Y = 0 to -1.3 mm) are caused by the different magnetic fields 

from magnets (Figure 3-8 (a) and (b)). For movements in the X-Y plane (i.e., 

the radial plane), with the rotor located inside the stator (at Z = 0 mm), the forces 

obtained via the FE and MMF methods agree well with those determined 

experimentally (Figure 3-8 (a) and (b)). The average error rates of the FE 

method and MMF method are 16.7% and 26.3 %, respectively. The FE method 

performed better when the rotor was moved along the Z direction (i.e., the axial 

direction) (Figure 3-8 (c)). However, it is difficult to determine the magnetic 

forces accurately via the MMF method when the magnet is located near the top 

of the steel hub (Z ≈ 30 mm), where the magnetic flux concentrates at the corner 

of the magnet (Figure 3-8 (c) and (e)). As shown in Figure 3-10 (f), the FE 

method can address this corner effect. Figure 3-8 also shows that the peak 

magnetic forces obtained via the two methods are similar. 
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(a) Magnetic force X vs Position X (b) Magnetic force Y vs Position Y 

  

(c) Magnetic force Z vs Position Z (d) Magnetic force X vs Position Z at X = -
1.43 mm 

  

(e) Magnetic force Z vs Position Z at x = -
1.43 mm 

(f) Total disassembly force 

Figure 3-8 Validation of the experiment, the MMF and the FE methods and the results of the 
total disassembly force. 
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Appendix B presents the FE simulation results for the cases of the rotor moving 

along the X, Y and Z directions relative to the stator. To find the optimal 

disassembly path, the magnetic forces on the rotor are considered. The 

resultant magnetic forces along X or Y are significantly increased when the 

magnets are close to the left or right side of the hub, as the magnetic fields are 

concentrated on one side (Figure 3-9 (a), (d) and (c) (f)). However, the forces 

are smaller at the centre of the steel hub because the magnetic forces cancel 

out (Figure 3-9 (b) and (e)). Moreover, radial movements in the X and Y 

directions cause significant changes in the magnetic force when the offset 

position (X=-1.43) and central position (Figure 3-8 (a) and (b)) are compared. 

However, they have limited effects on the axial magnetic force Z (Figure 3-8 (c) 

and (e)). 
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(a) at Z = 0 mm and X = - 1.5 mm (b) at Z = 0 mm and X = 0 mm 

  
(c) at Z = 0 mm and X = 1.5 mm (d) at Z = 0 mm and Y = - 1.3 mm 

  
(e) at Z = 0 mm and Y = 0 mm (f) at Z = 0 mm and Y = 1.3 mm 

Figure 3-9 Rotor motion in the X and Y directions. The colour table represents the magnetic 
flux density norm. The red arrows represent the proportional magnetic flux density in the X, Y 
and Z directions, and the block arrow represents the proportional resultant magnetic force of 

the magnet. 
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(a) at Z = 0 mm and X = 0 mm (b) at Z = 16 mm and X = 0 mm 

  
(c) at Z = 30 mm and X = 0 mm (d) at Z = 0 mm and X= -1.43 mm 

  
(e) at Z = 16 mm and X = -1.43 mm (f) at Z = 30 mm and X = -1.43 mm 

Figure 3-10 Rotor motion in the Z direction: (a), (b) and (c) with the rotor and stator 
remaining concentric and (d), (e) and (f) with the rotor axis offset by -1.43 mm along the 

X direction relative to the stator axis. The colour table represents the magnetic flux 
density norm. The red arrows represent the proportional magnetic flux density in the X, Y 

and Z directions, and the block arrow represents the proportional resultant magnetic 
force of the magnet. 
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The total disassembly force is minimal at the centre of the steel hub (9.84 N at 

X = 0 mm) compared with that in the contact condition (13.14 N at X = -1.6 mm) 

and the offset condition (14.33 N at X = -1.3 mm) (Figure 3-8 (f)). Thus, 

compared with the disassembly force under the contact condition and the offset 

condition, the maximum disassembly force in the balanced non-contact case is 

38% and 49% lower, respectively. The best way for a robot to remove the rotor 

would be to lift it out of the steel hub while keeping it concentric with the hub 

(i.e., X = Y = 0 mm). In addition to requiring the minimum disassembly force, 

this also prevents surface damage to both components. 

3.5 Summary 

A model to calculate the magnetic forces has been generated via the MMF 

method. The average error rates of the FE method and MMF method are 16.7% 

and 26.3 %, respectively. Compared with the FE method, the MMF method 

works as a fast model for computing magnetic forces, but it is difficult for the 

MMF method to accurately determine magnetic forces along the axial direction 

of the rotor because of corner effects. The FE method enables corner effects to 

be accounted for but requires high-performance computers and a long 

computational time. The potential use of this MMF model is merged into robotic 

control programs to achieve a fully automatic disassembling process, in which 

magnetic forces are determined during motor disassembly and input to the 
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MMF model. Then, optimised disassembling positions are output back to be 

executed by the robot. 

The optimal disassembly strategy is to keep the rotor concentric with the stator 

to eliminate radial magnetic forces on the rotor while withdrawing it axially. In 

this central position, the magnetic forces along the radial direction are balanced, 

so the rotor does not attach to the stator, and the total disassembly force 

consists only of the weight of the rotor and the magnetic force along the axial 

direction. Thus, compared with the disassembly forces under the contact and 

offset conditions, the maximum disassembly force is lower. Therefore, as the 

proposed robotic method for disassembling PM motors, this strategy helps 

reduce the total disassembly force and avoids damage to the rotor and stator 

surfaces. 

However, in practice, challenges remain due to unstable magnetic fields and 

the imperfect symmetry of the rotor and stator structures. Thus, the rotor 

position where lateral magnetic forces are minimised might not be at the exact 

centre of the stator. To take these practical imperfections into account, future 

work might focus on improving the accuracy of the MMF method by 

experimentally determining the magnetic permeability of the steel hub. 
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Chapter 4 Unbalanced magnetic pulling 
problems in disassembly 

4.1 Problem description 

In the previous chapter, the author proposed a model to calculate magnetic 

forces via the MMF method and the FE method. Compared with the FE method, 

the MMF method demonstrated reasonably high accuracy in estimating 

magnetic forces while requiring significantly shorter computation times, and it 

does not necessitate the use of high-performance computing resources. 

However, a critical problem, which significantly affects the magnetic force, is 

defined as the unbalanced magnetic pulling force (UMPF) problem. This 

problem is caused by differences in magnetic poles and complicates the 

identification of positions where magnetic forces are minimised in the horizontal 

directions. This section explores the UMPF problem in detail and proposes 

enhancements to the MMF model to more accurately predict the optimal force 

positions for robotic disassembly applications. 

The UMPF problem in the motor disassembly scheme is defined in this section. 

UMPF problems are caused by uneven distributions of magnetic fields on the 

rotor. Five different cases are defined on an EOL surface-mounted permeant 

magnet motor in the disassembly stage. The full pole is a normal condition of a 

motor, in which the magnetic field of each magnet is slightly different because 

of quality issues in manufacturing (Figure 4-1 (a)). One-pole failure might occur 
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due to magnet breakage or damage from high temperatures (Figure 4-1 (b)). 

This also happens when 2 poles fail in the symmetrical structure (Figure 4-1 (c)) 

and in the asymmetrical structure (Figure 4-1 (d)) of the rotor. Multipole failure 

might occur during firing or burning on one side of the motor and might be 

caused by short circuits on coils or cables (Figure 4-1 (e)). 

     

     
(a) (b) (c) (d) (e) 

Figure 4-1 Description of 5 cases of the UMPF problem in motor disassembly: (a) full poles, 
(b) 1 pole missing, (c) 2 poles missing symmetrically, (d) 2 poles missing asymmetrically and 

(e) poles 1–6 missing. 
 

Relative to the disassembly process, the airgap design, intended to manage 

thermal effects in a range between 0.7 and 1.5 mm, allows the rotor to move 

within the stator during disassembly. The robotic disassembly process 

demands that the rotor remains parallel to the stator under no contract 

conditions, which prevents surface damage to both the rotor and stator. To 

reduce the disassembly forces, the best disassembly position is defined such 

that the lateral resultant magnetic forces are minimised in the airgap. The key 

problem is to find the best disassembly position in the 5 cases in the airgap. In 

other words, this can also be explained as an optimisation problem between 
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the disassembly position in the airgap and the disassembly force. To solve this 

problem, magnetic forces are calculated on the basis of the magnetic field at 

different positions in the airgap. On the basis of previous studies, the MMF 

method is a better option than the FE method for solving this problem in terms 

of time consumption and equipment requirements. The accuracy of the MMF 

method can be improved by measuring magnetic hysteresis (B‒H curve) from 

the material; then, the improved MMF method is applied to the UMPF problem 

in the motor disassembly stage. 

With respect to experiments and validations, Cuellar et al. (2012) reviewed 

different methods for magnetic hysteresis determination, and a common 

method is experimental measurement in which coils generate induction 

magnetic fields when currents pass through (Kis et al., 2004; Lu, Zhu and Hui, 

2007 and Lu et al., 2021). However, employing coils might cause challenges in 

performing experiments within a robotic disassembly workstation. Therefore, 

the author considers measuring the B‒H curve by using a robot and Force 

Torque (FT) sensor at room temperature. 
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4.2 Methodology 

4.2.1 Fitting the B-H function applied on MMF 

Eq. 4.2 is derived from Eq. 4.1, the widely used equation for calculating 

magnetic forces, where the magnetic forces (Fxt) are determined from the FT 

sensor and the magnetic flux density of the magnet (Brt ) is measured by a 

Gauss meter in the experiment. Eq. 4.3 is employed to calculate the magnetic 

flux density in the airgap (Bgt). 

Fxt(xt, zt) = −
Bgt(xt)2Ab(zt)

2μfitting
 (4.1) 

μfitting = −
Bgt(xt)2Ab(zt)

2Fxt(xt, zt)  
(4.2) 

Bgt(xt) = �
Brt

xt + Tmt
μrt_mag

� �
Tmt

μrt_mag
� �

Amt

Agt
� 

(4.3) 

where Ab  and Amt  are the cross-sectional areas of the steel hub and test 

magnet, respectively (Eqs. 4.4 and 4.5). 

Ab(zt) = (Lr − |zt|) ∗ Wb (4.4) 
Amt(zt) = (Lmt − |zt|) ∗ Wmt (4.5) 
  

4.2.2 Magnetic unbalancing pulling problem in motor 

disassembly 

The initial MMF model for motor disassembly was introduced in the previous 

chapter. A similar model is developed to calculate the position on the X and Y 

planes where the resultant magnetic forces are minimised (Figure 4-2). For 
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simplicity, the slot structures are neglected, and the rotor and stator are 

assumed to be smooth cylinders in the MMF model. Importantly, the magnetic 

forces along the Z direction are considered negligible because of their minimal 

impact on the total disassembly force when the positions are changed. 

   
(a) (b) 

Figure 4-2 MMF model for motor disassembly: (a) diagram of rotor disassembly from a hub 
(3D view) and (b) positions of the magnet and hub on the X and Y planes (top view). 

The distance is calculated by the coordinates of the magnet and the steel hub 

(Eq. 4.6) and the resulting magnetic force in the X- and Y-directions (Eqs. 4.9 

and 4.10). The geometries of the rotor and steel hubs are described in Eq. 3.16, 

Eq. 3.17, Eq. 3.24 and Eq. 3.25.  

dg(i, x, y) = �(x′
B(i) − x′

M(i))2 + (y′
B(i) − y′

M(i))2 (4.6) 

Bg(i, x, y) =

⎝

⎛ Br(i)

dg(i, x, y) + Tm(i)
μrmag ⎠

⎞ �
Tm(i)
μrmag

� �
Am(i)
Ag(i)

� 
(4.7) 

Fi(i, x, y) =
Bg(i, x, y, z)2Ab(i)

2μfitting
 (4.8) 

Fx = � Fi sin θi (4.9) 

Fy = � Fi cos θi (4.10) 
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4.3 Experiments 

Experiment 1 aims to determine magnetic forces when the magnet approaches 

the steel hub (Figure 4-3 (a)). Then, the magnetic hysteresis is calculated on 

the basis of the determined magnetic forces and positions. The structure of 

experiment 1 is that a single piece of permanent magnet is attached to the FT 

sensor (model: ATI Omega 85), and the FT sensor is installed onto the end 

effector of the Staubli TX90L collaborative robot arm with a touch-sensitive 

cover. The magnetic flux density of the magnet is measured by a Gauss meter 

(Model: San Liang TS200). The steel hub is fixed on a table. The robot moves 

the magnet approaching the hub in the X direction. The FT sensor determines 

1000 data points at each position, and the experiment is repeated 5 times. 

