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Fusion is the energy source of the sun and stars, and a fusion reactor is a machine to 

harness the fusion energy. The heat absorbed during the operation is used to produce 

steam, and then electricity just like a conventional power plant. Worldwide, different 

fusion reactors are being designed, built, and tested. Currently, the fusion reactor is still 

in the experimental stage, which will move forward to the demonstration stage and the 

commercial stage systematically. In recent years, with the development of different 

configurations of the fusion reactor, different robotic system concepts are becoming more 

and more attractive to perform different tasks in such a hazardous environment. Thus, 

two robotic systems for divertor remote handling and vacuum vessel assembly are 

proposed in this dissertation, among which the robotic system for vacuum vessel 

assembly is manufactured and tested. The simulation results and practical results reveal 

that the proposed robotic systems can carry out their tasks in the fusion reactor, and they 

show better performance compared with similar or previous robotic systems proposed by 

other researchers. Apart from this, multi-objective optimization of parallel mechanisms 

was carried out to optimize the parallel mechanism structure to better fit its specific tasks. 

The results show the robustness of the proposed multi-objective optimization method, 

and it can be further adopted in future robotic system design. In addition, a summary of 

optimization on parallel mechanism was concluded, which can act as a guideline for other 

researchers in the future. 

Keywords: fusion reactor, robotic system, parallel mechanism, multi-objective 

optimization 
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Nomenclature 

Latin alphabet 

𝑅𝐵 
𝐴  Rotation matrix  

[·]× Skew-symmetric matrix of vector [·]  

�̂�𝑖 Unit vector of the ith limb (i = 1,2,3,4,5,6)  

𝐴𝑃 Position vector of centre point of movable platform  

𝐹𝑑 External wrench contains forces and torques N, Nm 

𝐼𝑥𝑥𝑖
 Moment of inertia of the ith limb in x and y directions kg·m2 

�̇� Velocity of the centre point of the movable platform  

�̈� Acceleration of the centre point of the movable platform  

𝑎𝑖 Position of 𝐴𝑖with respect to frame {𝐴}   

𝑏𝑖 Position of 𝐵𝑖with respect to frame {𝐵}   

𝑐𝑖1 Half-length of cylinder m 

𝑐𝑖2 Half-length of piston m 

𝑙𝑖 Length of the ith limb (i = 1,2,3,4,5,6) m 

𝑚𝑖1 Mass of cylinder kg 

𝑚𝑖2 Mass of piston kg 

𝐶 Coriolis and centrifugal matrix  

𝐷 Diameter of the fixed platform m 

𝐺 Gravity vector  

𝐽 Jacobian matrix  

𝑀 Mass matrix  

𝑋 Position of the centre point of the movable platform  

𝑑 Diameter of the movable platform m 

𝑔 Gravitational constant m3·kg-1·s-2 

𝑚 Mass of movable platform kg 

Greek alphabet 

𝜏 Actuation force of limb 

𝛼 Angle on the fixed platform 

𝛽 Angle on the movable platform 

Abbreviations 

ASDEX Axially Symmetric Divertor Experiment 

CC Central cassettes 

CCEE Central cassettes end effector 

CFETR Chinese Fusion Engineering Testing Reactor 

CMM Cassette multifunctional mover 

CTM Cassette toroidal mover 

DDI Dynamic dexterity index 
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DE Differential evolution 

DEMO DEMOnstration Power Plant 

DFI Dynamic force index 

DI Dexterity index 

DN Double null 

DoF Degree of Freedom 

EAs Evolutionary algorithms 

EAST Experimental Advanced Superconducting Tokamak Element 

EE End effector 

GA Genetic algorithm 

GDDI Global dynamic dexterity index 

GDFI Global dynamic force index 

GSI Global stiffness index 

IB Inboard blanket 

ITER International Thermonuclear Experimental Reactor 

JET Joint European Torus 

KSTAR Korea Superconducting Tokamak Advanced Research 

LSI Local stiffness index 

NDT Non-destructive testing 

NSGA-II Non-dominated sorting genetic algorithm II 

NSGA-III Non-dominated sorting genetic algorithm III 

OB Outboard blanket 

PESA Pareto envelope-based selection algorithm 

PSO Particle swarm optimization 

RH Remote handling 

SC Second cassettes 

SCEE Second cassettes end effector 

SN Single null 

SPEA2 Strength pareto evolutionary algorithm 

StC Standard cassettes 

StCEE Standard cassettes end effector 

TCS Transfer cask system 

VV Vacuum Vessel 
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1 Introduction 

This chapter introduces the scientific background of the dissertation, and an overview of 

previous research related to fusion reactors is presented. First, fusion energy and the 

fusion reactor as a topic are introduced, in which the tokamak structure and progress of 

different research groups are provided. Then the remote handling concept of the main 

components of the fusion reactor is outlined, such as divertor and blanket. Other different 

kinds of robotic systems and concepts proposed for the fusion reactor are also introduced. 

Finally, the research problem, research questions, novelty value and scientific 

contribution are clarified, and the structure of the dissertation is described. 

1.1 Research background 

1.1.1 Fusion reactor brief introduction 

In the twentieth century, the reaction between the two hydrogen isotopes deuterium and 

tritium was approved to be the most efficient fusion reactor in fusion science. This fusion 

reactor can generate the highest energy while the temperature is kept at the ‘lowest’. 

Figure 1 shows the process of the fusion reactor, where light hydrogen atoms aggregate 

and form a heavier element, helium, and a light neutron, and the mass loss during the 

reaction is converted into high energy release. Compared with nuclear fission, less 

radiation waste is produced, and the raw material can be extracted from sea water, which 

make fusion energy an almost infinite and clean energy (Glugla et al., 2007).  

Figure 1. Fusion reactor between deuterium and tritium (ITER, 2022). 

The machine where fusion reaction happens is called a tokamak, which is an abbreviation 

for ‘toroidal chamber with magnetic coils’ in Russian. The first tokamak device was 

developed by Soviet research in the late 1960s (ITER, 2022), and the tokamak was 

recognised as the most promising configuration of magnetic fusion devices. At present, 

there are different international and national research groups and organisations that focus 

on fusion research and the construction of a fusion reactor. Many different tokamak 

machines have been constructed, such as the Joint European Torus (JET) in the UK 
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(Rebut, Bickerton and Keen, 1985), the Tore Supra in France (Peysson and Team, 2001), 

DIII-D in the USA (Jackson et al., 1991), the Axially Symmetric Divertor Experiment 

(ASDEX) in Germany (Herrmann and Gruber, 2003), the Experimental Advanced 

Superconducting Tokamak (Wan, 2016) and the Chinese fusion engineering testing 

reactor (CFETR) in China (Wan et al., 2017), the JT-60SA in Japan (Ishida, Barabaschi 

and Kamada, 2010), the Korea Superconducting Tokamak Advanced Research in Korea 

(Lee et al., 2001), and so on. The International Thermonuclear Experimental Reactor 

(ITER) shown in Figure 2 is the biggest international project, which involves 

collaboration between 35 nations and is currently in the construction stage. The primary 

goal of the ITER project is to demonstrate control of the plasma and that the environment 

consequences caused by fusion reaction are negligible. The DEMOnstration Power Plant 

(DEMO) is intended to be built upon the ITER, to demonstrate the net production of 

electric power from fusion reaction (Banacloche et al., 2020). 

 

Figure 2. ITER Tokamak device (ITER, 2022). 

 

The ITER has five main components, whose locations and appearances in tokamak are 

shown in Figure 3. The superconducting magnets, which weigh ten thousand tonnes, 

produce magnetic fields during the operation to control the plasma. The vacuum vessel 

(VV) is a stainless-steel structure where fusion reactions happen inside, and it acts as the 

first safety containment barrier. The blanket is a shield that blocks high-energy neutrons 

generated during the fusion reaction, to ensure the safety of the VV and external tokamak 

components. The divertor is located at the bottom of the VV, which controls the waste 

gas and impurities, and it must withstand the highest heat load applied by the tokamak. 

Then the stainless-steel cryostat surrounds the VV and magnets to ensure a cool and 

vacuum environment. In addition to these main components, the supporting system 

surrounding the tokamak ensures the safety and feasibility of the operation, and the 

supporting systems include the powerful heating and current drive system, cryogenic 

system, cooling system, fuelling system, vacuum and power supply system, and 

diagnostic system. 
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Figure 3. Main components of the ITER (ITER, 2022). 
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According to (Bigot, 2021), as of mid-2020 the ITER had completed 70% of the overall 

work required to achieve the first plasma. A photo of the ITER worksite and tokamak 

building in 2020 is shown in Figure 4. 

  

Figure 4. Photo of the ITER worksite (left) and tokamak building in 2020 (Bigot, 2021). 

 

With the construction of different fusion reactors in the worldwide, as one type of clean 

and sustainable energy, fusion reactor will be more and more attractive. 

1.1.2 Divertor remote handling system in fusion reactor 

Due to the neutron activation, the maintenance of the fusion reactor in-vessel components 

must be carried out remotely. Different components or parts of them must be refurbished 

or replaced regularly or infrequently, depending on the erosion rate and schedule. 

Components have been classified according to the importance and maintenance strategy 

into three classes. A brief description of each class is shown in Table 1 (Honda et al., 

2002). 

Table 1. Remote handling classifications. 

 Description Components 

Class 1 Requires regular planned replacement Divertor cassette 

Test blanket modules 

Class 2 Requires replacement at least once 

during the whole operation 

Blanket modules 

Diagnostics 

Class 3 No replacement requirement, but 

needs to be replaced if they fail 

Ex-vacuum vessel 

In-cryostat components 

 

The divertor system of ITER shown in Figure 5 consists of 54 cassettes supported by 

toroidal rails between the inner and outer walls of the VV. Each divertor cassette weights 

around 9 tonnes and the external dimension of each divertor cassette is approximately 3.5 

m (length) × 2.1 m (height) × 0.8 m (width). The divertor cassettes are designed to be 

removed from the tokamak through three divertor maintenance ports uniformly 
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distributed around the tokamak. The transportation strategy mainly consists of two stages. 

Taking the installation process as an example, the first stage is that the cassette 

multifunctional mover (CMM) shown in Figure 6 (left) carries the divertor cassette to 

move along radial rails in the divertor port to transport the divertor cassette inside the VV; 

then the second stage is that the cassette toroidal mover (CTM) shown in Figure 6 (right) 

carries the divertor cassette to move along the toroidal rail inside the VV. 

  

Figure 5. Scheme of the ITER divertor cassette remote handling using CMM and CTM (Esqué 

et al., 2014). 

 

 

Figure 6. Cassette multifunctional mover (left) and cassette toroidal mover (right) (Esqué et al., 

2014). 

 

Depending on the divertor cassettes’ location, the 54 divertor cassettes consist of three 

central cassettes (CC), six second cassettes (SC) and 45 standard cassettes (StC), so a 

different end effector (EE) is installed on the CMM for better transportation performance. 

The prototype CMM and second cassettes end effector (SCEE) is shown in Figure 7; the 

design concept of the standard cassettes’ end effector (StCEE) and the central cassettes’ 

end effector (CCEE) are shown in Figure 8 (Palmer et al., 2007; Valkama et al., 2011). 
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Figure 7. Prototype CMM and SCEE (Palmer et al., 2007). 

 

 

Figure 8. Design concept of the StCEE (left) and CCEE (right) (Valkama et al., 2011). 

 

The design of the DEMO fusion power plant is still in the conceptual design stage. The 

divertor system consists of 48 divertor cassettes, and there are 16 divertor lower ports in 

total, with each cassette weighing about 14 tonnes. A hydraulic telescopic boom-driven 

divertor mover system is introduced in (Carfora et al., 2014), where the divertor ports are 

inclined 45° downwards, and this concept leaves the majority of remote handling 

equipment outside the relatively high radiation area. The telescopic radial mover is 

proposed to overcome the problem that the rack-and-pinion drive is not suitable. There 

are two concepts on this telescopic radial mover, as shown in Figure 9: in concept 1, a 

cask is provided and connected to the divertor port by a lifting mechanism: by lifting the 

cask, the divertor mover is lifted as well; in concept 2, to shorten the remote handling 

time, the cask is fixed. While the divertor moves inside the cask, the divertor mover can 

handle the cassettes and store them on the side of the cask. In addition, the two divertor 

cassette end effector concepts shown are also introduced; the structure in concept 1 has 

four degrees of freedom and the structure in concept 2 has five degrees of freedom, and 

both structures are connected to the divertor mover, which works similarly to the SCEE 

mentioned in the ITER divertor remote handling (Tesini and Palmer, 2008). 
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Figure 9. Concept 1 (left) and concept 2 (right) of the telescopic radial mover (Carfora et al., 

2014). 

 

 

Figure 10. Divertor cassette end effector concept 1 (left) and concept 2 (right) (Carfora et al., 

2014). 

 

Even though the design of the remote handling and maintenance tools involves the 

consideration of reliability, there is still the possibility for errors to occur in some 

functions. Therefore, the rescue scenario must be carefully considered, such as the 

divertor mover should be rescuable from any position, the cassette should be able to be 

removed from toroidal rails freely, and other support components (rails, cooling circuit, 

etc.) should be able to be rescued (Honda et al., 2002; Esqué et al., 2014). 

1.1.3 Vacuum vessel assembly 

The JT60-SA superconducting machine is scheduled as an upgrade from the JT-60. The 

VV, as a key component, is a double-wall torus structure made of stainless steel 316 L, 

weighs 150 t, has a maximum major radius is 5.0 m, and its height is 6.6 m. The thickness 

of the inner and outer walls is 18 mm, and the ribs between the inner and outer walls have 

a thickness of 22 mm, which can increase the stiffness of the whole structure. For the 
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whole tokamak device, after manufacturing and assembly, the total tolerances of the VV 

should be ±10 mm in the inboard, ±20 mm in the outboard, and ±5 mm in the height 

(Shibama et al., 2015). 

Large components such as VV must be assembled onsite to achieve high precision, and 

to avoid difficulties with transporting such a large component. Figure 11 shows the 

assembly of the VV 40° sector. The inboard and outboard of the VV sectors are initially 

fabricated at a factory, then they are transported onsite, where the inboard VV sector and 

the outboard VV sector are jointed. During the welding process, appropriate jigs and 

fixtures are adopted to ensure high welding quality. 

 

Figure 11. Assembly of the VV 40° sector of JT60-SA (Masaki et al., 2012). 

 

Due to the linear misalignment between the adjacent sector are different during different 

assembly stage, the assembly concept of VV sectors is designed with two welding 

methods: a direct butt joint and a splice plate joint, which are shown in Figure 12. Three 

80° VV sectors are manufactured by direct butt welding and others are manufactured and 

assembled by splice plate welding, since splice plate welding allows a larger 

misalignment compared to the direct butt welding. Splice plate welding is a technique 

where both edges of it are welded to adjacent sectors, since welding of one side can cause 

deformation to another side, so the path sequences are designed and shown in Figure 12. 

However, the splice plate welding causes more distortion, as a result, two sets of robots 

are used to weld the VV joint at the same time, where one set of robots is used for the 

inner/outer walls at the inboard joint and the other set of robots is used for the outboard 

joint. The welding processes of the inner and outer shells are performed from the inside 

and outside of the VV, respectively. After the 340° VV sector is assembled, the final 20° 

VV sector is welded with a splice plate from the inside of the VV by automatic industrial 
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robots, such as commercial industrial series robot from ABB, Fanuc, and Kuka. Examples 

of several industrial robots can be found in Table 3. To compensate for the component 

shrinkage caused by welding, the prediction of welding shrinkage was studied, then the 

temporal gravity support is installed, and the welding residual force can be released 

(Masaki et al., 2012; Shibama et al., 2015, 2017). 

 

Figure 12. Welding techniques and welding sequences of JT60-SA VV (Shibama et al., 2017). 

 

The VV of ITER is a double-wall torus structure made of 316 L(N)-IG (ITER grade). It 

weighs 5200 t, the maximum major radius is 9.7 m, and the height is 11.3 m. The thickness 

of the inner and outer walls is 60 mm, and the ribs between the inner and outer walls have 

a thickness of 40 mm. The VV consists of nine 40° sectors shown in Figure 13. Each 

sector is fabricated in a factory and transported onsite and assembled in the final VV. The 

tolerance of the overall width and height of each VV sector are ±20 mm (Choi et al., 

2014). Figure 14 is the first VV sector (#6) in the ITER assembly hall, which was 

delivered onsite in August 2020 (Bigot, 2021). 

 

Figure 13. ITER 40° VV sector (Choi et al., 2014). 
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Figure 14. VV sector #6 in assembly hall (Bigot, 2021). 

 

Recent fusion reactor design and development shows the trend for designing different 

kinds of machine tools and robotic systems due to safety, accuracy, and time 

considerations. In ITER VV, the assembly must be processed from the inside. The 

procedure of the assembly can be summarised as follows (Wu et al., 2011; Eguia et al., 

2015): 

• The existing space between two adjacent sectors should be measured. 

• The robotic system should carry the splice plate (weight about 150 kg) and 

position it between the adjacent sectors. 

• The robotic system should weld the edge splice plates to the adjacent sectors. 

• The robotic system should machine the welding seam to increase the surface 

quality. 

• The robotic system should be able to carry different apparatus to perform a non-

destructive test. 

The concept design for a portable machine for VV assembly purpose shown in Figure 15 

is proposed in (Eguia et al., 2015). Another 10-DoFs intersectoral welding robot proposed 

for ITER assembly is also being designed, manufactured and tested (Wu et al., 2011). 

This robot can reach a machining accuracy of ±0.1 mm; a dynamic machining force of 3 

kN; a handling payload of 6 kN and speeds of up to 20 mm/s. 
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Figure 15. Concept design of the portable machine (Eguia et al., 2015). 

 

 

Figure 16. 10-DoFs intersectoral welding robot for ITER assembly (Wu et al., 2011). 

 

To sum up, in this section, different fusion reactor vacuum vessels assembly processes 

are introduced, and different robotic systems that can carry out the assembly processes 

are shown. 

1.1.4 Robot optimization design methods 

Series and parallel robots are two general robot configurations adopted in different 

industrial application, such as painting, welding, palletising, and machining. Depending 

on the task’s requirements, different configuration robots are adopted. The main 

differences between series and parallel robots of similar size are listed in Table 2. 

Table 2. Main differences between series robots and parallel robots. 
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 Series robots Parallel robots 

Dexterity High Low 

Payload Low High 

Stiffness Low High 

Accuracy Low High 

 

Table 3 shows the industrial heavy-duty robots’ main technical data from manufacturing 

companies KUKA, ABB and Fanuc. The technical data includes payload, maximum 

reach distance, repeatability, robot mass and mounting method. All the robots shown in 

Table 3 are series robots; the industrial parallel robots are usually delta robots whose 

payload is around 10 kg and adopted for picking, handling, and palletising applications. 

Table 3. Main technical data overview of different industrial robots. 

Robot Payload 
Maximum 

reach 
Repeatability 

Robot 

mass 
Mounting 

Kuka KR 500 500 kg 2826 mm ±0.08 mm 2440 kg Floor, ceiling 

Kuka KR 1000 

titan 
1300 kg 3202 mm ±0.10 mm 4690 kg Floor 

Fanuc M-900 700 kg 3143 mm ±0.10 mm 2800 kg Floor 

Fanuc M-2000 2300 kg 4683 mm ±0.18 mm 11000 kg Floor 

ABB IRB 760 450 kg 3180 mm ±0.05 mm 2310 kg Floor 

ABB IRB 8700 800 kg 3500 mm ±0.10 mm 4525 kg Floor 

 

The development of a customised robot is a very difficult task, and the process is very 

time consuming. The basic structure of a robotic system can be divided into three main 

parts: mechanism, hardware, and software. The complexity of each part varies depending 

on the application (Kaikkonen, Makelainen and Hakala, 1991). With the development of 

time and industry, to build a robot for different environments and functions is becoming 

more and more diverse and attractive. Commercial robots are manufactured for profit, 

and the customised process of robots is always time-consuming and costs a lot. Therefore, 

with the development of different algorithms, advanced design methods such as the 

optimization method of robot design are proposed by many researchers. There are mainly 

three parts to the robot optimization design method: mechanical structure, objective 

functions, and optimization algorithm. Here the parallel mechanism optimization is taken 

as an example; Figure 17 shows the main components of a parallel mechanism 

optimization problem: 

• Mechanical structure: the kinematics and dynamics model of the mechanical 

structure are derived from the model. 

• Objective functions: the objective functions are derived from the kinematics and 

dynamics model, and they can be classified into two groups, namely quality-based 

and quantity-based. The quality-based objective function is usually a ratio, and 
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the quantity-based objective function usually has physical meaning with a unit. 

There are different branches of optimization research into parallel mechanisms, 

which can also be identified from Figure 17. In general, before the year 2000, 

most of the optimization problems were local optimization problems (Gosselin 

and Angeles, 1991; Kurtz and Hayward, 1992; Tsai and Joshi, 2000; Stock and 

Miller, 2003) and single-objective optimization problems (Liu, Wang and 

Pritschow, 2006b; Wu et al., 2008; Chi et al., 2013; Gao and Zhang, 2015) due to 

lack of robust optimization algorithms or powerful computation machines. With 

different multi-objective optimization algorithms being introduced after 2000, 

more researchers adopted multi-objective algorithms into optimization problems. 

In addition, more and more objective functions are derived from the kinematics 

and dynamics models depending on the functions of the robots. Such a workspace 

is optimized when the robot is expected to move in a larger space (Gosselin, 

1990); velocity is optimized for a robot that needs to move to a specific location 

very quickly (Liu, Wang and Pritschow, 2006b, 2006a); and the energy of robot 

consumption is based on the velocity and torque of the motors, which is another 

concern and is discussed in (Ur-Rehman et al., 2010; Lara-Molina, Dumur and 

Assolari Takano, 2018). Mass index, introduced in (Mazare and Taghizadeh, 

2019), is similar to the dynamic dexterity introduced in (Zhao et al., 1995; Cui et 

al., 2015; Russo et al., 2018), which indicates the capability of the movable 

platform movement in different directions with greater acceleration. 

Manipulability as another objective function to describe the parallel mechanism 

performance was studied in (Yoshikawa, 1985; Zhang and Gao, 2015); Actuator 

force as one quantity-based objective function can directly show the performance 

of the parallel mechanism, and it contributes to balanced design, to avoid the 

situation where one actuator has to withstand huge force (Gosselin and Angeles, 

1991; Liu, Wang and Pritschow, 2006b, 2006a), (Wu, Bai and Hjørnet, 2016). 

Stiffness as the structure capability to resist the deformation was chosen as one 

objective function and optimized in (Gao et al., 2010; Gao, Zhang and Ge, 2010). 

• Optimization algorithms: there are three classifications in the optimization 

algorithm, namely the single-objective optimization algorithm, multi-objective 

optimization algorithm, and many-objective optimization algorithm. In the single-

objective optimization, there is only one final cost function, which can consist of 

several objective functions allocated by different weights; in multi-objective 

optimization and many-objective optimization, each objective function is 

independent, and there is no clear definition of the difference between ‘multi’ and 

‘many’, but in general, if the quantity of objective functions is more than four, 

then the problem can be seen as many-objective optimization. There are also many 

developed algorithms for the optimization, such as genetic algorithm (GA) 
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(Grefenstette, 1993), non-dominated sorting genetic algorithm II (NSGA-II) (Deb 

et al., 2002), non-dominated sorting genetic algorithm III (NSGA-III) (Deb and 

Jain, 2014), evolutionary algorithms (EAs), particle swarm optimization (PSO) 

(Kennedy and Eberhart, 1995), differential evolution (DE) (Storn and Price, 

1997), strength pareto evolutionary algorithm (SPEA2) (Zitzler, Laumanns and 

Thiele, 2001), and pareto envelop-based selection algorithm (PESA) (Corne et al., 

2001). 

• Global optimization: the global optimization can be classified to trajectory-based 

global optimization and workspace-based optimization. In workspace-based 

optimization, the values of objective functions are evaluated in the whole 

workspace, this method is usually used in kinematic optimization where dynamic 

performance is not interested in the study; The trajectory-based optimization is 

usually adopted when dynamic of the structure is very important, and the results 

usually give straight forward guidance to designer on which parameters of the 

structure should be optimized. 

• Results: by carrying out the proposed method, the designer can optimize the 

structure in mathematic way, which cannot usually be done in simulation 

software. The optimized results can be used also as reference to help designer to 

understand the behaviour of the structure when different parameters change. 
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Figure 17. Components in robotic optimization problems. 

 

To sum up, the research background is given in this section with literatures in different 

filed, brief introduction of the robotic system working environment – fusion reactor is 

given, then the different robotic systems are introduced, finally, based on the optimization 
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literatures, a robotic optimization problems chart is summarized, which is used in this 

dissertation. 

1.2 The position of the research 

This dissertation combines two important aspects of mechanism design, namely robotics 

and optimization, thereby defining and clarifying the target of development. The goal of 

combing robotics and optimizing these two aspects are to increase the level of mechanism 

design in the fusion reactor. Figure 18 shows the theoretical positioning and target of 

development of the research. In mechanism design, robotics design is one branch that 

includes different robot design, such as humanoid, industrial, mobile, military, and 

collaborative robots. Different types of robots are adopted in different scenarios, such as 

in hospitals, underwater, in the sky and in factories. It is time-consuming to design a 

mechanical structure from sketch to prototype, so as an alternative the optimization 

method can help a designer to design a structure, such as in bridge design, and the 

optimization can ensure the bridge withstands its load uniformly.  

 

Figure 18. The theoretical positioning and target of the development of the research. 

 

The optimization of robotic system as the target of development combines robotic system 

and optimization design in mechanism design, where the robotics’ preliminary design is 

followed by optimization with constraints, given by the environment and the desired 

properties of the robotics. 

1.3 Research problem and research questions 

Remote handling technology and robot operations are crucial in the fusion reactor 

maintenance and assembly processes. Despite different robot concepts being proposed by 
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different research groups for different fusion reactor applications, the best solution for a 

specific fusion reactor is still attractive. The ITER project as current active project is a 

good example for researchers to get inspiration in developing different technologies for 

further fusion reactors. For example, the blanket maintenance technology using a single 

vertical transport cask was validated in ITER, and the divertor maintenance technology 

adopting the transfer cask system (TCS), CMM, and CTM were also validated by VTT 

in Finland (Palmer et al., 2007). However, other fusion reactors such as DEMO, CFETR 

and JT-60SA have different scales compared to ITER, and the components inside are also 

different from each other. The commercial industrial robot and the traditional CNC 

machine are not suitable for the fusion reactor environment because they cannot achieve 

high mobility, high stiffness, high accuracy, and high payload at the same time. 

The divertor remote maintenance system must be simple and robust. Here, robust means 

that the system must be capable of transporting the divertor cassette with high accuracy, 

and simplicity means the system itself must be easy to withdraw if breakdown occurs in 

the system. This design strategy is also applied to other robotic system design in the fusion 

reactor, such as to VV assembly. In a different VV structure, the assembly sequence, 

assembly routines and space saved for the assembly robot are different. After a robotic 

system concept has been proposed and validated, it is also important to propose a 

systematic way to develop the concept and design a different robotic system for another 

fusion reactor or another application. Hence, the multi-objective optimization of the 

robotic system is a solution here to make the design process reliable and fast, the 

optimization process involves robot structure parameters (geometry of the robot structure) 

and environment constraints (such as workspace of the robot structure, and boundary of 

the VV). 

The following research questions are derived from the previously described research 

problem: 

• Are the new robotic concepts feasible and robust enough for the fusion reactor 

remote handling? 