Experiment 2 aims to validate the magnetic forces calculated from the MMF 

model at different positions within the hub (Figure 4-3 (b)). The structure of the 

hub is the same as that in experiment 1. In contrast, a rotor, which has 12 

magnets, is fixed onto the FT sensor in experiment 2. The magnet can be 

disassembled from the rotor to validate the 5 different cases. The rotor is moved 

by the robot within the stator to validate the result of the MMF model. Ten 

random measurements are taken at different positions in each case, and each 

position has 1000 force data recordings. The key parameters of both 

experiments are shown in Table 4-1. 
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(a) 

 
(b) 

Figure 4-3 Experiments: (a) experiment of measuring the force and distance to calculate the 
B‒H curve and (b) experiment of measuring the magnetic force at distances to calculate the 

B‒H curve. 

Table 4-1 Key parameters of 2 experiments in the UMPF problem. 

No Parameters Abb Values Unit 
1 The cross-sectional area of the steel hub Ab Calculated mm2 
2 The cross-sectional area of the airgap Ag =Am mm2 
3 The cross-sectional area of the test airgap Agt Calculated mm2 
4 The cross-sectional area of the magnet Am Calculated mm2 
5 The cross-sectional area of the test magnet Amt Calculated mm2 
6 The magnetic flux density just above the hub Bg Calculated T 

7 The magnetic flux density just above the hub 
in test Bgt Unknow T 

8 The flux density of magnet 1 on the rotor Br1 0.1325 T 
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9 The flux density of magnet 2 on the rotor Br2 0.1725 T 
10 The flux density of magnet 3 on the rotor Br3 0.1609 T 
11 The flux density of magnet 4 on the rotor Br4 0.1615 T 
12 The flux density of magnet 5 on the rotor Br5 0.1524 T 
13 The flux density of magnet 6 on the rotor Br6 0.1646 T 
14 The flux density of magnet 7 on the rotor Br7 0.1533 T 
15 The flux density of magnet 8 on the rotor Br8 0.1497 T 
16 The flux density of magnet 9 on the rotor Br9 0.1491 T 
17 The flux density of magnet 10 on the rotor Br10 0.1588 T 
18 The flux density of magnet 11 on the rotor Br11 0.1522 T 
21 The flux density of magnet 12 on the rotor Br12 0.1496 T 

22 The flux density of magnet for measurement of 
magnetic permeability Brt 0.1563 T 

23 Total magnetic forces F Unknown N 
24 Resultant magnetic forces along X direction Fx Unknown N 
25 The test magnetic forces along x Fxt Determined N 
26 Resultant magnetic forces along Y direction Fy Unknown N 
27 The distance between the magnet and the hub g Calculated mm 
28 The length of the steel hub Lb 30 mm 
29 The length of the test magnet Lmt 25 mm 
30 Position of the rotor after movement P′

M Calculated - 
31 The inner radius of the steel hub Rbi 39.5 mm 
32 The outer radius of the steel hub Rbo 59.5 mm 
33 The inner radius of the magnet Rmi 32.5 mm 
34 The outer radius of the magnet Rmo 35.5 mm 
35 The thickness of the steel hub Tb 15 mm 
36 The thickness of the test magnet Tmt 3 mm 
37 The width of the hub Wb 10 mm 
38 The width of the test magnet Wmt 10 mm 

39 Movement on X direction on global coordinate 
system x Determined mm 

40 X original position (at the centre of the hub) x0 0 mm 

41 X position of magnet after movement in global 
coordinate system x′

M Calculated mm 

42 The test magnet movement along x xt Determined mm 

43 Movement on Y direction on global coordinate 
system y Determined mm 

44 Y original position (at the centre of the hub) y0 0 mm 

45 Y position of magnet after movement in global 
coordinate system y′

M Calculated mm 

46 The test magnet movement along z zt Determined mm 
47 Magnetic permeability by a fitting function μ�itting Unknown H/m 
48 Magnetic permeability of the test magnet μrt_mag 1.05 H/m 
49 The angle between magnets θi 30 Deg 
50 The angle of cylindrical magnet θm 8.46 Deg 
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4.4 Results 

4.4.1 B-H curve fitting function 

 
(a) 

 
(b) 

Figure 4-4 Plots of the fitting function: (a) data generation for the B-H curve and (b) fitting 
function for the B-H curve. 
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The blue circles represent the original points determined from the experiment 

(Figure 4-4 (a)). The red stars represent the generated data, and appropriately 

generated data help to fit the B‒H curve easily (Figure 4-4 (b)). The 

determinations are not distributed even when the magnet approaches the steel 

hub, and the magnetic forces are significantly different at small distances from 

the steel hub; however, the determinations are not sensitive at large distances. 

Too much or too little data leads to function overfitting or underfitting. Hence, 

generating additional data points aids in establishing a more even distribution, 

which facilitates the fitting of the B‒H curve. Therefore, 300 data points are 

generated on the basis of 100 original measuring points from the experiment, 

and a 9-order polymodal equation, as a fitting function, is employed as a 

regression function to describe the behaviour of magnetic hysteresis (Eq. 4.11). 

The R-square (R2) for this regression of the B‒H curve was 0.999. Eq. (4.11) is 

used in Eq. (4.8), providing magnetic permeability to calculate magnetic forces 

when the values of magnetic flux density in the airgap are input (Bg(i, x, y)). 

μfitting�Bg� = −8.594E4 Bg
9 + 8.246E4 Bg

8 − 3.481E4 Bg
7 + 8489Bg

6

− 1319Bg
5 + 135.5Bg

4 − 9.213Bg
3 + 0.4009Bg

2

− 0.01017Bg + 0.0001163 

(4.11) 

  

4.4.2 Magnetic unbalancing pulling problem in motor 

disassembly 

It is very difficult to determine where the resultant magnetic forces are exactly 

equal to 0 because of unstable magnetic forces, the resolution of the FT sensor 



82 

and the resolution of the robot in the experiment. Therefore, the positions where 

the resultant magnetic forces are less than 1 N are considered the force 

optimised positions so that this area is acceptable for disassembling the motor. 

To reduce time consumption in the calculation, it is important to know that the 

MMF model calculates only positions where the resultant magnet forces are 

most likely minimised rather than calculating the entire area of the air gap within 

the steel hub. 

Overall, most of the experimental results agree well with the plot from the 

improved MMF model. The success rates reached 90% agreement in the case 

of full poles  (Figure 4-5 (a)) and achieved a 100% match when pole 3 was 

missing (Figure 4-5 (b)), poles 3 & 9 were missing (Figure 4-5 (c)), and poles 3 

& 11 were missing (Figure 4-5 (d)). However, the calculation results 

demonstrate poorer performance in the case of 1–6 pole missing (Figure 4-5 

(e)) because of differences between the MMF model and experiment. To 

eliminate the removal of magnetic fields in the experimental set up, magnets 1 

to 6 were removed from the rotor so that the diameter of the rotor is reduced by 

the thickness of the magnet. Hence, the rotor enables movement extremely 

close to the edge of the stator. However, in the MMF model, the magnetic field 

can be eliminated by setting it to 0 without changing the geometry of the rotor. 

Therefore, the diameter of the rotor is different between the MMF model and 

the experiment, leading to calculated results being smaller than the 

experimental results. Fortunately, the general trend of the plot matches the 
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experimental results; therefore, all the calculated results are acceptable for 

analysis. 

The key findings highlight that reducing the distance between the magnet and 

the steel hub increases magnetic forces, and when poles are missing, the 

magnetic forces are decreased, allowing the disassembly movement of the 

rotor to proceed unaffected by these forces. However, the magnetic forces are 

still increased significantly because of the magnets in where neighbouring the 

missing pole when the rotor moves too close to the steel hub. The findings are 

applied to 5 different cases of the UMPF problem in motor disassembly. First, 

in the full pole case, the resulting magnetic forces are not unbalanced because 

the magnetic fields are not distributed evenly across the 12 magnetic poles on 

the rotor. However, the force-optimised points are still around the centre of the 

stator. Relative to the motor disassembly process, these slight differences in 

magnetic fields have limited impacts on the disassembly position, which still 

remains around the centre of the stator in the case of full poles. Moreover, in 

the case where pole 3 is missing, the areas are expanded in the direction of 

pole 3. The same happens in the case of poles 3&9 missing and the case of 

poles 3&11 missing; the asymmetrical pole missing might lead to a larger 

disassembly area. Therefore, the force optimised positions increase around the 

centre of the stator when magnetic poles are missing, considering the motor 

disassembly process. Finally, the force optimised positions are very offset to 

the side on which the magnets are removed when poles 1–6 were missing. 
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Thus, the side of the rotor where the magnets are missing is moved closer to 

the edge of the stator. 

 

(a) Force prediction and test results in the full pole case 

 

(b) Force prediction and test results in the pole 3 missing case 
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(c) Force prediction and test results in the poles 3&9 missing case 

 

(d) Force prediction and test results in the poles 3&11 missing case 
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(e) Force prediction and test results in poles 1–6 missing case 
Figure 4-5 Plots of the MMF and experimental results. The black points represent the 
calculated resultant magnetic forces on the X- and Y-planes via the improved MMF 

method. The red points are the resultant magnetic forces determined from the 
experiment. 

 
 
 

4.5 Summary 

This chapter defines 5 different cases of the UMPF problem in motor 

disassembly. The MMF model is improved by the B‒H curve fitting function, 

which is determined by the FT sensor on the robot. The improved MMF, as a 

minimum time consumption and reasonable accuracy method, calculates 

magnetic forces on the basis of the disassembly positions in the airgap. 

Validating the experiment, 4 cases, including cases of full poles, pole 3 missing, 

poles 3&9 missing, and poles 3&11 missing, achieved at least a 90% success 

rate. However, the MMF model has worse performance when 1–6 poles are 

missing because of the diameter difference between the MMF model and the 
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experiment. However, the trends are in good agreement. Therefore, compared 

with the FE method, this improved MMF method can be used for large 

calculation points, considering time consumption and equipment requirements. 

The key findings are highlighted as follows: 1. Slightly different magnetic fields 

have limited impacts on the force optimum positions, so the disassembly 

positions are still around the centre of the stator. 2. Similarly, when a few 

magnets are removed, the total area of the force optimum positions increases 

around the centre of the station. 3. The worst performance in the MMF model 

is that most magnets are removed on one side because of the difference in the 

diameter of the rotor between the MMF model and the experiment; thus, the 

force-optimised position is moved to the edge where magnets are missing. In 

this case, the robot needs to be adjusted to the rotor to offset the position to 

reduce the total dissembling force. The improved MMF model can be integrated 

with robot control software to achieve fully automatic disassembly. 
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Chapter 5 Press-fit component 
disassembly and coil disassembly 

5.1 Problem description 

Following the solutions provided in chapters 3 and 4, the problem of the 

Unplugging task (T.3) has been addressed. The problems of the Unscrewing 

task (T.5) and Pick and place task (T.6) have been well studied according to the 

literature review (Chapter 2). Thus, this chapter addresses the remaining 

problems in electric motor disassembly, including Press-in task (T.1), Press-on 

task (T.2) and Coil disassembly task (T.4). 

The Press-in task (T.1) and Press-on task (T.2) describe the interference fit 

components on the motor. In the Press-in task (T.1),  is defined that the Bearing 

(large) (A.2) is installed and hidden in the Front cover (A.1) (Figure 5-1 (a)), and 

in the Press-on task (T.2), the Rotor set (B) is fixed on the Front cover (A.1) 

(Figure 5-1 (b)). A bearing puller is a common solution in both the Press-in task 

(T.1) and Press-on task (T.2) in the manual process, in which the bearing is held 

by a hook and pulled out by a rotating thread. 



89 

  

(a) Press-in task (T.1) (b) Press-on task (T.2) 

Figure 5-1 Description of Press-in task (T.1) and Press-on task (T.2) on product views. 

The Coil disassembly task (T.4) is the remaining unresolved issue; however, 

the coils, which are made of copper material, are highly valuable in the motor. 