• How can the robot structure be simplified in the fusion reactor? 

To answer the research questions, the topics of the research focus on three parts. The first 

part is the fusion reactor investigation. Here, different fusion reactor configurations and 

modern technology used in fusion reactor building and design stage should be studied. 

The second part is the robotic system design, i.e., the robotic system design for different 

tasks. In this part, conceptual design and detailed design must be carried out, and related 

analysis such as finite element analysis, kinematic simulation and dynamic simulation 

must be studied. Next, the prototype of the robotic system should be built and tested, to 

validate the performance of the robotic system. In the last, to apply this robotic system to 

other applications and let it be adopted for other general purposes, a multi-objective 

optimization should be carried out where the constraints represent the tasks, and 

requirements can be added in the simulation. In this way, the designed robotic system 

does not only apply to the fusion reactor, but also retains the possibility for it to be applied 
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in other industrial fields. To further explain the connections between the research 

problem, the research questions and the research methods adopted in the publications, a 

schematic is shown in Figure 19.  

 

Figure 19. The connections between the research problem, research questions, publications, and 

utilised research methods. 

 

The research is divided into the topics of environment study, structural design, and 

optimization. In the topic of environment study, the power plant environment, and 

components inside are studied, in the topic of structural design, the robotic system 

structure is discussed, and in the topic of optimization, the multi-objective optimization 

of parallel mechanism is carried out. Each of these topics has a wide field of content, thus, 

the restrictions and limitation related to the topics are defined by the research problem 

and research questions, the conclusion of the research based on the publications and 

dissertations answer the research questions raised in Figure 19.  

1.4 Novelty value and scientific contribution 

The novelty of the research comprises integrating robotic design, multi-objective 

optimization and the working environment fusion reactor together. Traditional robot 

design and their development can take a long time. However, when integrating the 

proposed optimization method into robotic system design process, converting the 

environments of the working scenarios and the required parameters into mathematic 
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models in the optimization process, the productivity of the robotic system design and 

development increases by using mathematic approach, and the optimization results can 

give designer guidance on how the robotic system behaves and how to design in more 

detail. 

In this research, the fusion reactor environment is investigated first, then a different 

robotic system for divertor remote handling and VV assembly are designed. The concept 

design for the DEMO fusion reactor is a novel concept, which can be further developed 

and proposed for future fusion reactors. The robotic system designed for VV assembly is 

modelled and analysed, then manufactured, assembled, and tested in a laboratory. The 

test results validate that the function of the designed robot can perform the required tasks 

perfectly. Finally, the research focuses on the multi-objective optimization of the parallel 

robot, and differently from single-objective optimization, multi-objective optimization 

based on NSGA-II provides sufficient optimized feasible solutions for selection, the 

results reveal that the optimized structure has better performance than the original design. 

Also, the multi-objective approach is approved as performing better than single-objective 

optimization, since the latter may fall into location optimization. By changing the 

constraints in the optimization, the optimized structure can be used in general applications 

as well. 

The knowledge gained regarding the multi-objective optimization reduces the time spent 

on development compared with traditional robotic design. The proposed concept and the 

developed robotic system are better for fusion reactors than the previously built robotic 

system shown in terms of weight and simplicity, and with the multi-optimization method, 

the robotic system can be further optimized for other applications.  

1.5 The structure of the dissertation 

The content of the dissertation is organised as follows. In chapter one, the research 

background, the position of the research, research problem, research questions, novelty 

of the research and the framework of this dissertation are described. Chapter two 

introduces two different kinds of robotic systems proposed for fusion reactor divertor 

remote handling and fusion reactor VV assembly. The detailed kinematic and dynamic 

models are presented. In chapter three, the multi-objective optimization including the 

optimization algorithm, optimization method and optimization objective are described 

based on the proposed parallel mechanism. Then the results and analysis of the research 

are presented at the end this chapter. Finally, the summary of publications and future work 

are presented in chapter four. 
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2 Robotic systems design for fusion applications 

There are different definitions on describing the robots that are discussed in this 

dissertation, such as industrial robot, robotic system, manipulator, mechanism. To give 

reader a clear understanding on what robotic system is, the definition of robotic system 

used in this dissertation is that it mainly consists of three types of robotic systems: the 

manipulation robotic system, the mobile robotic system and the data acquisition and 

control robotic system (RobotWorx, 2022). The manipulator robotic system is the most 

common robotic system, which are made of many robot arms and can perform different 

tasks, such as welding, materials handling, and machining; The mobile robotic system 

consists of a mobile platform that moves items from one place to another, they usually 

carry out different tasks such as transporting and heavy load tasks; The data acquisition 

and control robotic system are used in software for engineering and business.  

In this chapter, the design of robotic system for DEMO divertor remote handling is 

introduced, this robotic system design is in pre-concept design stage, so the robotic system 

is a hybrid robotic system involves the manipulator robotic system and the mobile robotic 

system; Then the design of robotic system for CFETR vacuum vessel assembly is 

introduced, this robotic system is manufactured and tested in practical, therefore, this 

robotic system is a combination of the manipulator robotic system, mobile robotic system, 

and the data acquisition and control robotic system. 

2.1 Design of robotic system for DEMO divertor remote handling 

Divertors in DEMO and ITER have different configurations in terms of scale and space. 

Figure 20 shows 2015 baseline model of the divertor cassette location in DEMO VV; in 

this configuration, the 25° horizontal port is adopted. During the movements of the 

divertor cassette, a clearance of at least 20 mm must be reserved between the divertor 

cassette and the blankets, and after the divertor cassette is transported in position, the 

clearance must be eliminated by the lifting system to lock the divertor cassette in position, 

where 30 mm lifting capability is the minimum requirement (Li et al., 2019).  
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Figure 20. Illustration of DEMO divertor cassette location in 25° port (Li et al., 2019). 

 

During the divertor cassette toroidal transportation, the robotic system should be able to 

transport the divertor cassette in central position to lateral position as shown in Figure 21. 

 

Figure 21. Divertor cassette location from top view (Videnoja et al., 2017). 

 

There are three end effector concepts proposed in the report (Videnoja et al., 2017), which 

are shown in Figure 22, Figure 23, and Figure 24. 

 

Figure 22. End effector concept 1 – toroidal cassette manipulator (Videnoja et al., 2017). 
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Figure 23. End effector concept 2 – Toroidal platform with integrated rails (Videnoja et al., 2017). 

 

 

Figure 24. End effector concept 3 – toroidal platform with hydraulic jacks (Videnoja et al., 2017). 

 

Each concept has its advantages and disadvantage. Concept 1 has advantages on 

flexibility and no toroidal rails are required to install on the surface of the VV, but it has 

disadvantages on the load capacity due to cantilever structure, also the space of cassette 

interface is limited. Concept 2 has advantages on load capacity because the structure is 

supported by rails, which are mounted on the surface of VV, however, the mounting of 

rail is disadvantage, also the blanket piping issue exists and should be considered. 

Concept 3 has advantages on high load capacity due to non-cantilever structure, it has 

flexibility contributed by asymmetrical design on the hydraulic jacks. However, the 

disadvantages are the rail should be mounted permanently, and the deflection on the rail 

after the fusion reaction may cause the structure to be stuck during movement. 

One concept is proposed here to handle the remote handling of the divertor in DEMO, 

which is shown in Figure 25 (left). This robotic system has six DoFs: four DoFs are 

contributed by the cylinders, one DoF is contributed to the scissor mechanism that push 
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mobile platform to move along the toroidal rail, and one DoF is contributed by external 

carriage that transport the mobile platform along the divertor port; the wheel unit and the 

scissors mechanism provide one DoF that allows the robotic system to move along the 

toroidal track rail, four cylinders on the mobile platform provide the other four DoFs, 

which adjust the divertor cassette position to eliminate the clearance and lock the divertor 

cassette in the right position, and the mobile platform is pushed by external linear motion 

technology along the track rail frame, which is seen as one DoF. An illustration of the 

robotic system carrying one divertor cassette is shown in Figure 25 (right). 

 

Figure 25. Structure of robotic system (left) and robotic system carrying one divertor cassette 

(right). 

 

The robotic system transportation process in the divertor port before the divertor cassette 

is moved to the central location is shown in Figure 26, and each step is explained as 

follows: 

(a) The carriage carrying the track rail frame is transported from the divertor port along 

the port track rail. 

(b) The track rail frame is transported into the VV by carriage, then fixed in position. 

(c) The carriage moves back and carries the mobile platform. 

(d) The mobile platform is transported by carriage into the VV along the port track rail 

and track rail frame. 

(e) The wheels shift 90° and integrate to the adjacent toroidal track rails to form the 

continual toroidal track rail. 

(f) One side of the scissor mechanism is fixed on the track rail frame, another side of 

the scissor mechanism is fixed at the bottom of the mobile platform, the relative 

movements between the track rail frame and the mobile platform is achieved by 

actuating the scissor mechanism to expand, as shown in Figure 26 (f). 

(g) The mobile platform is actuated by scissors mechanism mounted between the track 

rail frame and the mobile platform and moves along the toroidal track rail. 

(h) The cylinders mounted on the mobile platform are connected to the divertor cassette 

bottom surface, then the divertor cassette is unlocked from its original location and 

the scissors mechanism pulls the mobile platform and divertor cassette along the 
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toroidal track rail to the middle position. Then the wheels shift back 90° and the 

carriage is connected to the mobile platform. 

(i) The carriage transports the mobile platform and divertor cassette out through the 

divertor port along the port track rail. 

(j) The carriage transports the track rail frame out. 

 

Figure 26. Robotic system transportation process in the divertor port (Li et al., 2019). 

 

This robotic system designed for the DEMO divertor remote handling consists mainly of the 

mobile platform (Figure 25), wheel unit (Figure 27), track rail frame (Figure 28) and carriage 

(Figure 29)(Li et al., 2019): 

• Mobile platform: the mobile platform is an integrated structure, and the function 

is to carry, lift and descend the divertor cassette. Four hydraulic cylinders mounted 

on the top surface are for divertor lifting and descending purposes; the purpose of 

the lock frustum is to lock the divertor cassette in an x/y direction but allow for 

tiny rotation; the scissors mechanism is installed at the bottom of the mobile 

platform and is connected to the track rail frame. In this way, the mobile platform 

can move relative to the track rail frame. 

• Wheel unit: the wheel unit is integrated into the track rail frame; its function is to 

shift 90° and integrate to the adjacent toroidal track rails to form the continual 

toroidal track rail. 

• Track rail frame: the track rail frame is an independent track rail that connects the 

divertor port to the VV surface. Its function is to allow the movement of the 

mobile platform inside VV. 

• Carriage: the carriage is like the CMM: it has the capability to carry different 

tools, it can be hydraulically actuated, or an industrial robot can be integrated so 

that the carriage can transport the mobile platform and track rail frame to a specific 

position. 
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Figure 27. Wheel unit of robotic system in divertor remote handling. 

 

 

Figure 28. Track rail frame of robotic system in divertor remote handling. 
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Figure 29. Carriage of robotic system in divertor remote handling. 

 

Each concept has its own advantages and disadvantages, the comparison between this 

new concept with other three proposed concepts can be seen in Table 4. 

Table 4. Comparison between different concepts. 

 Concept 1 Concept 2 Concept 3 New concept 

Load capacity 
Low (due to 

cantilever) 

Moderate (due 

to integrated 

rails) 

High (due to 

rail mounted 

on the VV) 

High (due to 

rail mounted 

on the VV) 

Flexibility High Moderate High High 

Rail on VV No 
Space should 

be reserved 
Yes Yes 

 

In this robotic system design, the risk analysis is carried out on proposed concept, and the 

summary is shown below: 

• R1: As a result of the remote handling devices failing or not being recoverable or 

not failing, there is a risk that maintenance from the divertor port will be 
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potentially paused due to access blocked by the failed equipment, this risk results 

in reducing the plant maintenance efficiency and useful life; 

• R2: As a result of the large component such as divertor cassette dropping, there is 

a risk on significant damage will be caused on the plant itself and the equipment, 

this risk results in irreparable damage to the plant, and it reduces the plant life; 

• R3: As a result of the debris produced during the maintenance process such as 

pipe cutting, there is a risk on contamination and damage to other systems and 

current maintenance operations, this risk results in reduced plant operational 

efficiency due to extra maintenance operations are required; 

• R4: As a result of the control system of the remote handling equipment not being 

able to execute the program, there is a risk that the remote handling operation 

cannot be performed, this risk results in reduced plant operational efficiency; 

• R5: As a result of the unforeseen physical effects on the remote handling devices 

and other components, such as neutron degradation, residual magnetism, and 

thermal deflection, there is a risk that remote handling operations are not possible 

or more complicated, this risk results in reduced plant operational efficiency, and 

even requirement of new remote handling tools and processes; 

• R6: As a result of failure to produce an integrated plant design with current 

strategy, such as different divertor port design, different plant architecture design, 

different space requirement to deploy remote handling tools and robotic system, 

there is a risk that current remote handling strategy performance is uncertain, this 

risk results in the increase of uncertainty of the remote maintenance performance 

on the plant operational efficiency and expense estimation; 

• R7: As a result of insufficient space around the robotic system deployment or the 

transportation space, there is a risk that robotic system cannot be transported to 

specific location or there is collision during the movement, this risk results in 

modifications on other components or the robotic system, which reduce the plant 

operational efficiency and increase on expenses; 

• R8: As a result of insufficient concepts other than this proposed concept in this 

conceptual design stage, there is a risk that proposed concept is limited in ability 

to work as divertor remote handling robotic system, this risk results in reduced 

plant operational efficiency, commercial viability and increase on expenses; 

• R9: As a result of a complicated robotic system, there is a risk that complex 

maintenance solution is required and large amount of remote handling tools and 

support systems are required, this risk results in increase on expenses and reduced 

operational efficiency due to large number of tools; 

• R10: As a result of insufficient understanding of the contamination of radioactive 

material during maintenance, there is a risk that the robotic system is unacceptable 
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contamination, this risk results in the increase on expense on the new robotic 

system design to meet the regulator’s requirement. 

To sum up, a concept design of robotic system for DEMO divertor remote handling is 

introduced in this section, the focus is on the development of technology to transport the 

divertor between VV and divertor port, more importantly, the introduced robotic system 

can eliminate the clearance between divertor cassette and the blanket by balancing the 

strokes of four cylinders, which integrated inside the mobile platform.  

2.2 Design of robotic system for CFETR vacuum vessel assembly 

The VV is assembled onsite by welding different VV sectors together. A splice plate is 

used because it can compensate large misalignment caused by welding distortion. Instead 

of performing this task manually, robotic system should be designed to carry out the 

assembly process. An intersection welding robot IWR for ITER VV assembly was 

designed and manufactured before by the same research team, the robotic system is shown 

in Figure 30 (Wu et al., 2011). 

 
Figure 30. intersection welding robot for ITER VV assembly (Wu et al., 2011). 

Due to different configuration of the VV in ITER and CFETR, a newly designed robotic 

system shown in Figure 31 for VV assembly is designed and developed based on previous 

experience, and its main structure consists of a carriage, a parallel mechanism, and a track 

rail: 

• Track rail: the track rail allows the carriage to move and brings the robotic system 

to any location in the VV, and the shape can be designed based on the VV’s inner 

surface quality and curvature. There are four sub-rails on the top of the track rail, 

which are a V-shape track rail, a transmission gear rail, an encoder gear rail and a 

flat-wheel gear rail. 

• Parallel mechanism: the parallel mechanism is a Stewart-platform-based six DoFs 

mechanism, which mainly involves six electrical actuators, 12 universal joints, an 

end effector as the movable platform and a frame structure as the fixed platform. 
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The cylinders are connected to the fixed platform by side trunnion attachment in 

the middle position of the cylinder. 

• Carriage: the carriage is a welding structure involving two electric servo motors 

with a speed reducer to ensure that high torque can be transmitted. The encoder 

system mounted on the top the carriage can record the robotic system 

displacement during the movement, and the wheel unit system inside the carriage 

provides the mobility of one DoF on the track rail, while the wheel unit consists 

of a flat wheel, a V-shaped wheel, transmission gear and encoder gear, which 

constrains the movement in only the desired direction and provides an accurate 

position of the carriage. Furthermore, each link on the sides is bolted together, 

called an evacuation system, to give more flexibility on assembly, especially in 

the situation when there is blackout on the machine. In addition, depending on the 

purpose of the robot, different tools can be installed on the carriage to perform 

different tasks, such as welding equipment and a series robot. 

 

Figure 31. The illustration of a robotic system on the track rail for VV assembly. 
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The robotic system’s main body shown in Figure 32 will carry out mainly welding and 

milling in the VV assembly. In addition, the robotic system can also perform non-

destructive testing (NDT), visualisation and carrying the splice plate by mounting 

different apparatus on the fixed platform. During the welding process, the welding 

equipment will be mounted on two sides of the carriage, then the robotic system is 

assumed to move along the track rail automatically by following programming, and weld 

along the assigned path continuously. The milling process is designed to be performed 

segment by segment, and the parallel mechanism works while the carriage locks in 

position to ensure high stability and accuracy. The robotic system should reach any 

position in a 200 mm × 200 mm × 300 mm cuboid, and its milling accuracy is ±0.1 mm 

(Wu et al., 2011). 

 

Figure 32. The illustration of robotic system. 

 

The spring compensation mechanism is designed to eliminate the clearance between the 

wheels and the track rail during movement. During movement on the straight segment of 

the track rail (Figure 33), due to the assembly and manufacturing error, there will always 

be a small clearance between the bottom wheel and the bottom surface of the track rail; 
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and when moving on the bending segment of the track rail (Figure 34), due to the 

curvature of the rail, the clearance between the wheels and the track rail may cause the 

robotic system to fall, since the gravity force is no longer perpendicular to the track rail 

surface. Therefore, the robotic system is flexible on the bending segment if clearance 

exists, and the compensation system here pulls two sets of wheel units together and 

ensures that the wheels remain in contact with the track rail all the times during the 

movement.  

 

Figure 33. Illustration of robotic system on a straight segment of the track rail. 

 

 

Figure 34. Illustration of robotic system on a bending segment of the track rail. 
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Figure 35 shows a view of the robotic system in the VV port. The splice plates located on 

the inner and outer walls of the VV are marked, and the edges of the splice plates are 

marked ‘1’, ‘2’, ‘3’ and ‘4’, which should be reachable by the welding torch and milling 

tool. 

 

Figure 35. View of mobile parallel robot on the VV port. 

 

The kinematics and dynamics models of the parallel mechanism are built to evaluate its 

performance. Compared with the series robot, the inverse kinematics of the parallel robot 

is more feasible in this study than forward kinematics. Figure 36 is the illustration of the 

parallel mechanism, and the fixed platform and the movable platform geometries. 𝐷 and 

𝑑 are the diameters of the fixed and movable platforms, respectively, 𝛼 and 𝛽 are the 

angles on the platforms; they decide the shape of the platforms, and these four variables 

decide the location of the 12 universal joins positions. 
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Figure 36. Geometry model of the parallel mechanism (Li, Wu and Eskelinen, 2021). 

 

The length of each limb is denoted in Eq. (2.1) and the Jacobian matrix is defined in Eq. 

(2.2): 

 ℓ𝑖�̂�𝑖 =  𝐴𝑃 +  𝐴𝑅𝐵𝑏𝑖 − 𝑎𝑖 (2.1) 
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Where 𝑙𝑖 is the length of the 𝑖th limb, �̂�𝑖
  is the unit vector of the limb,  𝐴𝑃 = [𝑝𝑥 𝑝𝑦 𝑝𝑧]𝑇 

and  𝐴𝑅𝐵 are the position vectors and orientation of point 𝑂𝐴, 𝑎𝑖 and 𝑏𝑖 denote the points 

on the movable and fixed platforms with respect to their own frame, respectively. The 

Jacobian matrix 𝐽 is a 6 × 6 square matrix, and it can be further derived to dexterity and 

manipulability objective functions, for example. 

The closed-form dynamic formulation introduced in (Merlet, 2006) is used here to 

simulate the dynamic behaviour of the parallel mechanism. The actuator dynamic forces 

𝜏 are calculated from Eq. (2.3): 

 𝜏 = 𝐽−𝑇(𝑀(𝑋)�̈� + 𝐶(𝑋, �̇�)�̇� + 𝐺(𝑋) + 𝐹𝑑) (2.3)  

Where 𝑀(𝑋) shown in Eq. (2.4) is the mass matrix derived from Eq. (2.5); 𝐶(𝑋) is the 

Coriolis and centrifugal matrix derived from Eq. (2.6), it includes inertial forces caused 

by the Coriolis and centrifugal accelerations; 𝐺(𝑋) is the gravity vector derived from Eq. 

(2.7), it defines the gravity of the system; and 𝐹𝑑  [𝑓𝑥; 𝑓𝑦; 𝑓𝑧; 𝜏𝑥; 𝜏𝑦; 𝜏𝑧] is the external 

wrench in a 6 × 1 matrix, which defines the forces and torques applied to the centre point 

of the movable platform in x, y, and z directions. 
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 𝑀(X) = 𝑀𝑝 + ∑𝑖=1
𝑖=6  𝑀𝑙𝑖 

𝐶(𝑋, �̇�) = 𝐶𝑝 + ∑𝑖=1
𝑖=6  𝐶𝑙𝑖 

𝐺(𝑋) = 𝐺𝑝 + ∑𝑖=1
𝑖=6  𝐺𝑙𝑖 

(2.4) 
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 𝐺𝑝 = [
−𝑚𝑔
03×1

]
6×1

 

𝐺𝑙𝑖 = 𝐽𝑖
𝑇𝐺𝑖 

𝐺𝑖 = (𝑚𝑔𝑒 ŝ𝑖×
2 − 𝑚𝑖2 ŝ𝑖 ŝ𝑖

𝑇)𝑔 

𝑚𝑔𝑒
=

1

ℓ𝑖
(𝑚𝑖1𝑐𝑖1 + 𝑚𝑖2(ℓ𝑖 − 𝑐𝑖2)) 

(2.7) 

 

After the concept design of the robotic system is finished for VV assembly, the 

components are selected based on calculation and simulation. The universal joints sizes 

are calculated based on the estimated load applied on the movable platform, electrical 

actuators’ sizes are calculated based on the load capability, all the technical drawings are 

made, and finally, the robotic system is manufactured and assembled in the Laboratory 

of Intelligent Machine, LUT University, Lappeenranta, Finland. Several machining and 

welding tests are performed in the laboratory. Figure 37 shows the control system 

hardware of the robotic system for vacuum vessel assembly, Figure 38 shows the software 

interface of the control system, robotic system simulation and the built robotic system in 
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the laboratory. In addition, welding and milling processes are tested and some 

experimental pictures are shown in Figure 39 and Figure 40. 

 

Figure 37. The control system hardware of the robotic system for vacuum vessel assembly (Li et 

al., 2021). 

 

 

Figure 38. The structure of the robotic system (Li et al., 2021). 
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Figure 39. Welding process (left) and welding result (right) (Li et al., 2021). 

 

 

Figure 40. Milling test setup (left) and milling result accuracy check (right) (Li et al., 2021). 

 

In this robotic system design, the risk analysis is carried out, and the summary is shown 

below: 

• R1: As a result of the devices failing or not being recoverable, there is a risk that 

operations from the ports will be potentially paused due to access blocked by the 

failed equipment, this risk results in reducing the plant maintenance efficiency 

and useful life; 

• R2: As a result of the large component such as splice plate dropping, there is a 

risk on significant damage will be caused on the plant itself and the equipment, 

this risk results in irreparable damage to the plant, and it reduces the plant life; 

• R3: As a result of the debris produced during the assembly process such as 

welding and machining, there is a risk on contamination and damage to other 
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systems and current operations, this risk results in reduced plant operational 

efficiency due to extra maintenance operations are required; 

• R4: As a result of the control system of the remote handling equipment not being 

able to execute the program, there is a risk that the remote handling operation 

cannot be performed, this risk results in reduced plant operational efficiency; 

• R5: As a result of the unforeseen physical effects on the remote handling devices 

and other components, such as neutron degradation, residual magnetism, and 

thermal deflection, there is a risk that remote handling operations are not possible 

or more complicated, this risk results in reduced plant operational efficiency, and 

even requirement of new remote handling tools and processes; 

• R6: As a result of failure to produce an integrated plant design with current 

strategy, such as different divertor port design, different plant architecture design, 

different space requirement to deploy the robotic system and the track rail, there 

is a risk that current assembly strategy is uncertain, this risk results in the increase 

of uncertainty of the assembly performance on the plant operational efficiency 

and expense estimation; 

• R7: As a result of insufficient space around the robotic system deployment or the 

transportation space, there is a risk that robotic system cannot be transported to 

specific location inside the VV, or there is collision with other components during 

the movement, this risk results in modifications on other components or the 

robotic system, which reduce the plant operational efficiency and increase on 

expenses; 

• R8: As a result of insufficient concepts other than this proposed concept, there is 

a risk that proposed robotic system is limited in ability to work as VV assembly 

robotic system, this risk results in reduced plant operational efficiency, 

commercial viability and increase on expenses; 

• R9: As a result of a complicated robotic system, there is a risk that complex 

maintenance solution is required and large amount of remote handling tools and 

support systems are required, this risk results in increase on expenses and reduced 

operational efficiency due to large number of tools; 

• R10: As a result of insufficient understanding of the contamination of radioactive 

material during maintenance, there is a risk that the robotic system is unacceptable 

contamination, this risk results in the increase on expense on the new robotic 

system design to meet the regulator’s requirement; 

• R11: As a result of inability to reliably align two VV sector, there is a risk that it 

will be impossible for the deployment of the robotic system on the VV, this risk 

results in reduced plant operational efficiency; 
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• R12: As a result of insufficient consideration of the provision of services, such as 

power and gases needed by the assembly operations, there is a risk that the 

supporting system needs to be re-designed to make the assembly process possible, 

this risk results in reduced plant operational efficiency and increase on expenses; 

• R13: As a result of plant equipment not being designed to be compatible with the 

robotic system and processes, there is a risk that the plant maintenance will be 

slow and even impossible, this risk results in reduced plant operational efficiency, 

low commercial viability and increase on expenses. 

To sum up, a concept design of robotic system for CFETR VV assembly is introduced in 

this section, the focus is on the design and development of robotic system to be suitable 

for the CFETR, compared with IWR, the newly design robotic system adopts single track 

rail instead of double track rail, which requires less track deployment space on the VV 

surface, less DoF is provided in newly design robotic system to get risk of the failure on 

complicated structure, meanwhile, the operation accuracy requirements remain the same.  
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3 Multi-objective optimization of parallel mechanism 

Nowadays, there are many research papers present the multi-objective optimization of 

parallel mechanism, however, most of studies focus either on single-objective 

optimization or multi-objective optimization, and the differences between two approaches 

are not clearly presented. Then different objective functions are derived in different 

optimizations, but there is lack of selecting objective functions. Next the optimized results 

are not analysed well compared to original model to show the improvements. Finally, the 

whole optimization structure was not clearly presented in many research papers. 

Therefore, in this chapter, a systematic single-objective and multi-objective optimizations 

of parallel mechanism are introduced.  

In the optimization of the parallel mechanism, the first component is the objective 

function. Different objective functions are derived from the kinematics and dynamics 

model. Generally, the objective functions can be divided into two classifications, which 

are quality-based and quantity-based objective functions. In the quality-based 

classification, the objective functions are usually expressed in the form of a ratio or 

without a unit, such as dexterity, manipulability, and space utilisation. In the quantity-

based classification, the objective functions include actuator forces, workspace volume, 

torque, and stiffness. The quantity-based objective functions are usually expressed with 

units, and therefore they have physical meaning. These quantity-based objective functions 

are easily recognisable to researchers, but their large number is troublesome in some 

cases, especially when the normalisation is required in single-objective optimization.  