There are 2 different winding methods: one way is that the copper wires are 

wound on each slot in the stator (Figure 5-2 (a)), and the other approach is that 

the copper wires are tight and inserted into the slots in the stator (Figure 5-2 

(b)). Owing to difficulties in the disassembly of tangle coils, common solutions 

in industry are coils burning and cutting. 
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(a) Coil winding on each slot (b) Coil inserted in slots in stator 

Figure 5-2 Description of coil disassembly in 2 copper winding methods. 

5.2 Methodology 

5.2.1 Force analysis for the Press-in task (T.1) and Press-on 

task (T.2) 

To address the disassembly problems associated with the Press-in task (T.1) 

and Press-on task (T.2), it is necessary to study the disassembly forces to 

remove press-fit components. The author studies the example of the Press-on 

task (T.2) disassembly problem, in which the shaft of the Rotor set (B) has 

pressed into the Bearing (large) (A.2). A potential automated solution in which 

a puller (red part) applies forces on the shaft (blue part) to push it out from the 

bearing (green part) (Figure 5-3 (a)). In the left part of the model, the 

disassembly forces are the pushing force required from the device (Fp ) and the 

force loss (Floss) (Figure 5-3 (b)). 
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(a) Model of Press-on task (T.2) (b) Force analysis of Press-on 

task (T.2) 

Figure 5-3 Model of the Press-in disassembly problem. 

An analytical model was developed to study interference component assembly, 

which strongly agreed with both the FEA results and the experimental results 

(Figure 5-4) (Wang et al., 2017). The same model can also be applied on Press-

in task (T.1) and Press-on task (T.2) disassembly problems (Eqs. 5.1-5.4). The 

resistant forces are negligible in the noncontracting region. 

  

(a) Press-fit model (side view) (b) Press-fit model (top view) 

Figure 5-4 An analytic method for press-fitted component assembly (Wang et al., 2017). 
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(5.1) 

Ff = 2πr2LcPf (5.2) 

Floss = Ff ∗ cosθ (5.3) 

Fp = Ff ∗ sinθ (5.4) 

where the P is the pressure applied on the contact surface (Pa); Z is the half of 

interference value; E1  and E2  are Young’s modulus of the shaft (B) and the 

bearing (A.2) (GPa); v1  and v2  are Poisson’s ratios of the shaft (B) and the 

bearing (A.2); Young’s modulus and Poisson’s ratios are assumed as the same 

in the paper (Wang et al., 2017); f is friction coefficient; Lc is the contact length 

(mm); r1, r2 and r3 are the inner radius of the Shaft (B) (mm), the outer radius 

of the Shaft (B) or the inner radius of the Bearing (large) (A.2) and the outer 

radius of the Bearing (large) (A.2) (mm); θd is deflection angle (degrees); Ff is 

frictional force (N); Floss is force loss (N) and Fp is pulling/pushing force required 

from device (N). 

Table 5-1 summarises the parameters used for the force calculation in the 

analytical model. The interference value (Z) is assumed to be H7/k6 on the hole 

basis or K7/h6 on the shaft basis, defined by (Kiraly Tool., 2017) for transition 

fit. Interference tolerances are among the most common for bearing-to-shaft or 

bearing-to-case assemblies. In manual assembly processes, the shaft is 

inserted into the bearing by using a plastic hammer or a pneumatic press. The 

deflection angle (𝜃𝜃𝑑𝑑) occurs when the pusher is not parallel to the bearing; thus, 

the maximum deflection angle is assumed to be 5 degrees. 
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Table 5-1 Parameters for force calculation in the Press-in task (T.1). 

NO Parameters Symbols Values Unit 
1 Young’s modulus of the 

shaft (B) E1 157 
(Wang et al., 2017) GPa 

2 Young’s modulus of the 
bearing (A.2) E2 186 

(Wang et al., 2017) GPa 

3 Poisson’s ratio of the shaft 
(B) v1 0.34 

(Wang et al., 2017) - 

4 Poisson’s ratio the bearing 
(A.2) v2 0.30 

(Wang et al., 2017) - 
5 Friction coefficient f 0.09 - 
6 Contact length L 13.7 mm 
7 Contact pressure P 1.96E7 Pa 
8 Inner radius of the shaft (B) r1 0 mm 

9 
Outer radius of the shaft 
(B) or Inner radius of the 

bearing (A.2) 
r2 12.5 mm 

10 Outer radius of the bearing 
(A.2) r3 16.05 mm 

11 Half of interference value Z 5 
(Kiraly Tool, 2017) 

μm 
12 Deflection angle θd 5 Deg 
13 Frictional forces Ff 2.24E3 N 
14 Force loss Floss 195.60 N 
15 Pushing force required 

from device Fp   2.44E3 N 

 

The results indicate that a frictional force (Ff ) of 2.24E3 N is required to 

disassemble the Rotor set (B) from the Bearing (large) (A.2). The pushing force 

(Fp  ), also referred to as the disassembly force, exceeds 2.44E3N from the 

device. This value will be used in the designs of devices in both the Press-in 
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task (T.1) and Press-on task (T.2) disassembly problems. The designs for the 

Press-in task (T.1) and Press-on task (T.2) will be validated in the experiment. 

 

5.2.2 Control strategy for the Coil disassembly task (T.4) 

One single coil set is wound with a long copper wire. The ideal solution involves 

cutting one end of the copper wire and rotating it to release winding until the 

whole coil is removed from the stator. However, winding coils twine and overlap; 

thus, the main difficulties in non-destructive methods are (1) locating the end of 

the copper wire and (2) unwinding the twinned coil. Moreover, some coils are 

adhesively bonded to enhance their structure under high-temperature working 

conditions. To disassemble the coil in industry, one of the most common 

methods is to burn copper coils at high temperatures. This burning process 

weakens and breaks coil sets, allowing them to be easily removed from the 

stator. However, compared with the industrial solution, a destructive 

disassembly method is considered a more effective solution. Among the 

available options, robotic milling is a cost-effective method compared with 

burning the stator after coil disassembly. Force analyses of the robotic milling 

process and robotic trajectory are presented below. 

5.2.2.1 Force control strategy 

A model of coil milling is presented in this section (Figure 5-5). The coil milling 

process involves a spinning milling bit (orange part) moving through the coils 

(green part). The target is to cut off the coils without damaging the stator 
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structure (blue part). The main key factors for calculating the cutting force (Fcut) 

include the geometry of the milling tool, depth of cut (Dcut), robot feeding speed 

(vcut) and spinning speed of the milling bit (vspin). To simplify the model, the 

depth of the cut (Dcut), milling tool and spinning speed of the milling bit (vspin) 

are considered constant and are determined by the milting tool and milling bit, 

whereas the robot feeding speed (vcut) is variable during the milling process. 

The force control strategy aims to balance the cutting force (Fcut) and robot 

feeding speed (vcut). If the feed speed is too high, it may damage the cutting 

tool, whereas if it is too low, it will slow down the coil disassembly process. 

 

Figure 5-5 Model of coil milling in cross-sessional view. 

The milling process has been extensively developed via both analytical models 

and numerical methods, as highlighted in the literature review. However, these 
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models typically require precise specifications of the workpiece, and the shape 

of the cutting tool is specified. However, in this case, the shape of the milling bit 

is not specified, and the material of the copper alloy of coils is undefined. 

Consequently, these 2 uncertainties make accurate calculation of the cutting 

forces by existing milling methodologies challenging in the coil cutting process. 

 

The author developed a method to address the problem of balancing the cutting 

force (Fcut) and the robot feeding speed (vcut) during the milling process (Figure 

5-6). The maximum cutting force is defined as the force to break the milling bit, 

which is determined via a finite element model. To ensure safety, this maximum 

cutting force is set by reducing 30% of the reference force (F0).The cutting force 

(Fcut) is determined in real time via a force torque sensor during the milling 

process. The robot starts at an initial speed (v0). If the cutting force (Fcut) is less 

than the reference force (F0 ), the robot’s speed is increased by 5% of the 

current speed. Conversely, if the cutting force (Fcut) exceeds the reference force 

(F0 ), the robot stops moving, resets its speed to the initial speed (v0 ) and 

restarts its motion. The robot moves towards a series of target positions (Pn), 

and it stops when the target position (Pn) matches the end position (Pe). Further 

details regarding the milling path planned for the robot are provided in the next 

section. The key parameters for the milling process are shown in Table 5-2. 
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Figure 5-6 Flowchart of the force control strategy during the Coil disassembly task (T.4). 

Table 5-2 Key parameters for the Coil disassembly task (T.4). 

No Parameters Symbol Values Unit 
1 Spinning speed vspin 35000 RPM 

2 Depth of cut Dcut 0.55 mm 

3 Max cut of coil Dcoil 5.5 mm 

4 Initial speed v0 5 % 

5 Feeding speed vcut Variable % 

6 Cutting force Fcut 

Reading by FT 

sensor during 

milling process 

N 
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5.2.2.2 Milling path 

 

Figure 5-7 Robotic milling path on a single coil. 

The milling path on a single coil is programmed by point-to-point (PTP) 

movement in the robotic system (Figure 5-7). The robot starts at the 1st point, 

moves linearly to the 2nd point linearly (red line), and then moves downwards 

to the 4th point before moving back to the 3rd point. This zigzag milling path is 

repeated until all the designed points are processed. The robotic trajectories of 

the Coils (C.1–C.12) on the Stator set (C.13) are explained in Appendix G. 
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5.2.3 Experiment set up for Press-in task (T.1) and Press-on 

task (T.2) 

Based on the proposed model, a device is designed for both Press-in task (T.1) 

and Press-on task (T.2). Functions of the device are summarised as: 

(1) Hook mechanism: Two hooks are designed to either hold and pull out the 

bearing or push the bearing out. Both hooks can move toward the centre into a 

closed position or move outwards into an opened position. These movements 

are powered by 2 pneumatic cylinders, each delivering a maximum force of 

3057.4 N at 10-bar air pressure (YHDFA, n.d.). 

(2) Bearing pusher: the bearing pusher controls the vertical movements of the 

hooks. It is driven by a single pneumatic cylinder, which provides a maximum 

force of 4929.4 N at 10-bar air pressure (YHDFA, n.d.). 

(3) The plate is designed to hold one component and remove the other 

components. In the press-in task (T.1), the Front cover (A.1) is held by the plate, 

and the Rotor set (B.1) is pulled out (Figure 5-8 (a)). In the Press-on task (T.2), 

the Front cover (A.1) is held by the plate, and the Bearing (large) (A.2) is pushed 

out (Figure 5-8 (b)). 

(4) All pneumatic cylinders are operated via solenoid valves controlled by a 

robotic controller. 

Further details regarding the device's design are provided in Appendix C. 
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(a) Experiment set up for Press-in task (T.1) 

 
(b) Experimental set-up for Press-on task (T.2) 

Figure 5-8 Experimental set-up for the Press-in task (T.1) and Press-on task (T.2). 
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5.2.4 Experiment set up for Coil disassembly tasks (T.4) 

Two tests are designed to validate coil disassembly in this section, as 

described in this section: 

• Test 1: This test focuses on milling a single wire at 50% and 100% of the 

robot speed (Figure 5-9 (a)). The goal is to evaluate the milling tool, robotic 

speed and FT sensor response during the milling process. 

• Test 2: This test investigates the performance of coil milling on hand-made 

coils by using the force control strategy or the fixed-speed strategy (Figure 

5-9 (b)). 

The key components used in this experiment are as follows (Figure 5-9 (c)): 

(i) Robot: the TechMan (TM) robot 14; 

(ii) Force Toque sensor: ATI Axia80-M50; 

(iii) Milling tool: Dremel 4250 Rotary Tool 175 W, which runs at 35000 RPM 

spinning speed; 

(iv) Milling bit: a general end mill from the Dremel tool for copper material 

cutting; 

(v) Milling fixture: a customised aluminium fixture designed to fix the milling 

tool on the robot; 

(vi) Coil: this is wound by a diameter 1 mm copper wire, which represents 

typical wire dimensions used in coil winding; 
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(vii) Wire/coil fixture: A 3D-printed plastic fixture is designed to hold the 

wires for the single wire test. The same setup was used for the coil milling 

test above. The coil winding is handmade on the fixture. 