The next component in the optimization problem is the optimization algorithms. Based 

on the quantity of cost functions and the quantity of objective functions, the optimization 

algorithm can be divided into three classifications: single-objective optimization, multi-

objective optimization and many-objective optimization. In the single-objective function, 

the cost function is the sum of each objective function, where each objective function is 

allocated a weight factor after being normalised. The purpose of the normalisation is to 

balance the objective functions, to avoid the situation that one or several objective 

functions may have relatively high value and dominate the cost function. The introduction 

of a weight factor is to give the designer flexibility to decide which objective function is 

more attractive in this optimization problem. Therefore, one major drawback to the 

single-objective optimization is that the researcher must be familiar with the problem and 

optimization method, otherwise the optimization result is not reliable when normalisation 

or weight allocations are not reasonable. The multi-objective optimization and many-

objective optimization are similar, the only difference being the quantity of objective 

functions. There is no clear definition of the quantity, but usually if the quantity of 

objective functions is more than four, then the optimization problem is defined as many-

objective optimization. These two optimization methods will generate a certain quantity 

of feasible solutions, which are known as Pareto-optimal values. Regarding the 

visualisation of the optimization result, a figure of N dimensions can be drawn, where N 

represents the quantity of objective functions. 
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The last component in the optimization problem is the method to simulate the global 

optimization. Because the robot can move in its workspace, it is not easy to find out and 

evaluate the extreme position where the robot structure is weakest or has low stiffness. 

Hence, global optimization is required to simulate the structure performances in the 

workspace instead of in one certain position. If only the kinematic of the model is 

considered, the global optimization can be carried out based on workspace. However, if 

the dynamic performance of the model is considered, the global optimization should be 

carried out based on the trajectory of the robot, since the force and acceleration are 

involved, and they play important roles. In the following sections, each component of the 

optimization problem will be discussed based on the parallel robot introduced in section 

2.2. 

3.1 Optimization algorithms 

Different evolutionary algorithms (EAs) are used to extract the optimal values from the 

optimization problems. In single-objective optimizations (Ghanbari et al., no date), a cost 

function similar to Eq. (3.1) is used as the sum of different objective functions allocated 

with different weights: 

 𝑓(𝑥)𝑠𝑖𝑛𝑔𝑙𝑒 = 𝑤1 ∗ 𝑓1 + 𝑤2 ∗ 𝑓2+. . . +𝑤𝑛 ∗ 𝑓𝑛 (3.1)  

Where 𝑓𝑛  is the 𝑛 th objective function, 𝑤𝑛  is the weight allocated on each objective 

function. The optimization goal is to keep the value of 𝑓(𝑥)𝑠𝑖𝑛𝑔𝑙𝑒 as small as possible. 

Currently, the most used algorithm is genetic algorithm (GA), differential evolution (DE) 

and particle swarm optimization (PSO). The validity of each algorithm is verified, and 

the simulation results may differ slightly depending on the applied algorithms and 

applications. Taking GA as an example, the schematic is illustrated in Figure 41. 
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Figure 41. Schematic of genetic algorithm. 

 

The details of GA procedure are further explained (Li, Wu and Eskelinen, 2021): 

• Generation: in this stage, when time 𝑡  = 1, the quantity of 𝑁  solutions is 

calculated, which generate the first population 𝑃1. 

• Crossover, mutation, and evaluation: offspring population 𝑄𝑡 is generated, each 

solution in 𝑄𝑡 is mutated with mutation rate, then the fitness of solution in 𝑄𝑡 is 

evaluated. 

• Selection: population of size 𝑁 from population 𝑄𝑡 are selected and assigned as 

the next generation population 𝑄𝑡+1. 

• End: the optimization simulation ends once the termination criteria satisfied. 

Multi-objective optimization and many-objective optimization does not require the 

allocation of weight factors on each objective function. Instead, a certain quantity of 

Pareto-optimal solutions is extracted and all of them are feasible solutions. This method 

is proposed because in the real problem, objective functions usually conflict with each 

other, while one objective function has a trend to decrease, but another increases. In multi-
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objective optimization, well-known algorithms are the strength Pareto evolutionary 

algorithm 2 (SPEA2), the pareto envelope-based selection algorithm (PESA) and the 

NSGA-II. In many-objective optimization, the problem usually involves four or five 

objective functions, and sometimes up to twenty. In these cases, the performance of multi-

objective optimization decreases, and the spread of the solution cannot be guaranteed 

during the selection stage; in other words, the simulation result may not be accurate. 

Here, NSGA-II and NSGA-III developed based on GA is taken as an example. The 

procedures of NSGA-II and NSGA-III shown in Figure 42 differ from GA in the selection 

stage, in which a crowded-comparison approach introduced in NSGA-II and a crowding-

distance approach introduced in NSGA-III are shown in Figure 43. The goal of these two 

different selection methods is to keep the elitist solutions in the population possible 

without sacrificing the calculation time.  

 

Figure 42. Schematics of NSGA-II and NSGA-III procedures. 

 

 

Figure 43. Crowding distance approach in NSGA-II (left) and reference point-based approach in 

NSGA-III (right). 
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In the selection stage of adopting NSGA-II and NSGA-III, instead of selecting population 

of size 𝑁 from population 𝑄𝑡 , a population of size 2𝑁 is formed as 𝑅𝑡  by combining 

population 𝑃𝑡  and 𝑄𝑡 , then the population of size 𝑁  from 𝑅𝑡  is evaluated and ranked 

based on its value into three parts from best to worst: 𝐹1, 𝐹2 and 𝐹3. If the quantity of 

populations in 𝐹3 will cause the total quantity of 𝐹1, 𝐹2 and 𝐹3 to exceed size 𝑁, a certain 

quantity of population in 𝐹3 will be rejected to ensure the size of 𝑃𝑡+1 remains as 𝑁.  

The crowding-distance approach and the reference point-based approach are used in 

population ranking and selection in the filling process from 𝐹3 to 𝑃𝑡+1. The procedure of 

the crowded-comparison approach adopted in NSGA-II is: 

• Each point in the area is the calculated solution, points 𝑖 − 1 and 𝑖 − 1 on both 

sides of point 𝑖 are selected and located. 

• A cuboid surrounds points 𝑖 − 1 and 𝑖 − 1 is formed, and the perimeter of the 

cuboid is estimated. The perimeter is called the crowding distance. 

• The small crowding distance means the density of the solution is high. The final 

solutions are selected uniformly spread. 

• The selected solution is filled into the next generation until the size of 𝑃𝑡+1 is N. 

The procedure of the reference point-based approach adopted in NSGA-III is: 

• A uniformly distributed plane is firstly predefined by the reference point filled in 

grey. 

• The reference line is drawn by joining the origin and the reference point. 

• The perpendicular distance of the solution in the population from each reference 

line is calculated. 

• The solution with the lowest value of distance calculated above is associated to 

the corresponding reference line, and the solutions are selected. 

• The selected solution is filled into the next generation until the size of 𝑃𝑡+1 is N. 

3.2 Global optimization 

In the optimization problem, if the objective functions are derived from the kinematic 

model of the robot, the global optimization can be achieved by calculating the objective 

functions’ values while the end effector of the robot is moved to different positions, which 

are uniformly distributed throughout the whole workspace. In this method, the 

computation time and accuracy are based on the number of defined positions. The 

following phases might be used to summarize the computation procedure:  
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• Local objective function value is calculated in a defined position when the end 

effector of the robot moves to this position. 

• The whole workspace of the robot is evaluated firstly. Then a certain number of 

points is uniformly collected in the workspace based on a predefined calculation 

accuracy requirement. In (Gao and Zhang, 2015), the quantity of points in the 

workspace were decided by using relative error constraints. A discrete boundary-

searching algorithm to decide the quantity of points in the workspace was used in 

(Gao and Zhang, 2015). Another method introduced in (Tsai and Joshi, 2000) 

selected a certain quantity of points using the Monte Carlo method. 

• A global objective function value is calculated concerning all the points in the 

workspace, which is the average value of all the objective functions calculated in 

all the positions. 

The above global optimization technique is suitable for the optimization problem where 

the objective functions are derived from the kinematic model, in another word, the 

objective function value in each position is calculate in static. However, when the model 

turns into dynamic model, all the acceleration, inertial and time must be considered, to 

better simulate the dynamic performance of robot and make optimization based on 

dynamic model, instead of choosing different positions uniformly located in the whole 

workspace, trajectory-based global optimization technique is used here. The trajectories 

are designed based on the parallel mechanism tasks, which make the simulation results 

more realistic.  

In (Wu, Bai and Hjørnet, 2016), the trajectories of a pick-and-place parallel robot was 

designed in a predefined workspace, then the global optimization is based on the 

trajectory instead of the whole workspace. In (Xie et al., 2019), after considering the 

robot’s task in the milling process, an S-shape trajectory was defined. The robotic system 

introduced in this paper can carry out welding, milling, and NDT processes; and 

especially in the milling process, the load and milling accuracy requirements are the 

highest, where the accuracy of welding is ±0.5 mm, and the accuracy of milling is ±0.1 

mm. Therefore, in the workspace of a cube of 200 mm × 200 mm × 300 mm, the 

trajectories are predefined to simulate the robot moves continuously and smoothly 

considering both velocity and acceleration. The illustration of these three trajectories is 

shown in Figure 44. And the functions of three trajectories 𝑃𝑖(𝑡), (𝑖 = 1,2,3) are defined 

for this robot, and formulated with respect to time 𝑡, denoted in Eq. (3.2). 
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Figure 44. Trajectories in the workspace (Li, Wu and Eskelinen, 2021). 

 

 

𝑃1(𝑡) = [

𝑥1(𝑡) = 𝑡 − 100

𝑦1(𝑡) = 100 ∗ 𝑠𝑖𝑛 (
𝜋

100
∗ 𝑡 +

𝜋

2
)

𝑧1(𝑡) = 0

] 

𝑃2(𝑡) = [

𝑥3(𝑡) = 𝑡 − 100

𝑦3(𝑡) = 100 ∗ 𝑠𝑖𝑛 (
𝜋

100
∗ 𝑡 +

𝜋

2
)

𝑧3(𝑡) = −300

] 

𝑃3(𝑡) = [

𝑥3(𝑡) = 𝑡 − 100
𝑦3(𝑡) = 𝑡 − 100

𝑧3(𝑡) = −150 + 150 ∗ 𝑠𝑖𝑛 (
𝜋

100
∗ 𝑡 +

𝜋

2
)
] 

(3. 2) 

3.3 Objective functions 

Objective functions are derived from the kinematics and dynamic models. Based on the 

characteristics of the objective functions, they can be sorted into two classifications: 

quality-based and quantity-based objective functions. The reason of this classification is 
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to help researchers understand how to normalise the objective functions, and to provide 

guidance to other researchers. The quality objective functions are usually a ratio, so the 

value is usually on a scale from 0–1. The quantity objective functions usually have 

physical meaning with units, and the values can be 1000 if the objective function is the 

actuator force, for example. In single-objective optimization, the normalisation is 

required to avoid one objective function dominating the optimization problem. However, 

in the multi-objective optimization problem, normalisation is not required. Taking the 

parallel mechanism as a case study, different objective functions and different post-

processing methods of the objective functions are introduced in the following. 

3.3.1 Workspace volume 

The workspace volume of a planar parallel robot and series robots can be relatively easily 

calculated by using am algebraic method because the workspace is located on a 2D plane. 

3D workspace calculation is more complicated, especially when the parallel robot has 

more DoFs. Even though one of the drawbacks of the parallel robot is limited reachable 

workspace, the preliminary design can consider the workspace of the robot by simulation 

in CAD software. However, to evaluate the global performance of the parallel 

mechanism, calculation of the workspace is necessary, or in other words, getting 

coordinates of reachable points in the workspace is required to evaluate the global 

performance of the parallel mechanism. Several researchers proposed different 

algorithms to calculate the parallel robot workspace (Gosselin, 1990; Gao and Zhang, 

2015), and after considering the symmetric working behaviour of the parallel robot, a 

simplified method is proposed here, which is easy to understand and implement: 

• The kinematic model of the parallel mechanism is built, and the length of each 

limb is formulated as subfunction for further calculation. 

• The preliminary design of the mechanism should be checked using software, such 

as SolidWorks, where estimated boundaries conditions are checked, and the 

lowest and highest heights (ℎ𝑚𝑖𝑛, ℎ𝑚𝑎𝑥) of the movable platform relative to the 

fixed platform are set. The shortest and longest limb lengths (𝑙𝑚𝑖𝑛, 𝑙𝑚𝑎𝑥) are set. 

The allowed rotations of the movable platform around the 𝑥, 𝑦 and 𝑧 axes are set 

as 𝛼𝑥𝑚𝑎𝑥, 𝛼𝑦𝑚𝑎𝑥 and 𝛼𝑧𝑚𝑎𝑥. The allowed movements of the movable platform 

around the 𝑥, 𝑦 and 𝑧 axes are set as 𝑥𝑚𝑎𝑥, 𝑦𝑚𝑎𝑥 and ℎ𝑚𝑎𝑥. 

• The original position of the movable platform centre point can be set as 𝑃(𝑡) =

[0,0, ℎ𝑚𝑖𝑛, 0,0,0], which represents location and orientation. 

• A predefined step length [𝛿𝑥, 𝛿𝑦, 𝛿𝑧, 𝛿𝛼𝑥, 𝛿𝛼𝑦, 𝛿𝛼𝑧] is given to the original 

position 𝑃(𝑡), the length of the limbs are calculated in all positions and stored in 

a 𝑛 × 1 matrix 𝐿, and corresponding coordinates are stored in a 𝑛 × 3 matrix 𝑃𝑉, 

which records only the 𝑥, 𝑦 and 𝑧 coordinates. 
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• To filter points where the limb length is inside its range, in each position, if any 

element in 𝐿 is smaller than 𝑙𝑚𝑖𝑛  or bigger than 𝑙𝑚𝑎𝑥 , this position should be 

removed. Due to the orientation, several points can represent the same position, 

so these repeat points should also be removed. 