 

 
(a) Experiment setup for the single wires milling 

 
(b) Experiment setup for the coil milling 
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(c) Overview equipment set-up 

Figure 5-9 Experimental setup for single wire milling and coil milling. 
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5.3 Results 

5.3.1 Results of the Press-in task (T.1) and Press-on task (T.2) 

This section presents key funding for the Press-in task (T.1) and Press-on task 

(T.2). The disassembly process is summarised as follows: In the Press-in task 

(T.1), (a) the hooks are initially closed and positioned to be inserted into the 

Bearing (large) (A.2), whereas the Front cover (A.1) is held by an electric 

gripper on the Staubli robot; (b) Once the hooks are fully inserted, they open to 

grip the Bearing (large) (A.2), and the robot releases its hold on the bearing; 

and (c) the bearing pusher then moves upwards and pushes out the Bearing 

(large) (A.2), while the Front cover (A.1) is retrained by the plate (Figure 5-10 

(a)). In contrast, a reverse process is implemented to push out the Rotor set (B) 

in the Press-on task (T.2). In this case, the bearing pusher moves hooks 

downwards to push the Rotor set (B) out from the Bearing (large) (A.2), while 

the Front cover (A.1) is held in place by the plate (Figure 5-10 (b)). However, 

the maximum force applied during operation is  calculated as 2240 N in the 

section 5.2.1. Unfortunately, the disassembly force is far greater than the range 

of the FT sensor in our lab. Video 1 about the Press-in task (T.1) and Video 2 

about the Pess-on task (T.2) are available to show this link:  

https://doi.org/10.6084/m9.figshare.27934512.v2  
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(a) Disassembly process of the Press-in task (T.1) 
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(b) Disassembly process of the Press-on task (T.2) 

Figure 5-10 Press-in task (T.1) and Press-on task (T.2) results. 

Several aspects of the design of the test setup could be improved. First, the 

pneumatic cylinder, which is used to remove the Bearing (Large) (A.2) or the 

Rotor set (B), may suddenly move at high speed when these components are 

released. This likely occurs when the required pushing or pulling force (Fp ) is 

very large. This issue arises because the airflow continues to be charged into 

the cylinder, resulting in a significant increase in the force. When the 

pushing/pulling force (Fp ) exceeds the frictional force (Ff), the Bearing (large) 

(A.2) or Rotor set (B) is pulled out or pushed down. The cylinder continues 

moving momentarily at a high speed, which poses a risk of damage, such as 

the hooks colliding with the plate during the Press-on task (T.2). To address this 
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issue, linear motors or hydraulic cylinders should be considered alternatives to 

pneumatic cylinders. These 2 options provide superior position control, 

particularly in applications requiring high disassembly forces, thus enhancing 

system reliability and safety. Second, the hooks are opened unevenly on the 

left and right sides. This issue occurs because the left and right hooks are 

individually driven by separate pneumatic cylinders, which may operate under 

differing pressure levels. An imbalance in air pressure causes the hooks to shift 

to one side during opening. To improve this design, pressure stabilisers might 

be implemented to balance the 2 different cylinders. Alternatively, replacing 

pneumatic cylinders with linear electric motors would provide improved position 

control and greater precision during operation. Third, most bearings are 

manufactured from metallic materials (steel), while the hooks are also made of 

steel. The friction of steel-on-steel conditions is relatively low, with a friction 

coefficient ranging from 0.5–0.8 (Engineering ToolBox, n.d.). Therefore, in the 

Press-in task (T.1), the bearing has a risk of slipping out from the hooks due to 

low friction between the 2 steel surfaces when the hooks are opened. To solve 

this problem, a friction-enhancing solution can be applied. For example, hooks 

can be coated with high-friction materials such as rubber. Alternatively, knurling 

could be machined on the surface of the hooks to improve grip strength and 

reduce the risk of slippage during operation. 
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5.3.2 Results of coil disassembly tasks (T.4) 

This section discusses the results of coil milling through 2 different tests, 

including single copper wire milling and coil milling. 

Test 1 evaluated the milling performance of a single copper wire at 50% and 

100% robotic speeds (Figure 5-11). The resulting milling forces are determined 

by the FT sensor, while the positions logged by the robot correspond to 

Cartesian coordinates. First, Zone A demonstrates that robot movement has no 

significant effect on the milling force at 50% robotic speed. The slight vibration 

observed in the force is attributed to the spinning motion of the cutting tool. 

Second, Zone B indicates that the robot moves forward, pulling the copper wire 

before the milling process begins. A significant increase in the milling force is 

observed once the milling tool engages with the wire (Figure 5-11 (a)). Finally, 

the wire breaks when the milling force reaches the peak (approximately 18 N) 

in Zone C. After the wire breaks, the milling force decreases back to the 

baseline. In contrast, at 100% robotic speed, Zone A shows that the robot's 

movements influence the milling force at the start because of high acceleration. 

A similar observation is made in Zone C, where the robot moves away after the 

milling process (Figure 5-11 (b)). Notably, the maximum milling force at 100% 

robotic speed is approximately 14 N, which is lower than the value of 

approximately 18 N at 50% robotic speed. This shows that wire pulling is 

reduced as the milling bit approaches. Block 1 shows that copper melting 

occurs when the wire is pulled by the milling bit. However, no material melting 



109 

is observed in block 2 when the pulling is decreased (Figure 5-11 (c)). Video 3 

about single wire cutting at 50% speed and Video 4 about single wire cutting at 

100% speed are available on this link: 

https://doi.org/10.6084/m9.figshare.27934512.v2  

 

 
(a) Cutting forces and positions in single wire milling at 50% robot speed 

 
(b) Cutting force and positions in single wire milling at 100% robot speed 
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(c) Results of wire cutting at 50% and 100% speed 

Figure 5-11 Results for single wire milling. 

Test 2 evaluates 2 scenarios in coil milling: (1) running the TM robot via the 

force control strategy, where the robotic speed adjusts dynamically on the basis 

of the milling force, and (2) running the robot at a fixed speed. 

In terms of the force control strategy, the robot has difficulty moving forward at 

a high speed (100% robot speed) in the milling process, even with a cutting 

depth of 0.55 mm. At 100% robot speed, the milling tool hits the coil and jumps 

between wires. Consequently, the robot is stuck by copper wires of coils even 

if the milling bit continues spinning. This leads to the stopping of robot execution 

and errors in the robotic operation system. All recorded data are lost because 

of errors in the system. The reason why “hits” and “jumps” occur at high robotic 

speeds is because of communication delays between the robot and the FT 

sensor. To explain this error, the author reviewed robot operations during the 
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coil milling process. The process operates by the robot reading force data from 

the FT sensor; then, the robot adjusts its speed on the basis of the force data 

to control its movements. This feedback loop continues until the milling process 

is completed. However, even when the robot detects large forces, there is a 

delay of several seconds before the speed adjustment is made. During this 

interval, the robot continues to move at high speeds, resulting in “hits” and 

“jumps”. Owing to unstable robot performance and data loss, this force control 

strategy is considered an unsuccessful solution for coil disassembly. 

With respect to coil milling at a fixed robotic speed of 5% and a 0.55 mm depth 

of cut, the robot’s performance is significantly more stable than that of the force 

control strategy. The final second of the milling process and the last process 

are analysed in terms of positions and forces (Figure 5-12). Zone A represents 

the milling operation during the last second process. Zone B illustrates a 

significant increase in force along the Z direction (Figure 5-12 (a)). This force 

increase is caused by the inability of the end mill (milling bit) to cut vertically, 

resulting in the bit being milled to “sit” on the coils when the robot moves 

downwards. The same happens in the last milling loop (Figure 5-12 (b)). Zone 

C corresponds to the moment when the milling bit contacts the wires being cut. 

The wires vibrate because of the spinning milling bits, which is further evident 

in Zone A, where the resultant force decreases significantly when the milling bit 

is not in contact with the wires (Figure 5-12 (b)). The vibration results in an 

increase in the cutting force again while the milling bit touches the wires in Zone 



112 

C (Figure 5-12 (b)). The videos of the coil cutting handmade coil, operating with 

the force control strategy (Video 5) and with the fixed-speed strategy (Video 6), 

are available on this link: https://doi.org/10.6084/m9.figshare.27934512.v2  

Blocks 1 and 2 show the milling results achieved via the force control strategy 

and the fixed-speed strategy (Figure 5-12 (c)), respectively. In block 2, 

approximately 90% of the copper wires, as highlighted in the yellow circle, are 

successfully cut off. However, only approximately 20% of the wires (highlighted 

in the yellow circle) are cut off in block 1. This is because “hits” and “jumps” 

occur in the force control strategy so that only limited areas of wires are cut off, 

leaving most of the areas unprocessed. Additionally, approximately 10% of the 

wires near the edge of the fixture are not processed to prevent damage to the 

fixture (highlighted green cycle). One potential solution is to use a smaller 

milling bit to cut the wires in these areas near the edge of the fixture. 

Nevertheless, this approach carries the risk of damaging other components 

during the process, such as the stator. As a result, manual cutting is necessary 

to remove the remaining wires from the stator. 
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(a) Milling process in the last second loop at 5% robotic speed and 0.55 mm 

depth of cut 

 
(b) Milling process in the last loop at 5% robotic speed and 0.55 mm depth 

of cut 

 
(c) Coils after milling 

Figure 5-12 Results for coil dummy milling. 
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5.4 Summary 

In conclusion, this chapter focuses on 3 different tasks in motor disassembly, 

including the Press-in task (T.1), the Press-on task (T.2) and the Coil 

disassembly tasks (T.4). The Press-in task (T.1) investigates the disassembly 

of the bearing (large) (A.2), which is pressed into the Front cover (A.1). The 

Press-on task (T.2) studies the disassembly of the Rotor set (B), which is 

pressed onto the Front cover (A.1). The calculated disassembly force is 2240 

N between the Rotor set (B) and the Bearing (large) (A.2), assuming that the 

interference value (Z) of 10 is H7/k6 in hole-based tolerance or K7/h6 in shaft-

based tolerance. The experiments successfully validated the Press-in task (T.1) 

and Press-on task (T.2). However, a force sensor capable of determining a large 

force of 2240 N was unavailable for recording the disassembly force in the 

laboratory. 

Improvements should be considered in the design of the Press-on task (T.1) or 

Press-in task (T.2). The pneumatic cylinders demonstrate low positional 

accuracy because of unstable pressures. Future designs could consider linear 

electric motors, which offer higher precision despite being more expensive. 

Additionally, metallic hooks can slip, making it difficult to hold the inner surfaces 

of the steel bearing so that high-friction materials, e.g., rubber, might be 

considered for use on the hooks' contact surfaces to improve grip strength and 

reliability. 
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This chapter also introduces the Coil disassembly task (T.4), focusing on single 

copper wire cutting at different robotic speeds and the performance of various 

control strategies for coil cutting. Compared with that at 100% robotic speed, 

the cutting force at 50% robotic speed is increased by approximately 22.22% 

because of wire pulling. There are 2 conditions for increasing the cutting force 

without milling. (i) During robot movement, high acceleration causes the cutting 

force to increase from approximately 2 N to 6 N at 100% robotic speed, even 

when the milling process has not started. (ii) The milling bit contacts the cut 

wires, leading to an increase in the cutting force from approximately 2 N to 10 

N. 

The author developed two methods for the coil disassembly process. One is a 

milling coil at a constant robotic speed of 5%, and the other is a force control 

strategy in which the robotic speed is dynamically adjusted on the basis of the 

cutting force determined by the FT sensor during the milling process. 

The maximum cutting force, set to 80% of the force of material failure, was 

determined via the FE method, which was based on the milling bit. Both 

methods were validated on a dummy coil made of 0.8 mm diameter copper 

wires. The robot exhibited unstable motion at a depth of 0.55 mm at 100% 

speed, causing “hits” and “jumps” during the milling process. These uncertain 

movements led to uncertain damage to the stator and only partial cutting of 

wires. Therefore, the instability and risk of damage render this method 

unsuccessful for coil milling on the TM robot. 
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Fortunately, the fixed-speed method demonstrated superior performance in 

robotic coil disassembly. The robot's motion remained stable at lower speeds 

(5% robotic speed and 0.55 mm depth of cut), effectively eliminating 

unpredictable milling actions that could damage other components. This 

method successfully cuts most of the wires, demonstrating its reliability for the 

task. However, wires located near the outer edge of the stator are difficult to cut 

off and risk damaging stators. This might require manual cutting by using pliers 

to fully remove the coils from the stator after robotic coil disassembly. 
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Chapter 6 Design of a robotic cell for 
electric motor disassembly 

6.1 Problem description 

Each task for DC brushless motor disassembly has been reviewed and studied 

in previous chapters. In this chapter, a robotic cell is developed to automate 

electric motor disassembly. Both manual disassembly and robotic disassembly 

processes for the DC brushless motor are presented and critically analysed, 

highlighting the advantages, challenges, and potential improvements for 

automation. 