• All the effective points are recorded, and the workspace volume 𝑉  can be 

represented by the quantity 𝑁 of the effective points or scaled by length step to a 

more realistic value with units. 

3.3.2 Dynamic force index 

The actuators’ dynamic forces 𝜏 are calculated from Eq. (2.3) in the form of a 6 × 1 

matrix, where 𝜏𝑖  (𝑖 = 1,2,3,4,5,6)  represents the 𝑖 th actuator dynamic force. The 

maximum and minimum actuator’s dynamic forces are denoted as 𝜏𝑚𝑎𝑥 and 𝜏𝑚𝑖𝑛, and 

since the same actuator is preferred to be chosen for this parallel mechanism, the load 

capacity of each actuator is the same. The actuator can be chosen based on the maximum 

dynamic force, so the first force index 𝐹1 is expressed in Eq.(3.3). Then the difference 

between each actuator’s dynamic force should be controlled to be as small as possible, in 

other words, the standard deviation 𝐷(𝜏) should be controlled to be as small as possible, 

and this is denoted as 𝐹2 in Eq. (3.4). The dynamic force index 𝐷𝐹𝐼 is expressed in Eq. 

(3.5), and the global dynamic force index 𝐺𝐷𝐹𝐼, taking the workspace into consideration, 

is expressed in Eq. (3.6).  

 𝐹𝐼1 = 𝜏𝑚𝑎𝑥 (3.3) 

 𝐹𝐼2 = 𝐷(𝜏) (3.4) 

 𝐷𝐹𝐼 = 𝐷(𝜏)/𝜏𝑚𝑎𝑥 (3.5) 

 
𝐺𝐷𝐹𝐼 =

∫  
𝑉

𝐷𝐹𝐼𝑑𝑉

∫  
𝑉

𝑑𝑉
 (3.6) 

3.3.3 Dynamic dexterity index 

Dexterity index 𝐷𝐼 is derived from the Jacobian matrix and expressed in Eq. (3.7): 

 𝐷𝐼 = −1/𝜅 = −1/∥ 𝐽 ∥ ∥∥𝐽−1∥∥ (3.7) 

Where || · || denotes the norm of the matrix. The condition number 𝜅 is a value between 

one and infinity, the isotropic configuration is obtained when 𝜅=1. The value of dexterity 

index 𝐷𝐼 should be optimized to be as small as possible for better performance.  
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The dynamic dexterity index 𝐷𝐷𝐼 puts the mass matrix 𝑀 into 𝐷𝐼, and it represents the 

ability of the structure to drive the movable platform for a given position. The 𝐷𝐷𝐼 is 

expressed in Eq.(3.8), where 𝜎𝑚𝑎𝑥(𝑀) and 𝜎𝑚𝑖𝑛(𝑀) are the maximum and minimum 

eigenvalues of the mass matrix 𝑀. The value of 𝐺𝐷𝐼 should be optimized to be as small 

as possible, and the global dynamic dexterity index 𝐺𝐷𝐷𝐼 is expressed in (3.9). 

 
𝐷𝐷𝐼 = −1/𝜅𝐷 = −

𝜎𝑚𝑖𝑛(𝑀)

𝜎𝑚𝑎𝑥(𝑀)
 (3.8) 

 
𝐺𝐷𝐷𝐼 =

∫  
𝑉

𝐷𝐷𝐼𝑑𝑉

∫  
𝑉

𝑑𝑉
 (3.9) 

3.3.4 Stiffness index 

The stiffness represents the ability of a structure to resist deformation, and the local 

stiffness 𝐾 of the parallel mechanism can be simplified and expressed in Eq.(3.10) when 

all the actuators are treated as springs, and they have the same stiffness coefficient. 

Reference literature (Li, Wu and Handroos, 2011) built a stiffness model of a hybrid 

robot, which has similar structure to the proposed parallel mechanism, and the stiffness 

of the whole robot is expressed in Eq. (3.11), where 𝐶 is the compliance matrix. The local 

stiffness index 𝐿𝑆𝐼 is calculated and expressed in Eq. (3.12), where max (𝑒𝑖𝑔(·)) denotes 

the maximum eigenvalue of the matrix, and the global stiffness index 𝐺𝑆𝐼 is expressed in 

Eq. (3.13). In addition, the mean value 𝑆𝐼1 and the standard deviation value 𝑆𝐼2 of the 

diagonal elements in stiffness matrix 𝐾 can also be used as objective functions to evaluate 

the performance between each actuator. 

 𝐾 = 𝑘𝐽𝑇𝐽 (3.10) 

 𝐾 = 𝐶−1 (3.11) 

 𝐿𝑆𝐼 = √𝑚𝑎𝑥(𝑒𝑖𝑔(|(𝐾−1)𝑇𝐾−1|)) (3.12) 

 
𝐺𝑆𝐼 =

∫  
𝑉

𝐿𝑆𝐼𝑑𝑉

∫  
𝑉

𝑑𝑉
 (3.13) 

 

3.4 Optimization problem 

Two optimization problems are set: the goal of the first optimization problem is to 

compare the optimization results differences between the single-objective optimization 

and the multi-objective optimization, to express the difficulties of the single-objective 
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optimization. The goal of the second optimization problem is to optimize the structure 

based on the tasks and different trajectories. In these two optimization problems, the 

variables [𝐷, 𝑑, 𝛼, 𝛽] are the design variables, the preliminarily designed robotic system’s 

kinematics are simulated first in the simulation software, and the design variables’ 

boundaries are shown in Table 5. The flow chart for optimization problem 1 is illustrated 

in Figure 46. 

Table 5. Design variables boundaries. 

Design variable Original Boundary 

𝐷 1.00 [𝑚] 1.00 [𝑚] < 𝐷 ≤ 1.50 [𝑚] 
𝑑 0.50 [𝑚] 0.20 [𝑚] < 𝑑 ≤ 0.60 [𝑚] 
𝛼 20 [°] 10 [°] < 𝛼 ≤ 55 [°] 
𝛽 48 [°] 10 [°] < 𝛽 ≤ 55 [°] 

3.4.1 Optimization problem 1 

In optimization problem 1, the differences between single-objective optimization and 

multi-objective optimization are investigated. In single-objective optimization, the cost 

function values in Eq. (3.1) are minimised; in the multi-objective optimization, the 

Pareto-font values are extracted. Due to computation and visualisation concerns, three 

objective functions are selected for each optimization simulation, GA and NSGA-II are 

selected as the algorithm for single-objective optimization and multi-objective 

optimization, and trajectory 𝑃3(𝑡) shown in Figure 44 is selected to derive the global 

objective function. The final optimization goal is to minimise the optimized results, 𝑆𝐼1 

represent the stiffness of the structure, the higher the value is, the higher the stiffness of 

the structure is, so the negative value of 𝑆𝐼1 is used. The flow chart for the optimization 

problem 1 is illustrated in Figure 45, and five groups are set up for this optimization 

problem 1, which are shown in Table 6. In the single-objective optimization, 

normalisation is required when the values of different objective functions have a big 

difference. So the values of 𝐹𝐼1 , 𝑆𝐼1 , 𝐹𝐼2 , 𝑆𝐼2  and 𝐷𝐼  along trajectory 3 are initially 

calculated, and after considering the mean value, the median value and the standard 

deviation value of each objective function, the normalisation factors are set as [0.004, 

0.002, 0.02, 0.002, 100] for 𝐹𝐼1, 𝑆𝐼1, 𝐹𝐼2, 𝑆𝐼2 and 𝐷𝐼, respectively. As for the weight 

factor 𝑤, from group 1 to group 4, the weight is set as 1 for each objective function, so 

that each objective function has the same importance; in group 5, to investigate the 

difference by allocating different weight, the weights are allocated to 𝐷𝐼, 𝐹𝐼1 and 𝑆𝐼1are 

[1, 0.1, 1].  
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Figure 45. The illustration of the procedure of the optimization problem 1. 

 

Table 6. Optimization problem 1 setup. 

Group No. Algorithm Objective functions 

Group 1 GA 𝐷𝐼 𝐹𝐼1 −𝑆𝐼1 

Group 2 NSGA-II 𝐷𝐼 𝐹𝐼1 −𝑆𝐼1 

Group 3 GA 𝐷𝐼 𝐹𝐼2 𝑆𝐼2 

Group 4 NSGA-II 𝐷𝐼 𝐹𝐼2 𝑆𝐼2 

Group 5 GA 𝐷𝐼 𝐹𝐼1 −𝑆𝐼1 

 

3.4.2 Optimization problem 2 

In the optimization problem 2, the optimization focus is put on the dynamic behaviour of 

the parallel mechanism, the objective functions 𝐺𝐷𝐷𝐼, 𝐺𝑆𝐼, 𝐺𝐷𝐹𝐼 should be optimized, 

NSGA-II is selected as the optimization algorithm, the same design variables shown in 

Table 5 are adopted, and three trajectories shown in Figure 44 are adopted to simulate the 

global performance of each objective function. The flow chart of the optimization 

problem 2 is illustrated in Figure 46. 
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Figure 46. The illustration of the procedure of the optimization problem 2. 

3.5 Optimization results and analysis 

Optimization problems 1 and 2 are set up. This section shows the results of optimization, 

and analysis based on the results are carried out. 

3.5.1 Optimization result 1 

Groups 2 and 4 adopted the multi-objective optimization method, so the Pareto-front 

values are extracted and shown in Figure 47. All 50 sets of Pareto-front values are 

feasible, here the point with the shortest distance to original point is selected as example, 

and the corresponding design variables values are extracted. Table 7 shows the optimized 

design variables results from groups 1 to 5. 
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Figure 47. Pareto-front values in groups 2 and 4 from optimization problem 1 (Li, Wu and 

Eskelinen, 2021). 

 

Table 7. Optimized results from optimization problem 1. 
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 𝐷 [𝑚] 𝑑 [𝑚] 𝛼 [°] 𝛽 [°] 
Group 1 1.0029 0.5758 10.2825 56.3582 

Group 2 1.4969 0.5993 10.0905 59.9449 

Group 3 1.0205 0.5999 11.3229 54.9985 

Group 4 1.4999 0.5999 10.0099 59.9988 

Group 5 1.4999 0.6000 18.1313 46.5609 

 

When analysing the numerical results in Table 7, groups 1 and 3 are single-objective 

optimization and their results are close, groups 2 and 4 are multi-objective optimization, 

and their results are close, there are differences in the design variables 𝐷 and 𝛽, group 5 

is single-objective optimization, and the results are different from other groups. The 

reason for this might be the differences in allocated weights for each objective function. 

Since the design variables cannot reflect the optimization goals directly, then the values 

of each objective function on the trajectory using optimized design variables are 

calculated in each group; the results are shown in Figure 48. To illustrate the rank of 

objective functions’ values clearly, Table 8 is drawn and the rank in range from 1 (best 

performance) - 3 (worst performance) is presented: 

• 𝐷𝐼: in the value of 𝐷𝐼, groups 2 and 5 perform almost the same and much better 

than groups 1, 3 and 4, which can lead us to conclude that in this objective function 

optimization, multi-objective optimization NSGA-II performs better. 

• 𝐹𝐼1, 𝐹𝐼2: in the values of 𝐹𝐼1 and 𝐹𝐼2, the performances of each group are quite 

similar. 

• 𝑆𝐼1: in the value of 𝑆𝐼1, the performance of group 5 is the best, followed by groups 

2 and 4 with slightly lower performances. The reason is that more weight is put 

on 𝑆𝐼1 in group 5. Apart from this, in this objective function optimization, multi-

objective optimization NSGA-II performs better. 

• 𝑆𝐼2: in the value of 𝑆𝐼2, the performance of groups 4 and 5 are similar, followed 

by group 2. Group 5’s performance benefits from more weight being allocated to 

𝑆𝐼1 . Apart from this, in this objective function optimization, multi-objective 

optimization NSGA-II performs better. 

To conclude, in the single-objective optimization, the results are heavily dependent on 

the weight allocated to the objective function, but apart from this, multi-objective 

optimization performs better than single-objective optimization, and there is no need to 

normalise the objective function or allocate different weights.  
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Figure 48. Values of objective functions of five groups from optimization problem 1 (Li, Wu and 

Eskelinen, 2021). 

 

Table 8. Rank of value of objective functions in each group. 

 𝐷𝐼 𝐹𝐼1 𝐹𝐼2 𝑆𝐼1 𝑆𝐼2 

Group 1 3 1 1 3 3 

Group 2 1 1 1 2 2 

Group 3 3 1 1 3 3 

Group 4 1 2 2 2 1 

Group 5 3 2 2 1 1 
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3.5.2 Optimization result 2 

Fifty sets of Pareto-front values are extracted from the optimization results and shown in 

Figure 49 in the form of 2D and 3D graphs to illustrate the relations between each 

objective function. All solutions are feasible, and here the middle point in the 3D graph 

is selected and shown in Table 9, to analyse the values of the objective functions and to 

compare them with the original model.  

 

Figure 49. Optimization Pareto-front values from optimization problem 2 (Li, Wu and Eskelinen, 

2021). 

 

Table 9. Optimized results from optimization problem 2. 

Design variable Original Optimized 

𝐷 [𝑚] 1.0 1.4961 

𝑑 [𝑚] 0.5 0.5537 

𝛼 [°] 20 11.692 

𝛽 [°] 48 57.855 
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By using the original and optimized design variables values, the objective functions along 

three trajectories are calculated and shown in Figure 50: 

• Actuator dynamic forces: the optimized results are better along all trajectories on 

both the mean value and the standard deviation value. 

• 𝐷𝐷𝐼: the optimized result is better along almost all trajectories, there is only a 

small area in the middle of trajectory 3 where the original results are slightly 

higher, but overall, the optimized results are better. 

• 𝐷𝐹𝐼: the optimized results are better along all trajectories. 

• 𝐿𝑆𝐼: the optimized results are better along all trajectories. 
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Figure 50. Values of Optimized and original objective functions from optimization problem 2 (Li, 

Wu and Eskelinen, 2021). 

 

To sum up, in this section, optimization results are shown, the optimizations results are analysed 

and prove the validity of the optimization simulations.  
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4 Conclusion and future work 

4.1 Summary of publications 

The main purpose of this dissertation is to develop different robotic systems for different 

tasks in the fusion reactor. The experience and related research work on the robotic system 

can provide beneficial references for the development of similar robotic systems for 

future fusion reactors. The main achievements of this dissertation can be summarised as 

follows: 

• The concept design of the divertor remote handling robotic system was proposed, 

and compared with other similar concepts, the proposed robotic system was 

simple, robust and can be easily adjusted to fit modified DEMO fusion reactor 

configuration. The working sequence was also given to show the robotic system 

operations step by step. 

• The simplified robotic system for VV assembly was designed, implemented, and 

tested, and the tested results fulfilled the requirements for both welding and 

machining operations. When comparing the proposed robotic system with a 

similar robotic system, the proposed robot has advantages in terms of its 

simplification, lower weight, higher mobility, and smaller deployment 

requirement in VV. 

• A multi-objective optimization of the parallel mechanism adopted in the robotic 

system for VV assembly was carried out, and the results show the excellence of 

multi-objective optimization compared with single-objective optimization. Then 

a summary of optimization was given, which is a guideline for future research. In 

addition, by tuning the design variables and constraints, the robotic system can be 

optimized for other applications and future fusion reactors, which saves a lot of 

time designing this kind of complicated parallel mechanism structure. 

4.2 Future work 

In this dissertation, work has been done on the design and development of robotic systems 

for a divertor remote handling system and VV assembly in a fusion reactor, which are 

compatible with robotic systems for similar applications. Because different fusion 

reactors are different in terms of their configuration, and fusion reactors such as the 

DEMO are still in the conceptual design phase, developing and optimizing robotic 

systems based on previous robotic systems is still attractive. Future work can be suggested 

from the following aspects: 

• In the divertor of a fusion reactor, the robotic system design can be developed in 

DEMO. Currently, DEMO configurations such as the vacuum vessel and divertor 
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are still in the concept design stage. The previous divertor design proposed for 

single null (SN) configuration, double null (DN) configuration was proposed and 

different configurations were evaluated in (Keep et al., 2021) for further 

consideration. This will bring about more robotic system concepts to solve the 

problem that occurs in remote handling, for example. Therefore, research on the 

development of simpler but more robust robotic systems is always attractive. 

• In the VV of the fusion reactor, the proposed robotic system should be tested in 

the real environment in the future to carry out assembly work inside the VV, and 

then the performance of the robotic system can be validated, and further 

development can be considered and applied to other fusion reactors. 

• Other than the divertor and VV, the blanket is another key component in tokamak. 

In ITER, the plasma-facing component is attached to its supporting shield block 

tile by tile, which consumes a lot of time on maintenance (Merola et al., 2010). In 

DEMO, different concepts can be considered, such as the blanket being divided 

into several segments instead of too many tiles. The reduction in the quantity of 

segments can dramatically reduce the maintenance time. In addition, having a 

robotic system lifts the inboard blanket (IB) and outboard blanket (OB) out could 

be another research topic. One concept called the hybrid kinematic mechanism 

(HKM) presented in (Keep et al., 2017) is a good example, but problems with 

load capacity and safety remain an issue that can be further investigated. 
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A B S T R A C T

The present paper introduces a remote robot solution for maintenance of divertor in DEMO fusion reactor. The
task of the robot is to lift and extraction the divertor cassette within the vacuum vessel (VV) of DEMO. The
kinematic design of the robot has been optimized for the DEMO access, inverse kinematics of the robot solution
are introduced. A preliminary concept of the robot solution is built and the uninstallation of divertor cassette is
illustrated. Main components are presented in detail and FE analysis of the main component of the solution is
carried out.

1. Introduction

Remote handling gives the feasibility to operator to do manual
handling work in special work site, while the manipulator itself is an
environment that will cause damage to human body, such as high
temperature and radiation. DEMOnstration Power Station (DEMO) is
proposed to be built after ITER experimental nuclear fusion reactor. The
final design of DEMO is based on the results obtained from ITER and
other fusion experiments. The aim of DEMO is to demonstrate that
fusion can be used to produce electricity in commercial usage.

In ITER, cassette multifunctional mover (CMM) and cassette tor-
oidal mover (CTM) are adopted, where CMM travels along radial rails
and CTM travels along toroidal rails. The Finnish National Technology
Research Center (VTT) and Tampere University of Technology, Finland
together has built prototype CMM and second cassette end-effector
(SCEE) in divertor test platform 2 (DTP2) [1,2]. In China Fusion En-
gineering Test Reactor (CFETR). The remote handling is achieved by
adopting top cell crane system (TCCS) [3]. All of these mechanical
structures work in respective systems. Some structure operation prin-
ciples are proved to be validity, hence, the divertor remote handling
tool applied on DEMO can learn from these structures.

This paper is structured as follow. The next section will introduce
some requirements of the robotic system. Then the kinematic models of
the robotic system are introduced. In chapter 3, the kinematic analysis
of the robotic system is carried out. And in chapter 4, the FE analysis of
the robotic system is calculated.

The task of the designed robotic system is to lift and extract the
divertor within the vacuum vessel based on preliminary DEMO con-
figuration. The robot can firstly lock in position in VV, secondly be
capable of connecting and transport the divertor cassette to right po-
sition, thirdly the robot can make minor adjustment benefited from the
cylinders. Moreover, the robot can be easily removed once breakdown
during the operation occurs.

DEMO and ITER has different configurations in divertor space
shown in [4]. After several studies based on the concepts of remote
handling, the robot solution studied here can handle the remote
maintenance job, an illustration of divertor of DEMO can be seen in
Fig. 1.

2. Kinematic model of robot

In conceptual design phases, the major requirements this robot so-
lution can meet are listed below:

- The robotic system should be capable of lifting one divertor cas-
sette of DEMO fusion reactor, whose weight is around 7 tones.

- The robotic system should allow the divertor cassette to be tilted
and make minor adjustment after the divertor cassette is transported to
approximate location.

- The maintenance of the robotic system should be considered once
there is breakdown in the whole system. It can be considered in the way
that the robotic system can be connected and removed by external
device such as pulling out.
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- The structure should be designed in limited space to avoid collision
with the port, vacuum vessel, pipe, blanket and so on.

- The robotic system should have the ability of pipe welding and
cutting.

In following sections, the kinematics of the whole robotic system
will be described. Then the main components of the robotic systems are
described separately. The robot consist of mainly three sub-structures,
which are carriage, mobile platform and trail rail frame. The working
process is as follow and schematic diagram can be seen in Fig. 2:

(a) The carriage is connected to the track rail frame.
(b) The track rail is transported into the VV.
(c) The mobile platform is connected to the carriage.
(d) The mobile platform is transported into the VV.
(e) The wheels shift 90° to form toroidal rail along with the rail on VV.
(f) The mobile platform is pushed by scissors under the divertor cas-

sette on side.
(g) The cylinders connect to the divertor cassette and uninstall it, then

the scissor pull the mobile platform and divertor to middle position.
Next the wheels shift 90° back and the car is connected to the
mobile platform.

(h) The carriage pull the divertor cassette out.
(i) The carriage pull the track rail out.

2.1. Mobile platform

The mobile platform shown in Fig. 3 is an integrated structure. It
carries the cassette divertor via hydraulic cylinder mounted on it.
Meanwhile, the tip of the cylinder is designed to ball shape and con-
nected to the cassette divertor, whose purpose is to allow the divertor
cassette to be tilted and make minor adjustment. The lock frustum locks
the divertor cassette movement during the operation. The middle of the
scissors is mounted to the surface by rotational joint and the tip of the
scissors are connected to the track rail by rotational joint and the di-
rection of the connection changes depends on the movement direction.

2.2. Wheel unit

The purpose of the wheel shown in Fig. 4 is to allow the robot
movement along the straight and toroidal rails, which are pre-as-
sembled pm the track rail frame and the VV surface. The wheel unit
consists of V shape wheel, section of rail and bearings. Bearings are
mounted both on track rail frame and mobile platform, which allows
the wheel and the section of rail rotate 90° to form toroidal rail. There
are four wheel-units installed around the four corners of the mobile
platform. The estimated size of the wheel is 140mm in diameter,
65mm in inner diameter and 45mm in height.

2.3. Track rail frame

The track rail frame shown in Fig. 5 is firstly transported and

Fig. 1. Divertor cassette of DEMO.

Fig. 2. Divertor cassette removal.

Fig. 3. Structure of the robot.
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mounted on VV and it enable the mobile platform carries the divertor
cassette movement along the straight and toroidal rails. The scissors are
connected to tack rail frame in a way that the track rail frame and the
mobile platform will have relative movement where the track rail frame
is in fix position.

2.4. Carriage

The carriage shown in Fig. 6 moves inside the port by means of rack
and pinion. The clamp on the 6 DOF robot can connect and lock the
mobile platform and track rail. The linear motion guide allows the
carriage moves long the curved rail. Moreover, the 6 DOF robot can be
used on pipe cutting, welding by using different end effectors.

3. Kinematic analysis of robot

The object of the inverse kinematic model is to plan the trajectory
and control the actuators of the robot system. The kinematics of the
robotic system are split into three parts. We first illustrate the inverse
kinematic of track rail frame. After this we present the inverse kine-
matic of mobile platform and the third part is to introduce the stiffness
model of the mobile platform. A similar work was done in [5].

3.1. Inverse kinematic of track rail frame

The track rail frame inverse kinematics is shown in Fig. 7 and it has
two degrees of freedom. The first DOF is along the straight track rail
along y axis, another DOF is along the toroidal track rail, since it is
restricted to move along the toroidal track with the designed structure,
it provides only 1 DOF and it can be simplified as x axis. The inverse
kinematics of the track rail frame is defined as to find the values of two
actuators for a given position of the gravity center point of the mobile
platform plate with respect to frame{o}. Then we have

=X x

=Y y

3.2. Inverse kinematic of mobile platform

The mobile platform has four degrees of freedom and it can be seen
as a parallel robot. The inverse kinematics for the mobile platform is
defined as to find the cylinder strokes for given position of the gravity
center of the divertor cassette with respect to the mobile platform plate.
The illustration of the inverse kinematics of mobile platform is shown in
Fig. 8. Hence, O1 is coincident with Pin the track rail frame. Then we
have

= + − =L O O Rr r¯ ¯ ¯ ¯ ( i 1,2, 3,4)i i i1 2
'

Where

=
⎡

⎣

⎢
⎢

− +
+ −

−

⎤

⎦

⎥
⎥

cαcβ cαsβsγ sαcγ cαsβcγ sαsγ
sαcβ sαsβsγ cαcγ sαsβcγ cαsγ

sβ cβsγ cβcγ
R

r̄i is the vector of joint of the ith cylinder on the mobile platform with
respect to frame O1, and ′r̄i is the vector of joint of the ith cylinder on the
divertor cassette with respect to frame O2. Then the length of each

Fig. 4. Wheel unit.

Fig. 5. Track rail frame.

Fig. 6. Carriage.

Fig. 7. Inverse kinematics of the track rail frame.

Fig. 8. Inverse kinematics of the mobile platform.
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cylinder with (x,y,z,γ,β,α) defined with respect to frame O1,

= = + − + −l L O O Rr r O O Rr r| ¯ | ( ¯ ¯ ¯)( ¯ ¯ ¯)i i i i i i1 2
,

1 2
,

3.3. Stiffness model of the mobile platform

The stiffness matric of the mobile platform can be obtained from the
solution of the inverse kinematics and can be further applied in dy-
namic analysis. The stiffness matrix is a function of the length of the
cylinders. The Jacobian matrix is defined as:

=J J J J J J J[ , , , , ]i i i i i i1 2 3, 4 5 6
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The stiffness matrix of the mobile platform can be expresses as
following:

=K J K JT
cyl

Where
Kcyl is a diagonal matrix related to the spring constant of each cy-

linder, which varies depending on the cylinder stroke.
The deflection of the divertor cassette in reference coordinate O1 is:

= −Δs K W1

Where W is the forces and torques affected at the point O2 and it is
expressed as

=W F F F T T T[ ]x y z x y z
T

4. FE analysis

The FE-analysis is carried out and the FE-models of mobile platform
and track rail frame are represented separately. All the parts are con-
nected by the corresponding joints such as rotational, universal and
spherical joints. But some parts are suppressed to avoid failure on mesh
such as bearings, gears and motors. The applied material is AISI 316
stainless steel, the support is fixed on the bottom of the mobile plat-
form, and the force applied is the weight of one divertor cassette, which
is applied on the location of four cylinders distribute. Figs. 9 and 10
show the equivalent stress and total deformation of the mobile plat-
form. The results show the highest equivalent stress and total de-
formation happens on the tip of the structure due to relatively thin
thickness compared to other location.

5. Conclusion

A robot for the maintenance of divertor in DEMO fusion reactor has
been introduced in this paper. It can lift and extract divertor cassette
accurately and stably within limited space in VV. The kinematic models
are introduced in parts due to high complexity. The results of the FE
analysis indicate that the concept reach the stiffness requirement. In
further studies, more accuracy model should be built, detailed actuator
components, interfaces and sensors should be designed.
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A B S T R A C T   

The present paper introduces a mobile robot machine for the fusion reactor and presents its implementation. The 
task of the robot is to carry out assembly work inside the fusion reactor vacuum vessel, the assembly work 
consists of scanning, machining, splice plate transportation, welding, nondestructive testing (NDT), defect 
welding point cutting and re welding. To better meet the requirements of the fusion reactor configuration, the 
structure and the kinematics of the mobile parallel robot have been optimized for the fusion reactor access. In 
this paper, the overall design of the mobile parallel robot is first presented, followed by calculation and simu-
lation of the static, kinematic and workspace model of the mobile parallel robot. Finally, the implementation 
process of the mobile parallel robot is introduced. Compared with the similar mobile parallel robot developed by 
the same research group and demonstrated in ITER, the new designed robot machine is more reliable and more 
easily realizable, and, moreover, it is suitable for assembling work in different environments.   