6.2 Methodology 

All the tasks are analysed in chapters 3, 4 and 5. This section highlights how 

these developed methodologies and models are implemented in the design of 

a robotic cell for automating the disassembly process of a DC brushless motor: 

• First, to automate the Press-in task (T.1) and Press-on task (T.2), the 

developed model provides the disassembly force required from the 

actuators. The clamping force to hold the stator and the holding force to 

hook the bearing are also calculated based on the disassembly force. 

These calculations, which are integrated with at least a 30% safety 

factor, guide the selection of actuators suitable for these tasks. 
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• Second, to automate the removal of the Rotor set (B) with permanent 

magnets from the Stator set (C.13) in the Unplugging task (T.3), the key 

parameters are the disassembly force and the optimised position where 

the disassembly force is minimised. These factors are considered in the 

design: (i) the material magnetic permeability of the stator is calculated 

by measuring the forces as a single magnet approaches the stator and 

recoding the distances between them. (ii) Then, the magnetic 

permeability data are used to calculate the disassembly force and locate 

the optimal position for force application on the Stator set (C.13) in the 

developed MMF model. Actuators are then selected to meet the required 

disassembly forces. (iii) The robot calculates the exact position based 

on the relative position and its frame coordinates. It then moves to this 

position to remove the Rotor set (B) from the Stator set (C.13). 

• Third, to automate the Coil disassembly task (T.4), key parameters are 

set on the basis of the results in Chapter 5, including 5% robotic speed, 

a 0.55 mm cutting depth and a zigzag milling path (Figure 5-7). 

• Fourth, the Unscrewing task (T.5) is well developed and involves 

positioning and unfastening processes. The TM robot provides a camera 

positioning function and I/O control for the external device (screwdriver). 

In the setting process, one of the screws is marked for identification by 

the camera. In the robotic operation process, the camera provides the 
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positions of all the screws after it identifies all the screws on the motor. 

The camera relays the screw positions to the robot, which then activates 

an external screwdriver to unfasten four screws based on the provided 

coordinates. 

• Fifth, the robotic Pick and place task (T.6) is well developed and uses a 

robot-teaching method, in which the human operator controls the robot 

to grip different objects and record positions. 

• Finally, these tasks are sequenced according to the order in section 1.2 

to generate a disassembly sequence for the robots. Both robots are then 

programmed to follow this sequence systematically. 
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6.3 Experiments 

 

Figure 6-1 Overview of a robotic cell for motor disassembly. 

A robotic cell is designed for the automated disassembly of DC brushless 

motors (Figure 6-1), including key components: 1 Staubli collaborative robot, 1 

Techman (TM) collaborative robot, 1 electric gripper, 1 pneumatic gripper, 1 

rotor fixture, 1 press-fit component disassembly device, 1 pin clamp device and 

a set of tools of 1 screwdriver, 1 cutting tool, 1 force torque (FT) sensor and 1 

electromagnet. The Staubli robot is designed to execute the Pick and place task 

(T.6) and the Unplugging task (T.3) with precision and adaptability. The Stabuli 

is equipped with a tool changer, enabling it to operate with 2 grippers (the 

electric gripper and the pneumatic gripper) to grasp different objects. The 

electric gripper has 3 fingers, facilitating flexible gripping poses to 

accommodate objects with irregular geometries. Its wide gripping range makes 
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it particularly suitable for handling complex components, such as the Front 

cover (A.1). However, the gripping force is only 70 N (Robotiq, n.d.). In contrast, 

for a gripping cylinder-shaped object, the Rotor set (B), e.g., the pneumatic 

gripper, provides a maximum 1,005 N gripping force (YHDFA, n.d.). This is 

particularly used on the Unplugging task (T.3) to remove the Rotor set (B) with 

permanent magnets from the Stator set (C.13). 

The TM robot is specifically designed to address the Coil disassembly task (T.4) 

and Unscrewing task (T.5). It is equipped with a set of tools, including 1 

screwdriver, 1 cutting tool, 1 electromagnet and 1 Force Torque (FT) sensor. 

The pin clamp device and press-fit component disassembly device are 

designed to address the Press-in task (T.1) and Press-on task (T.2). The Pin 

clamp device functions as a pneumatic vice to clamp the motor from the sides 

while simultaneously pushing the Rotor set (B) out from the Stator set (C.13). 

The Press-fit component disassembly device is designed to push out the Rotor 

set (B) from the Front cover (A.1) and pull-out Bearing (large) (A.2) from the 

Front cover (A.1). The rotor fixture is a 3D-printed component that stores the 

Rotor set (B) with the Front cover (A.1) once they are disassembled from the 

stator. The detailed designs of this robotic cell are shown in Appendices A - F, 

including the mechanical system, electric system, pneumatic system and robot 

programme. This robotic cell fully disassembles the DC brushless motor. The 

time required for the robotic disassembly process and manual disassembly 

process are analysed. 
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6.4 Results 

This section outlines the process of motor disassembly within the designed 

robotic cell and provides a comparative analysis of robotic disassembly versus 

the manual process. 

6.4.1 Robotic disassembly process 

 

  
(a) Step1: Staubli robot moves to 

home position 
(b) Step 2: Staubli robot picks the 

pneumatic gripper 

  
(c) Step 3: Staubli robot grips the 

electric motor 
(d) Step 4: Unscrewing task 

  
(e) Step 5: Unplugging task (f) Step 6: Staubli robot places 

the front cover and rotor set 

  
(g) Step 7: Staubli robot places 

the pneumatic gripper 
(h) Step 8: Staubli robot picks the 

electric gripper 
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(i) Step 9: Staubli robot picks the 

front cover and rotor set 
(j) Step 10: Staubli robot places 

the front cover and rotor set 

  
(k) Step 11: Press-on task (l) Step 12: Staubli robot picks 

the front cover 

  
(m) Step 13: Staubli robot places 

the front cover underneath 
the place 

(n) Step 14: Press-in task: hooks 
inserting 

  
(o) Step 15: Press-in task: hooks 

pulling out 
(p) Step 16: coil disassembly: 

overview 

 

 

(q) Step 16: coil disassembly: 
view in details 

 

Figure 6-2 Robotic disassembly process. 

The robotic disassembly process is introduced in detail below (Figure 6-2). 
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1. Step 1: The process begins with the initialisation program for the Staubli 

robot (M.1). Before executing tasks, the Staubli robot (M.1) moves to the 

home position, preparing for motor disassembly (Figure 6-2 (a)); 

2. Step 2: The Staubli robot (M.1) picks up the pneumatic gripper (M.10) 

and returns to its home position (Figure 6-2 (b)). The attachment 

mechanism involves a tool change (robot side) (M.2) inserting into the 

tool change (tool side) (M.9), where locking balls are engaged by airflow. 

The pneumatic gripper (M.10) is driven via airflow through both tool 

changes (M.2 and M.9). 

3. Step 3: The Stabuli robot (M.1) moves pneumatic grippers (M.10) to grip 

the shaft of the motor (Figure 6-2 (c)). 

4. Step 4: A collaborative operation in 2 robots is performed to execute the 

Unscrewing tasks (T.5) (Figure 6-2 (d)). The Stabuli robot (M.1) holds 

the motor in a certain position until the TM robot (M.3) finishes the 

Unscrewing task (T.5). The TM robot (M.3) locates the positions of 4 

screws (E.1 - E.2) with a 2D camera (M.4) and engages an electric 

screwdriver (M.5) for unfastening. This process is repeated 4 times to 

remove all 4 screws (E.1 - E.2). 

5. Step 5: The Staubli robot (M.1) and Pin clamp device execute the 

Unplugging task (T.3) to separate the Rotor set (B) with permanent 

magnets from the Stator set (C.13) (Figure 6-2 (e)). The clamps cylinders 

(M.15) push 2 pin clamps (M.14) to hold the motor, whereas the Staubli 
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robot (M.1) moves the motor in position. Then, the Staubli robot (M.1) 

and the Push cylinder (M.16) simultaneously move up to plug out the 

Rotor set (B) with the Front cover (A.1) and the Bearing (large) (A.2). 

6. Step 6: The Rotor set (B), which is fixed with the Front cover (A.1) and 

Bearing (large) (A.2), is placed into a Rotor fixture (M.13) by the Staubli 

robot (M.1) (Figure 6-2 (f)). Simultaneously, the Stator set (C.13) remains 

clamped until the coil disassembly task (T.4) is completed. 

7. Steps 7 and 8: The Staubli robot (M.1) places down the pneumatic 

gripper (M.10) (Figure 6-2 (g)) and picks up the electric gripper (M.10) 

(Figure 6-2 (h)). Two grippers are designed for different purposes. The 

pneumatic gripper (M.10) generates a very large gripping force 

(approximately 359 N) to hold the cylindrical objects in the high-payload 

task, grip the shaft and remove the Rotor set (B) with permanent 

magnets in the Unplugging task (T.3), e.g., In contrast, the electric 

gripper (M.11) has a larger range (approximately 155 mm) to grip 

different shapes of components, such as the Front cover (A.1); however, 

it only offers an approximately 70 N gripping force. 

8. Steps 9 and 10: The Staubli robot (M.1) moves to grip the Front cover 

(A.1) with the Rotor set (B) from the rotor fixture (M.13) by using the 

electric gripper (M.11) (Figure 6-2 (i)). These components are then 

placed onto the plate (M.25) of the Press-fit component disassembly 

device (Figure 6-2 (j)). 
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9. Step 11: This is the Press-on task (T.2) to remove the Rotor set (B) from 

the Front cover (A.1) (Figure 6-2 (k)). The hooks (M.21) are closed by 

the bearing clamp cylinders, and the Rotor set (B) is pushed out by the 

hooks driven by the bearing pusher (M.19). The Front cover (A.1) with 

the Bearing (large) (A.2) still remains on the plate (M.25). 

10. Steps 12 and 13: Staubli (M.1) grips the Front cover (A.1) (Figure 6-2 

(l)) and the Bearing (large) (A.2) and then holds them underneath the 

plate (M.25) (Figure 6-2 (m)). 

11. Steps 14 and 15: This is the Press-in task (T.1) to remove the Bearing 

(large) (A.2) from the Front cover (A.1). First, the hooks (M.21) are 

closed by the bearing clamp cylinders (M.20) and are moved downwards 

by the bearing pusher (M.19) to be inserted into the Bearing (large) (A.2) 

(Figure 6-2 (n)). Second, the hooks are opened by the bearing clamp 

cylinders (M.20) to hold the Bearing (large) (A.2); meanwhile, the Staubli 

robot (M.1) releases the Front cover (A.1) and moves back to a safe 

position. Finally, the Bearing (large) (A.2) is pulled up by the bearing 

pusher (M.19) (Figure 6-2 (o)). 

12. Step 16: Coil disassembly (T.4) is completed by the TM robot (M.2) via 

the cutting tool (M.7) (Figure 6-2 (p) and (q)). 

A video (Video.7) demonstrating the robotic disassembly process can be 

accessed via the provided link: 

https://doi.org/10.6084/m9.figshare.27934512.v2  
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6.4.2 Manual disassembly process 

  
(a) Manual step 1: Unscrewing 

task (T.3) 
(b) Manual step 3: Press-on task 

(T.2) 

  
(c) Manual step 4: Press-in task 

(T.1) - A 
(d) Manual step 4: Press-in task 

(T.1) - B 

  
(e) Manual step 4: Press-in task 

(T.1) - C 
(f) Manual step 5: Coil 

disassembly 



128 

Figure 6-3 Manual disassembly process. 

The manual disassembly process for this motor is introduced as follows 

(Figure 6-3): 

1. Manual step 1: Four screws (E.1 - E.4) are unfastened via an M5 Allen 

key, completing the Unscrewing task (T.5) (Figure 6-3 (a)); 

2. Manual step 2: This is the Unplugging task (T. 3) used to separate the 

Rotor set (B) from the Stator set (C.13). The shaft on the Rotor set (B) is 

held with one hand, and the Stator set (C.13) is held with the other hand. 

The Rotor set (B) is manually unplugged (Figure 6-3 (b)); 

3. Manual step 3: For the Press-on task (T.1) to remove the Rotor set (B) 

from the Front cover (A.1), the rotor set (B) is pushed out via a manual 

hydraulic pump (Figure 6-3 (c)); 

4. Manual step 4: This Press-in task (T.2) removes the Bearing (small) 

(D.1) from the End cover (D.2). In action 1, a bearing holder is inserted 

into the Bearing (small) (D.1). Action 2 rotates the end of the holder 

clockwise to expand it until the inner surface of the Bearing (small) (D.1) 

is held tightly (Figure 6-3 (c)). Action 3 pushes out the bearing holder 

with the Bearing (small) (D.1) via a manual hydraulic pump (Figure 6-3 

(d) and (e)). Action 4 rotates the end of the bearing holder anticlockwise 

to release the Bearing (small) (D.1); 

5. Manual step 5: The manual Coil disassembly task (T.4) involves 

removing the copper Coils (C.1 - C.12) from the Stator set (C.13). The 
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Dremel 4250 Rotary Tool (175 W) operating at 35,000 RPM is used to 

cut through the coils (Figure 6-3 (f)). 

The videos for both robotic coil disassembly (Video 8) and manual processing 

(Video 9) are available on this link: 

https://doi.org/10.6084/m9.figshare.27934512.v2 

6.4.3 Discussion: Both robotic and manual disassembly 

This section analyses the outcomes of the robotic disassembly and manual 

disassembly processes. All the components of the motor were successfully 

disassembled (Figure 6-4 (a)). First, the cut-off Coils (C.1 - C.12) are easily 

detached from the Stator set (C.13). Compared with the manual milling process, 

the robotic milling process eliminates approximately 90% of the copper wires 

on the coil. Three wires are not fully cut off near the outer edge of the Stator set 

(C.13); thus, these wires require manual removal via pliers (Figure 6-4 (b)). 

Despite this limitation, the robotic milling process is stable (shown in Appendix 

H for the cutting force and position recording), ensuring that other components 

are not damaged. Additionally, the robotic milling process produced uniformly 

shaped cut-off coils, which were easier to remove entirely. The manual milling 

process achieved complete removal of all the copper wires; nevertheless, 

owing to the instability of hand-controlled operations, the Stator set (C.13) 

sustained damage during the process. After unfastening, all Screws (E.1–E.4) 

remained locked within the End cover (D.2). This finding indicates that further 

handling steps are required to fully extract the screws during both processes. A 
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steel ring was installed between the Bearing (small) (D.1) and the End cover 

(D.2). However, the purpose or function of this ring is unclear, suggesting the 

need for further investigation. Finally, lubricants, which are applied during the 

bearing installation process, become sticky solids on the inner surface of the 

hole and outer surface of the bearing. This condition may affect the ease of 

bearing removal and could necessitate additional cleaning procedures after 

disassembly. 

 

 
(a) Components after disassembly 
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(b) Manual milling process and robotic milling process 

Figure 6-4 Components after disassembly. 

The disassembly time for the robotic process was recorded and is illustrated in 

Figure 6-5. The robotic disassembly covers all tasks (T.1 - T.6) in steps 1 - 16. 

Some assumptions are made to simplify the experiment. In step 16 (Coil 

disassembly (T.4)), the robot cut off one coil during the milling process. The time 

required for this single operation was recorded, and it was assumed that the 

remaining 11 coils would require the same amount of time for milling. Similar to 

the Unscrewing task (T.5) in step 4, the robot unfastens only 1 screw. The 

disassembly times for the remaining 3 screws are assumed to be identical to 

that of the first screw. The robotic disassembly excludes step 17, which is the 

Press-in task (T.2) to remove the Bearing (small) (D.1) from the End cover (D.2). 

Step 17 should be performed manually to determine time. The robotic 
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disassembly time of steps 13–15 (Press-in task (T.1) to remove the Bearing 

(large) (A.2) from the Front cover (A.1)) is assumed to be the same as that of 

step 17 (Press-in task (T.1) to remove the Bearing (small) (D.1) from the End 

cover (D.2)). 

However, the manual disassembly process only repeats partially to determine 

time, including step 4 (Unscrewing task (T.5)), step 5 (Unplugging task (T.3) to 

remove the Rotor set (B) from the Stator set (C.13)), steps 10 - 12 (Press-on 

task (T.2) to remove the Rotor set (B) the Front cover (A.1), step 16 (Coil 

disassembly task (T.4)) and step 17 (Press-in task (T.1) to remove from Bearing 

(small) (D.1) from the End cover (D.2)). To reduce the experiment time, the 

manual process only unfastens 1 screw and cuts 1 coil. The remaining 

processes are assumed to be the same. The manual disassembly time for step 

17 (Press-in task (T.1) to remove the Bearing (small) (D.1) from the End cover 

(D.2)) is assumed to be the same as that for steps 13 - 15 (Press-in task (T.1) 

to remove the Bearing (large) (A.2) from the Front cover (A.1)). 
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1. Reduced setup time: Manual disassembly does not require the time for 

(1) initialisation (step 1), tool changing (steps 2, 7 and 8) or Pick and 

place tasks (T.6) (step 3, step 9, step 10, step 12 and step 13); 

2. Faster Unscrewing process: the manual Unscrewing process (T.5) is 

more efficient because it does not require camera positioning before 

unfastening execution; 

3. The equipment costs are lower: manual disassembly only costs general 

hand tools and personal protective equipment (PPE). In contrast, robotic 

disassembly of electric motors requires specialised engineering designs 

and costly equipment, resulting in significantly higher overall costs. 

However, robotic disassembly offers several key advantages: 

1. Stable coil disassembly: Robotic coil disassembly provides a stable 

milling process operating with a fixed speed strategy, reducing the risk 

of damaging other components. Even if the time in manual coil 

disassembly is slightly faster (approximately 3.7% faster), it is unstable, 

resulting in damage to surrounding components, such as the Stator set 

(C.13). Additionally, copper-cutting chips present potential safety 

hazards to the eyes and breathing system, requiring workers to wear 

PPE such as glasses, gloves and masks properly. However, the robot 

struggles with cutting wires near the edge stator. 

2. Quality in the Unplugging task (T.3): In step 5, manual disassembly takes 

approximately 10 seconds rather than approximately 106 seconds in the 
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robotic disassembly process. However, during manual disassembly, 

there is a risk of the Rotor set (B) contacting the inner surface of the 

Stator set (C.13). This is very risky for breaking both magnets on the 

Rotor set (B) and the Stator set (C.13). However, robotic disassembly 

ensures that the Rotor set (B) is removed at the force-optimised position 

without contacting the Stator set (C.13) to prevent damage. 

3. Reduced time in the Press-in tasks (T.1): To remove the Bearing (large) 

(A.2) from the Front cover (A.1), robotic disassembly is significantly 

faster, requiring only approximately one-third of the time compared with 

manual disassembly. This efficiency is due to the specialised design of 

the Press-fit component disassembly device, which automates the 

process. In manual disassembly, workers have to rotate the bearing 

holder to hold the bearing and then push both the bearing and the holder 

out via a hydraulic pump. Robotic disassembly simplifies the manual 

process by using hooks driven by bearing clamp cylinders (M.20) to hold 

the bearing and a bearing pusher (M.19) to remove it. 
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6.5 Summary 

In conclusion, this chapter introduces and compares both robotic disassembly 

and manual disassembly processes. A robotic cell is designed to automate 

disassembly tasks T.1 - T.6 via methodologies developed in Chapters 3 - 5. In 

terms of time efficiency, robotic disassembly is approximately 56.93% faster 

than manual disassembly when operating at 100% robotic speed. However, the 

manual disassembly process has advantages in specific areas: time efficiency 

for task initialisation, tool changing, Unscrewing task (T.5) and Place and pick 

tasks (T.6), and cost efficiency due to the limited need for specialised 

equipment. 

In contrast, with respect to disassembly quality, robotic disassembly offers 

greater stability in the Unplugging (T.3) and Coil disassembly (T.4), minimising 

the risk of damage to other components. Additionally, robotic disassembly 

significantly outperforms manual processes in the Press-in task (T.1), requiring 

only one-third of the time due to its specialised design for handling bearings. 

For future development, it is recommended that this robotic cell be tested with 

different types of electric motors to evaluate its versatility. Replacing pneumatic 

cylinders with electric actuators could improve position control and overall 

performance. Further advancements could focus on developing commercial-

grade robotic cells suitable for industrial use. 
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Chapter 7 Conclusion 

7.1 Conclusions 

This research investigates the robotic disassembly of DC brushless motors, 

identifying six common disassembly tasks and developing a robotic solution for 

these tasks. The key tasks addressed are the Press-in task (T.1), Press-on task 

(T.2), Unplugging task (T.3), Coil disassembly task (T.4), Unscrewing task (T.5) 

and Pick and place task (T.6). On the basis of the literature review, the 

Unscrewing task (T.5) and Pick and place task (T.6) have been well studied in 

prior research, whereas the remaining tasks are explored in detail in this work. 

The Unplugging task (T.3) aims to remove the Rotor set (B) with permanent 

magnets from the Stator set (C.13). In Chapter 3, an analytical model and an 

FE model are developed to determine the resultant magnetic force. The 

analytical model employs the MMF method, and the FE model employs 3D 

partial differential equations. Experimental validation shows that the resultant 

magnetic force is minimised at the centre of the stator when the magnetic fields 

are balanced. While the FE model provided highly accurate results in 3D 

models via COMSOL software on high-performance computing systems, the 

analytical MMF method offers a computationally efficient alternative with 

reasonable accuracy, requiring 99% fewer calculations. The MMF model can 

be implemented in a robotic program to calculate magnetic forces dynamically 

via robotic positioning. 
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To improve the accuracy of the MMF model, material hysteresis is determined 

experimentally in Chapter 4. A single magnet fixed on the robot is moved 

incrementally toward a steel hub while the distances and magnetic forces are 

recorded by the robot system and an FE sensor. These data were fitted to a 

9th-order polynomial equation to model material hysteresis. Learned material 

hysteresis is then imported to an MMF model to predict the optimal positions 

where the magnetic forces are minimised. This improved MMF model can also 

solve the UMFP problem caused by uneven distributions of magnetic fields in 

5 different scenarios. A 90% success rate for position prediction was validated 

in 10 tests in 5 defined UMFP problems. However, when half of the magnets 

are missing, prediction is less accurate in calculating magnetic forces because 

of geometry mismatches between the MMF model and the experimental setup. 

The remaining 3 problems of Press-in task (T.1), Press-on task (T.2) and Coil 

disassembly task (T.4) are studied in Chapter 5. The Press-in task (T.1) defines 

that components are press-fitted and hidden in the other components, such as 

the Bearing (Large) (A.2) that is press-fitted into the Front cover (A.1). The 

Press-on task (T.2) represents the components that are press-fitted on the other 

components; for example, the Rotor set (B) is press-fitted on the Front cover 

(A.1). A model is developed to calculate the disassembly force to remove press-

fit components, and the disassembly force is used to design 2 devices to 

remove these press-fit components, including the pin clamp device and the 

Press-fit component disassembly device. Both devices performed effectively in 
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the experiments; unfortunately, the force determination during disassembly 

could not be recorded because of the absence of an FT sensor. Additionally, 

the Coil disassembly task (T.4) focuses on removing copper Coils (C.1 - C.12) 

from the stator set (C.13). Robotic milling using a standard cutting tool was 

identified as an effective method. Two control strategies were examined: the 

fixed-speed strategy and the force-control strategy. The force control strategy 

aims to minimise the cutting time by adjusting the robot’s speed based on the 

cutting force determined by the FT sensor; however, communication delays 

cause the robot to "hit" or "jump" during cutting, leading to robotic system errors. 

Thus, this force control strategy is unsuccessful. Fortunately, the fixed-speed 

strategy performs reliably to cut off wires on the coil, operating with 5% robotic 

speed and a 0.55 mm depth of cut. The fixed-speed strategy is considered an 

efficient method to remove the coil from the stator, preventing unnecessary 

damage to the components due to unpredictable motions. 

Chapter 6 introduces how these developed models help design a robotic cell 

for DC brushless motor disassembly. Experiments validated both robotic 

disassembly and manual disassembly, and their differences were analysed. In 

terms of disassembly efficiency, the times for the robot and human operators 

are 885.69 s at 100% robotic speed and 1390 s, respectively. Additionally, 

robotic disassembly achieves superior quality in specific tasks, such as the 

Unplugging task (T.3) and Coil disassembly task (T.4). In the Unplugging task 

(T.3), the Rotor set (B) with permanent magnets is removed in the contactless 
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condition from the Stator set (C.13), preventing damage to the magnets and 

stator caused by slipping. In the Coil disassembly task (T.4), robotic cutting 

operating with a fixed-speed strategy is more stable than manual cutting, 

preventing overcutting on the stator structure. However, the robotic system 

failed to cut 10% of the coil wires near the stator edge because of limited 

accessibility. These wires require manual cutting with pliers. 

In conclusion, this study demonstrates the feasibility and advantages of robotic 

disassembly for DC brushless electric motors, particularly in terms of efficiency 

and component preservation. Limitations, such as inaccessible cutting areas 

and the absence of force determinations, highlight areas for future research. 

Further work is discussed in the next section. 
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7.2 Summary of contributions  

The research work presented in this thesis made the following contributions: 

• Identification of tasks of disassembly for permanent magnet DC 

brushless motor disassembly and investigation of difficulties and 

potential solutions in disassembly;  

• Development of an analytical model for calculating the magnetic forces 

in the removal of a rotor with permanent magnets from a stator. This 

model has reasonable accuracy without requiring powerful computers 

and calculation time compared with the finite element method.  

• Improved analytical model by implementing determination of magnetic 

hysteresis (B-H curve) can predicts the force optimal positions of 

disassembly.  

• Potential solutions of the Press-fit component disassembly task and Coil 

disassembly task were developed and validated by experiments.  

• A robotic cell was designed to compare manual and robotic disassembly. 

The robotic disassembly has advantages in quantities, precise and 

stable disassembly process, safety and disassembly time.    
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7.3 Future work 

Although this thesis systematically studies the robotic disassembly of electric 

motors, several areas for future development are proposed to address 

limitations and further advance the field. First, the magnetic fields of magnets 

are determined by disassembling an assumption that the magnetic field 

distribution remains consistent across motors of the same model. However, the 

magnetic fields might differ in the same model because of manufacturing 

qualities, magnet damage and high-temperature damage. The ideal solution is 

to develop a determination method for magnetic fields without the disassembly 

of motors. Second, related to the coils removed from the stator, this paper 

develops a model to adjust the cutting force and cutting speed in the force 

control strategy, minimising the total cutting time. Unfortunately, the TM robot 

used in the experiments could not execute this force control strategy stably, 

exhibiting behaviours such as "hitting" and "jumping" during the cutting process. 

Future research should explore implementing this force control strategy on 

robots with superior dynamic performance, such as ABB, KUKA, or FANUC 

robots, to assess whether stability and precision can be enhanced. Finally, to 

transition this robotic cell to industrial applications, it is essential to test its 

performance on a variety of motor types, including induction motors, stepper 

motors with encoders, and others. These tests help identify the adaptability of 

the robotic cell to different designs and functionalities. Iterative product 
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development on the basis of these evaluations would further optimise the 

system for broader industrial adoption. 

 

7.4 Publication from this thesis 

Part of the work undertaken in this thesis has already been published in the 

following journal:  

Liang, C., & Pham, D. T. (2025). Robotic disassembly of permanent magnet 

electric motors. Royal Society Open Science.  
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Appendices 
Appenxdix A. Position relationship in the MMF model 

Each magnet has an aligned point on the steel hub on the top view (on the XY 

plane) (Figure A 1 (a)), and the positions of the steel hubs change when the 

positions of the magnets change (Figure A 1 (b)). The positions of the 4 magnets 

are projected to a global Cartesian coordinate system (Eq. A1). The magnets 

are allowed to move in the x or y direction in the hub, creating a new coordinate 

system (O′) (Eq. A6). The magnet and steel points are assumed to always be 

aligned because misalignments result in a reduction in magnetic forces in this 

model. The steel point is calculated on the basis of the new coordinates of the 

magnets. Therefore, linear equations are created to calculate the coordinates 

of the steel points (P′
B) by using the coordinates of the magnets (P′

M), the inner 

radius of the hub (Rbi) and the new origin point (O′) (Eqs. A7–A9). The air gaps 

(g) are calculated by using the coordinates of the steel points (P′
B) and the 

coordinates of the magnets (P′
M) (Eq. A10). 

  

(a) 2D view (concentric position) (b) 2D view (offset position) 
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Figure A 1 Relative position between points on the magnets and corresponding points on the 
hub. 

 
P′

M(i) = �x′
M(i) sin θMp(i) , y′

M(i) cos θMp (i)�  (A1) 

where the coordinate position of each magnet is 

P′
M1 = (x0 + x − Rmi, y0 + y)  (A2) 

P′
M4 = (x0 + x + Rmi, y0 + y)  (A3) 

P′
M2 = (x0 + x, y0 + y − Rmi)  (A4) 

P′
M3 = (x0 + x, y0 + y + Rmi)  (A5) 

xM and yM are the coordinates of the magnets. x0 and y0 are 0, representing 

the origin point of the global coordinate system. x and y are movements of the 

rotor in the X or Y directions, respectively. Rmo is the outer radius of the magnet. 

O′ = �x′
0, y′

0� = (x0 + x, y0 + y)  (A6) 

P′
B(i) = �(x′

B(i) − x′
0)2 + (y′

B(i) − y′
0)2 = Rbi  (A7) 

y′
B(i) =

x′
B(i) − x′

M(i)
O′

x
 ∗ �O′

y − y′
M(i)� + y′

M(i)  (A8) 

x′
B(i) − x′

0 = �Rbi
2 − (y′

B(i) − y′
0)2  (A9) 

dg(i, x, y) = �(x′
B(i) − x′

M(i))2 + (y′
B(i) − y′

M(i))2  (A10) 

 

where O′ is the new origin point. x′
M and x′

B are the new X coordinates of the 

magnet or steel point, respectively, and y′
M and y′

B are the new Y coordinates 

of the magnet or steel point, respectively. 
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Appenxdix B. Force analysis of the cutting bit 

Owing to the complex geometry of the cutting bit, simulating the entire milling 

process accurately is challenging. To address this, the material failure force of 

the cutting bit is determined via the FEM in COMSOL 6.1. In this simulation, the 

milling bit is assumed to collide with the workpiece without spinning, and loads 

are applied incrementally until the material reaches its yield strength. This force 

is used as the reference force (F0). The loads are applied on the milling contact 

area, and the tool holding area is where the cutting tool holds the milling bit 

(Figure B 1 (a)). The area between the tool holding area and the milling contact 

area is highly deformable when the loads are applied. To capture these 

deformations accurately, an extremely fine tetrahedral mesh is utilised, with 

element sizes ranging from 0.0092 mm to 0.92 mm. For the remaining regions, 

a fine tetrahedral mesh with element sizes between 0.46 mm and 3.68 mm is 

applied. These mesh configurations are controlled by the software and adapt 

dynamically to the geometry of the milling bit. To simplify the analysis, the shape 

of the cutting bit is approximated as a cylinder with a uniform material of 304 

stainless steel (Dremel, n.d.). 
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(a) FE model of loads applied on the milling bit 

 

(b) FE result of loading on the milling bit 

Figure B 1 FE model and results of force loading on the milling bit. 
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Appenxdix C. System design: Mechanical system 

 
(a) Tool changer (Robot side) installed on the Staubli robot 

 
(b) A screwdriver, camera on the TM robot 

 
(c) A FT sensor, Cutting tool and electromagnet on TM robot 

 
(d) A pneumatic gripper, electric gripper and rotor fixture 

 
(e) A pin clamp device – front view 
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(f) A pin clamp device – back view 

 
(g) Press-fit components disassembly device – front view 

 
(h) Press-fit components disassembly device – side view 

Figure C 1 Detailed design of the mechanical system in the robotic cell. 

In this section, the design of the robotic cell for disassembling DC magnet 

motors is introduced in detail. The cell employs two robots, the Staubli robot 

(M.1) and the TM robot (M.3), each designated for specific tasks. The Staubli 

robot (M.1) is allocated for the Unplugging task (T.3) and the Pick and place 

task (T.6). A tool changer (Robot side) (M.2) is installed on the Staubli robot 

(M.1) to attach different grippers onto the robot (Figure C 1 (a)). Tool changers 

(tool side) are installed on a pneumatic gripper (M.10) and an electric gripper 
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(M.11) (Figure C 1 (d)). The pneumatic gripper (M.10) and electric gripper 

(M.11) are designed for cylindrical objects and irregularly shaped objects, 

respectively. During operation, these 2 grippers are stored on tool stands (M.12) 

on an optical table, allowing the Staubli robot (M.1) to use them as needed. 

Moreover, the TM robot (M.3) is allocated to the Coil disassembly task (T.4) and 

the Unscrewing task (T.5) in the disassembly process. A set of tools, including 

a Screwdriver (M.5), a 2D camera (M.4), an FT sensor (M.6), a cutting tool (M.7) 

and an electromagnet (M.8), are installed on the TM robot (Figure C 1 (b) and 

(c)). 

There are 2 different functionalities on the Pin clamp device (Figure C 1 (e) and 

(f)): first, this device clamps the motor from both sides. Typically, the shapes of 

motors are irregular, e.g., the slotted structure is designed for cooling so that 

the pin clamps (M.14) adapt to different shapes of motors. The clamp cylinders 

(M.15) generate a very large holding force to hold the motors. Second, the push 

cylinder (M.16) is designed to push the Rotor set (B) out of the Stator set (C.13) 

and can provide 3939.6 N at 0.8Mpa (YHDFA, n.d.). 

Regarding the press-fit component disassembly device, this device is designed 

to address the Press-in task (T.1) and Press-on task (T.2) (Figure C 1 (g) and 

(h)). For the Press-in task (T.1), the hooks (M.21) are inserted into the Bearing 

(large) (A.2). The bearing clamp cylinders (M.20) are opened to hold the 

bearing; then, the bearing pusher (M.19) is moved up to pull out the bearing. 

For the Press-on task (T.2), the bearing clamp cylinders (M.20) are closed, and 
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the hooks work as push pins. The bearing pusher (M.19) is moved downwards 

to push the shaft of the Rotor set (B) out of the Bearing (large) (A.2). 

The screwdriver (M.5), cutting tool (M.7), electromagnet (M.8) and electric 

gripper (M.11) are driven by electric signals, as introduced in Appendix D. The 

tool change (tool side) (M.9), pneumatic gripper (M.10), pin clamp device and 

press-fit component disassembly device are driven by airflow. 

All the components are designed via SolidWorks 2022 software. Bill of material 

(BOM) is prepared for purchase or manufacturing. Mechanical, electric and 

pneumatic products are purchased on the industrial market. Machinery 

components are drawn in 2D views and are sent to manufacturers in factories. 

The final assembly was carried out by the team at the Autonomous 

Remanufacturing Laboratory (LF03). Before the experiments were conducted, 

initial tests were performed to validate the designs following the completion of 

electrical and pneumatic cabling. 

In the subsequent section, the electrical system are discussed. 
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Appenxdix D. System design: Electric systems 

This section provides an overview of the electric systems integrated within the 

robotic cell. The Staubli robot (M.1) operates as the primary controller (a 

server), executing the main programs and controlling the electric gripper (M.10). 

The TM robot (M.3), working as a client, controls devices through I/O ports, 

including solenoid valves that actuate all pneumatic devices (M.2, M.11, M.14 - 

M.17, M.19 and M.20), a screwdriver (M.7), a cutting tool (M.8) and an 

electromagnet (M.9)). 

The electric power system is shown in Table D 1. All solenoid valves, the 

electromagnet (M.8) and the FT sensor (M.6) are powered by DC 24-voltage 

I/O ports on the TM robot (M.3). The screwdriver (M.5) and cutting tool (M.7) 

are powered by a 230 V AC wall plug socket. The electric gripper (M.11) is 

powered by an external DC power supply at 24 V. 

The communication methods and connections are summarised in Figure D 1 

and Table D 2. The Stuabli robot (M.1) is linked to the TM robot (M.3) via an 

Ethernet RJ45 cable on ethernet ports via the socket TCP/IP protocol. In this 

configuration, the Staubli robot (M.1) operates as a server, and the TM robot 

(M.3) works as a client connected through an assigned IP address. In robotic 

communication, the Staubli robot transmits I/O control signals to the TM robot, 

which processes these signals to toggle their I/O ports accordingly. The electric 

gripper (M.10) is connected to the Staubli robot (M.1) by a RJ45 cable on an 
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EtherCAT port, sending 16-bit binary information to control the gripper model, 

the position of each finger, and the speed and force on the electric gripper. 

The FT sensor (M.6) is connected with the TM robot (M.3) on an EtherCAT port, 

enabling the transfer of force and torque data along three axes for real-time 

analysis. The TM robot (M.3) is equipped with 15 I/O ports supplying 24 V DC 

signals to control various subcomponents, including the screwdriver (M.7), 

electromagnet (M.9) and all solenoid valves for the tool changer (Robot side) 

(M.2), pneumatic gripper (M.11), pin clamp device (M.14–M.17) and Press-fit 

component disassembly device (M.19–M.20). The mechanical locking 

mechanism of the tool changer (tool side) (M.9) is controlled pneumatically via 

airflow and is regulated by solenoid valves. This allows the Staubli robot (M.1) 

to interchange tools by connecting to the tool changer (tool side) (M.9). The 

detailed design of the pneumatic system is introduced in the next section. 
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Figure D 1 Overall communication schematics in the robotic system. 
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Appenxdix E. System design: Pneumatic system 

This section details the pneumatic system used in the robotic cell (Figure E 1). 

The airflow is generated by a compressor and passes through a filter (M.22), 

which stabilises the pressure and removes moisture and oil from the air. This 

prevents damage to pneumatic cylinders caused by moisture and oil. After the 

filter, the man pipe is split into 2 branches: one branch supplies air to the pin 

clamp device, the tool changer (tool side) (M.1) and pneumatic gripper (M.10), 

and the other branch supplies air to the press-fit component disassembly 

device. 

All pneumatic cylinders are controlled via 5/3 solenoid valves (M.17). These 

valves control the direction and flow of air, and each valve has 3 operational 

positions. For example, when the push cylinder (M.16) is controlled, there are 

3 different positions on a solenoid valve. (1) Initial position: In the initial position, 

where the solenoid valve (M.17) stays in the middle, no airflow enters the push 

cylinder (M.16). (2) Push operation: When the TM I/O 0 port is switched on by 

the TM robot (M.3), the solenoid valve (M.17) moves to the “right” side and then 

airflows into the push cylinder (M.16) pushes the rod through the safety button 

(M.18), causing the road to extend. The safety button (M.18) is designed to stop 

airflow in emergencies. Only if the safety button (M.18) is switched on can the 

airflow pass to the push cylinder (M.16). (3) Return operation: When the TM 

robot (M.3) switches the TM I/O 0 port off, the solenoid valve (M.17) moves 

back to the initial position. When the TM I/O 7 port is then switched, the solenoid 
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valve (M.17) moves to the “left” side, resulting in the return of the rod back into 

the cylinder. 

There are 3 solenoid valves on the pin clamp device. One of them controls the 

push cylinder (M.16) through the TM I/O 0 port (engage) and TM I/O 7 port 

(release). The second solenoid valve controls 2 clamp cylinders (M.15) through 

the TM I/O 1 port (engage) and TM I/O 8 port (release), and the last valve 

controls 2 pin clamps (M.14) on the TM I/O 2 port (engage) and TM I/O 9 port 

(release). The tool changes (Tool side) (M.1) and the Pneumatic gripper (M.10) 

are actuated as follows: (a) TM I/O 5 (engage) and TM I/O 12 port (release) for 

the tool changer and (b) TM I/O 6 (engage) and TM I/O 13 port (release) for the 

pneumatic gripper. 

In the other loop connected to the press-fit component disassembly device, one 

solenoid valve controls 2 bearing clamp cylinders (M.20) on TM I/O 3 (engage) 

and TM I/O 10 ports (release). The bearing pusher (M.19) is controlled on the 

TM I/O 2 (engage) and TM I/O 9 port (M.19).  

The high quality pneumatic diagram is available on this link, titled “motor 

disassembly - pneumatic drawing”: 

https://doi.org/10.6084/m9.figshare.27934512.v2  

Robot programming will be introduced in the next section. 
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Figure E 1 Pneumatic system drawing.
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Appenxdix F. Robotic programming 

In this section, the robotic programming of each robot is introduced in detail, 

including the positions, speeds, movements, frames and communications 

(Table F 2). The Staubli robot (M.1) executes the main programs, whereas the 

TM robot (M.3) manages I/O controls and performs the Coil disassembly task 

(T.4) and Unscrewing task (T.5). 

The programming for the Staubli robot was developed via Staubli Robotics 

Suite 2022.7.0 (SRS 2022.7.0) (Figure F 1 (a)). This software supports offline 

programming via the VAL 3 programming language and the integration of 3D 

CAD models. Before task execution, the programs are transferred between this 

software and the Stuabli robots. In contrast, the software TM flow 1.82.5100 is 

used for TM robot programming. Instead, its programming interface is graphical 

and is based on a drag‒and‒drop methodology to connect logic blocks for 

controlling operations. (Figure F 1 (b)). 
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(a) Staubli robot programming software: SRS 2022.7.0 

 

(b) TM robot programming software: TM flow 1.82.5100 

Figure F 1 Programming software for the Staubli robot and TM robot. 

First, the position of a point in the robot's workspace is defined as a joint point 

and a Cartesian point. (1) The joint point records the position of each robotic 

joint in degrees. (2) Record both the translational position (X, Y, Z) in millimetres 

and the rotational orientation (Rx, Ry, Rz) in degrees. 

For the Staubli robot, these positions are predefined via 3D CAD models and 

task requirements within the SRS software. After programming, they are 

validated and adjusted during real-world testing. For the TM robot, the positions 

are recorded differently: the robot’s end effector is manually moved to the 

desired location by a human operator, and the position is saved either through 

the software interface or by pressing the robot’s "Point" button. 

Second, with respect to the speed, the robot speed is classified into joint speed 

and linear speed. (1) The joint speed represents the speed of individual robotic 
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joints, expressed as a percentage of the joint's maximum velocity. (2) 

Translational speed is the speed of the robot’s end effector or tool in millimetres 

per second (mm/s). The rotational speed is the speed of rotational movements 

in degrees per second (°/s). 

There are 3 different speed settings on the Staubli robot for different 

movements (Table F 1): 

• The ApproSpeed is the approach speed to an object. The tool changer 

(tool side) (M.2) approaches the tool changer (tool side) (M.9) at the 

approach speed, e.g.. 

• NomSpeed represents the normal speed for point-to-point movements. 

• The UnplugSpeed is designed specifically for the Unplugging task (T.3), 

where the Rotor set (B) is removed from the Stator set (C.13). 

Table F 1 Speeds used in the Staubli robot. 

Name Accel Vel Decel Tvel Rvel Blend Leave Reach 

ApproSpeed 20 5 20 20 20 Cartesian 5 5 

NomSpeed 100 100 100 99.9 99.9 Joint 50 50 

UnplugSpeed 50 18 20 20 20 Cartesian 50 5 

where Accel and Decel represent the joint acceleration and deceleration, 

respectively, of the Staubli robot as percentages. Vel is the joint speed of the 

robot as a percentage. Tvel is the translational speed (linear speed) in 

millimetre per second (mm/s), and Rvel is the rotational speed in degrees per 



183 

second (°/s). Blend is a blend model for the control, which has off (no blending), 

joint (blending) and Cartesian (blending) modes. Leave is the distance between 

the target point at which blending starts and the next point in millimetres. Reach 

represents the distance between the target point at which blending stops and 

the next point in millimetres. For the TM robot, default values are used: (1) the 

joint speed is 5%, and (2) the linear speed is 5 mm/s. 

Third, the movements of the robot are summarised as point-to-point (PTP) 

movements, linear movements, circular movements and blending movements 

(Staubli, 2018): 

(i) The point-to-point movement occurs when the robot moves from one 

point (initial position) to another point (final position) (Figure F 2 (a)). PTP 

movement can be joint type (moving joint angles) or Cartesian type 

(moving the end of the effector in Cartesian coordinates). 

(ii) The linear movement represents the movement of the robot along a 

straight line between two points or over a specific distance (Figure F 2 

(b)). This is normally used on approaching objects. 

(iii) The circle movement defines the movement of the robot along a circular 

path, which is useful for tasks requiring arc-like motions (Figure F 2 (c)). 

(iv) The blending movement combines smooth transitions between 

consecutive movements, preventing abrupt stops (Figure F 2 (d)). 
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The programs of the Staubli robot and TM robot use only point-to-point (PTP) 

movement and linear movement based on tasks (Table F 2). 

 

 

(a) Point-to-Point movement (b) Linear movement 

  

(c) Circle movement (d) Blending movement 

Figure F 2 Explanation of robot movements (Staubli, 2018). 

Fourth, the frame is defined as a reference frame in the movement, including 

word frame, Flange frame and Tool Centre Point (TCP) frame. (1) The word 

frame is defined such that the robot moves to a position according to the robot 

base. (2) The flange frame is defined such that the robot moves on the basis of 

the robot flange. (3) The TCP frame, which is defined by the user, is the tool 

centre fixed on the end of the effector on the robot. 

The TCP of the Staubli robot can be set via a 3D CAD model in the SRS 

software. The TCP is set at the surface of the tool changer (Robot side) (M.2) 
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(Figure F 3 (a)). The TCP remains the same to simplify the programs when 

different grippers are installed. In contrast, the TCPs of the cutting tool (M.7) 

(Figure F 3 (b)), screwdriver (M.5) (Figure F 3 (c)) and electromagnet (M.8) 

(Figure F 3 (d)) are set on the TM robot system. 

 

 

 
(a) TCP on the Tool changer (Robot 

side) (M.2) 
(b) TCP on Cutting tool (M.7) 

  

(c) Screwdriver (M.5) (d) Electromagnet (M.8) 

Figure F 3 TCP settings for different tools. 

Finally, the communication system in the robotic cell serves two main purposes: 

(1) control of switch-on/switch-off actions for various tools and devices and (2) 
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information exchange between the Staubli robot (M.1) and TM robot (M.3) to 

synchronise operations. Details of the robotic communication are introduced in 

Appendix D.
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Appenxdix G. Robotic trajectory planning  
This section introduces the robotic trajectory planning for the Coil disassembly task 

(T.4) (Figure G 1 and Table G 1). The algorithm can be implemented in the robot to 

execute the Coil disassembly task (T.4). 

 

Figure G 1 Robotic trajectory planning for the Coil disassembly task (T.4) 

Table G 1 Trajectory algorithm for the Coil disassembly task (T.4). 

θslot =
360
nslot

 

For loop (nslot): from nslot 1 tonlast slot 

For loop (n𝑧𝑧): from ndepth 1 tonlast depth 

Z(nstep ,nslot,ndepth) = Z1 + ndepth*Dcut 

For loop (nstep): from Rin toRout 

X(nstep ,nslot) = (Rin + nstep ∗ 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∗ cos(θslot*nslot) 
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Y(nstep,nslot) = (Rin + nstep ∗ 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∗ sin(θslot*nslot) 

P(nstep,nslot,ndepth) = (X(nstep ,nslot), Y(nstep ,nslot), Z(nstep ,nslot,ndepth)) 

Robot move toP(nstep,nslot,ndepth) 

nstep = nstep + 1 

End For loop (nstep): from Rin toRout 

ndepth=ndepth+ 1 

End For loop (n𝑧𝑧): from ndepth 1 tonlast depth 

nslot = nslot + 1 

End For loop (nslot): from nslot 1 to nlast slot  
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Appenxdix H. Force and position records in the coil 
disassembly process 
With respect to the Coil disassembly task (T.4), this section provides the cutting forces 

and speeds recorded during robotic milling on the Stator set (C.13) (Figure H 1). 

 
(a) Forces and speed recording in the 1st milling process 

 
(b) Forces and speed recording in the 2nd milling process 
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(c) Forces and speed recording in the 3rd milling process 

 
(d) Forces and speed recording in the 4th milling process 

 
(e) Forces and speed recording in the 5th milling process 
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(f) Forces and speed recording in the 6th milling process 

 
(g) Forces and speed recording in the 7th milling process 

 
(h) Forces and speed recording in the 8th milling process 
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(i) Forces and speed recording in the 9th milling process 

Figure H 1 Cutting forces and speeds recorded during robotic milling on the stator set (C.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