1. Introduction 

The fusion reactor vacuum vessel (VV) is consist of several sectors 
and each sector is usually welded from two sectors and a transitional 
segment. A 3D schematic of the cross section of the VV is shown in Fig. 1. 
The transitional segment in the outer shell has a thickness of 50 mm and 
width of 100 mm, while the transitional segment in the inner shell has 
thickness of 50 mm and width of 200 mm. The distance between the 
inner and outer shell is unequal due to different neutron irradiation on 
the double-wall structure [1]. An example of the cross section of the 
assembly is illustrated in Fig. 2. 

The task of the mobile parallel robot is to carry out an assembling 
process inside the fusion reactor VV along the track rails mounted on the 
VV surface, shown in Fig. 3. The assembly work mainly consists of 
scanning, spice plate transportation, welding, NDT control, defect 
welding point machining and rewelding. To be more specific, scanning 
of the connection area of the first sector of the inner and outer shell of 
the VV is the first stage. The spice plate is then manufactured based on 
the scanning results. Before welding, there will be some deviation on 
surface due to welding process of the VV and it will cause narrow gap 
TIG welding unsuccessful, as a result, local machining is required. After 
scanning and machining, welding and NDT are followed. And in case of 
the defect welding points found, the machine cutting and rewelding are 

required. 
To perform the given tasks, a parallel robot is adopted due to its 

higher stiffness and accuracy than serial robot [2,3]. The tasks of the 
parallel robot are mainly welding and milling, there is less payload 
requirement in welding process, but the robot needs to take 150 kg 
weight of splice plate for transportation. Force increasing from 0 N to 
2000 N from x, y and z directions affect to the center of the end effector 
is set in this simulation. The robot can handle a payload of over 2000 N 
with the required milling accuracy (±0.1 mm), positioning accuracy 
(±0.5 mm) and repetitive positioning accuracy (±0.25 mm). Compared 
with the similar mobile parallel robot, shown in Fig. 4 [7], developed by 
the same research group and demonstrated in ITER, the new designed 
robot machine is more reliable and more easily realizable. One single 
track rail is adopted in the new design, whereas the previous design 
requires two. Furthermore, the robot is also suitable for other fusion 
reactors. 

This paper is structured as follows. The next section introduces 
mobile parallel robot mechanism design and describes the main me-
chanical components of the robot. Chapter 3 focus on kinematics model 
of the robot. FE analysis is carried out in Section 4. The conclusion and 
additional comments are given in the final part of the paper. 
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2. Mechanism design 

The mobile parallel robot shown in Fig. 5 mainly consists of two sub- 
structures, which are Stewart platform based parallel robot actuated by 
electrical motor and carriage. The Stewart platform is in 6 DOF (Degree 
of freedom) UPS (Universal joint-Prismatic pair-Spherical joint) [4] 
configuration and the carriage provides 1 DOF along the track rail 
mounted on the inner surface of VV. As for the workspace, the distance 
from center point of the end effector and inner surface is 250 mm and 
travel along the seam. Moreover, the workspace the robot can reach is 
more than required. 

In the following sections, main components of the mobile parallel 
robot will be described. 

Fig. 1. 3D schematic of vacuum vessel (VV) sectors.  

Fig. 2. Illustration of the locations of splice plates in the vacuum vessel (VV).  

Fig. 3. Robot in the fusion reactor vacuum vessel VV.  

Fig. 4. Parallel robot IWR.  

Fig. 5. Mobile parallel robot.  
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2.1. End effector 

The machining, welding and scanning devices are mounted on the 
end effector with help of external flange. The material of end effector is 
S355 to provide good weldability and machinability. 3 DOF is acquired 
from six heavy load high precision needle bearing universal joints and 
tapered roller bearings, universal joints have ±45◦ tilting angle to pro-
vide enough workspace during operation, and tapered roller bearings 
are installed in back to back configuration in the end effector plate. 
Another 3 DOF is provided by linear actuators, which are two rotational 
joints and one prismatic joint. The actuators are connected to the frame 
by tapered roller bearings (Fig. 6). 

2.2. Frame 

The frame shown in Fig. 7 links the actuators and the carriage. The 
joints shown in figure function as bearing housing; two tapered roller 
bearings are installed in back-to-back configuration in the bearing 
housing because one tapered roller bearing can only hold the load in one 
direction. The structure is connected to the actuators and the frame is 
connected to the carriage with bolts. A hollow square beam of steel 
grade S355 is used to construct the main body of the frame because of its 
high stiffness and light weight. 

2.3. Carriage 

The carriage, shown in Fig. 8, has space on two sides for embedding 
two sets of the wheel unit so that the whole robot can move along the 
track rail. The material of carriage is S355 steel, which provides high 
stiffness to reduce deformation during operations. Several stiffeners are 
mounted near the corner and back of the carriage for the same purpose. 
The hollow section in the middle of the carriage is for the encoder 
structure. One side of the carriage is connected to two sets of the driving 
unit, which consists of an electric motor and speed reducer, to provide 
sufficient torque and load during operation. 

2.4. Wheel unit 

There are two sets of wheel unit and each wheel unit, shown in Fig. 9, 
consists of the motor shaft, V-shaped wheel, gearwheel, flat wheels and 
bearings. Motors and reduction gears are bolted on the carriage and then 

connected on the left side of the wheel unit shown in the figure. The 
other side of the wheel unit is covered by a plate and connected to the 
carriage by bolts. The purpose of the V-shaped wheel is to prevent the 
robot shifting in the axial direction. 

A pull type gas spring shown in Fig. 10, is used as compensation 
system to connect the two sets of wheel units and to compensate posi-
tioning errors between the wheels and track rail caused by 
manufacturing and assembly, to make sure all the wheels contact the 
track rail during the whole operation. The VV surface design is 
complicated and welding can generate large deformations, so the gas 
spring compensation system is a crucial part of the robot. The gas spring 
was selected based on the calculations when the robot is in different 
locations on the track rail and the gap between track rail and wheel is 
1 mm. Each side of gas spring is connected to the wheel cover by uni-
versal joints. 

3. Kinematics model 

The kinematics of the mobile parallel robot can be simply divided 
into two sub-assembly: the carriage and the parallel robot. The carriage 
provides one DOF along the track rail and the parallel robot provides six Fig. 6. End effector with universal joints.  

Fig. 7. Frame.  

Fig. 8. Carriage.  

C. Li et al.                                                                                                                                                                                                                                        



Fusion Engineering and Design 161 (2020) 111966

4

DOFs. The illustration of the inverse kinematics of parallel robot is given 
in Fig. 11. 

We have: 

Li = O1O2 + Rrai − rbi(i = 1, 2, 3, 4)

Where 

R =

⎡

⎣
cαcβ cαsβsγ − sαcγ cαsβcγ + sαsγ
sαcβ sαsβsγ + cαcγ sαsβcγ − cαsγ
− sβ cβsγ cβcγ

⎤

⎦

rai is the vector of joint of the ith cylinder on the mobile platform with 
respect to frame O2, and rbi is the vector of joint of the ith cylinder with 
respect to frame O1. The length of each cylinder with (x,y,z,γ,β,α) 
defined with respect to frame O2 is: 

li = |Li| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(O1O2 + Rrai − ri)(O1O2 + Rrai − ri)

√

With above equation, known geometry configurations and end 
effector location and orientation, the stroke of each actuator can be 
calculated when the locations of top and bottom platforms are given. 
Point O1 links the parallel robot and the carriage, and the whole struc-
ture can be seen as a cantilever beam that moves along the track rail. 

The robot firstly moves to specific location along the straight 
segment and curved segment of the track rail by controlling the carriage 
motors, which is shown in Fig. 12. Then after reaching the operation 
position, the parallel robot performs its work. Fig. 13 shows four loca-
tions that parallel robot needs to reach during the operation. The center 
of the end effector is 250 mm higher above the two spice plates’ seams, 
respectively. Location 1, 2, 3 and 4 corresponding to Figs. 1–4. Move-
ment is this process is achieved by controlling the parallel robot. 

The multi-body system model is created using MSC ADAMS software, 
the model shown in Fig. 14 represents 4 locations corresponding to those 
in Fig. 13. Fixed joints, spherical joints, revolute joints and cylindrical 
joints are set at each contact point. Force shown in Fig. 15 is applied on 
the center of end effector. 

By applying the force on the end effector, the driving forces at the six 
actuated joints are obtained. Fig. 16 shows the actuators’ forces in one 
position. 

To ascertain that the parallel manipulator can reach the required 
location, the 3D workspace of the parallel manipulator is calculated in 
MATLAB, shown in Fig. 17 [5,6]. The geometric parameters of the 
parallel manipulator are listed in Table 1. The length of the cylinder is 

Fig. 9. Wheel unit.  

Fig. 10. Gas spring.  

Fig. 11. Kinematic model of the parallel robot.  

Fig. 12. Robot moves along the track rail.  
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600 mm, and the stroke is 450 mm at maximum range. Fig. 18 shows the 
workspace in 2D and the field is marked by a black square. The results of 
the MATLAB calculations show that the parallel manipulator can reach 
the required position. In addition, since the track rail design is not in 
final, the height of the track rail in different location of the VV will affect 
the robot workspace. In our calculation, we considered the most extreme 
situation where the robot stays at the beginning of the narrow port, and 
the parallel robot should not collide with the surface. 

4. FE analysis 

Finite element (FE) analysis was carried out using the software 
Workbench. The basic idea was to check the total deformation of the end 
effector relative to the track rail and the equivalent stress of the whole 

structure when forces are applied on the center point of the end effector 
in the x, y and z directions at the same time to simulate the situation 
when the mobile parallel robot carries out the milling process. Several 
components were modified to allow smooth simulation without losing 
the accuracy of analysis results: the bearings are simulated by internal 
features without real geometry modeling, the bolts are modeled with 
preload and proper bolt features available in the software, welded 
components are assumed to be bonded. Several features such as fillet for 
the convenience of assembly are suppressed to avoid large mesh gen-
eration and mesh generation failure. Fixed supports are set on the motor 
and bearing locations marked in the Fig. 19. 2000 N forces in x, y and z 
directions (resultant force of 3464 N) are applied in the frame of the 
parallel robot. S355 is the material of the structure and gravity force is 
applied. 

The results of deformation and equivalent stresses are shown in 
Figs. 19 and 20. The highest equivalent stress is 18.088 MPa, which is 
acceptable for S355, the high stress focus mainly in the welding joint. 
The highest total deformation is 0.05151 mm, which occurs in the edge 
of the parallel robot frame marked in the figure, which is reasonable. 
Other assembly error and work vibration occurs and can cause more 
deformation, the deformation result is acceptable in our design. 

Fig. 13. Robot position during operation.  

Fig. 14. Multi-body system model.  

Fig. 15. Force applied on the end effector.  
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5. Conclusion and main progress 

A mobile parallel robot driven by electrical motor and actuators is 
designed for the fusion reactor assembling tasks such as scanning, 
machining, splice plate transportation, welding, nondestructive testing 
(NDT), defect welding point cutting and rewelding. This robot is able to 
carry out tasks with the required accuracy. The compact size of robot 
machine is suitable for different sizes of fusion reactors assembly and 
maintenance like CFETR, DEMO and other fusion reactors. At this stage, 
the main parts and components are being manufactured. The next step of 
the work is to focus on assembly, control system debugging and testing. 
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Fig. 16. Actuators’ driving force.  

Fig. 17. Workspace of the parallel manipulator in 3D.  

Table 1 
Geometric parameters of the parallel manipulator.  

i 1 2 3 4 5 6 

xa 143.5 228.5 85 − 85 − 228.5 − 143.5 
ya 181 33 − 214 − 214 33 181 
za 0 0 0 0 0 0 
xb 65 99 34 − 34 − 99 − 65 
y 79 18 − 95 − 95 − 18 79 
zb 0 0 0 0 0 0  

Fig. 18. Workspace of the parallel manipulator in 2D.  

Fig. 19. Total deformation of the structure.  

Fig. 20. Equivalent stresses of the structure.  
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Abstract
Purpose – This paper aims to present a detailed mechanical design of a seven-degrees-of-freedom mobile parallel robot for the tungsten inert gas
(TIG) welding and machining processes in fusion reactor. Detailed mechanical design of the robot is presented and both the kinematic and dynamic
behaviors are studied.
Design/methodology/approach – First, the model of the mobile parallel robot was created in computer-aided design (CAD) software, then the
simulation and optimization of the robot were completed to meet the design requirements. Then the robot was manufactured and assembled.
Finally, the machining and tungsten inert gas (TIG) welding tests were performed for validation.
Findings – Currently, the implementation of the robot system has been successfully carried out in the laboratory. The excellent performance has
indicated that the robot’s mechanical and software designs are suitable for the given tasks. The quality and accuracy of welding and machining has
reached the requirements.
Originality/value – This mobile parallel industrial robot is particularly used in fusion reactor. Furthermore, the structure of the mobile parallel robot
can be optimized for different applications.

Keywords Parallel manipulator, Welding, Machining

Paper type Case study

1. Introduction

The China Fusion Engineering Test Reactor (CFETR) is a
tokamak nuclear fusion reactor in China. The CFETR is
proposed to be built and operated during the gap between the
International Thermonuclear Experimental Reactor (ITER)
and the Demonstration Power Station (DEMO). To meet the
demands on effective and safe use of fusion reactor, the remote
handling technology is inevitably required in assembling and
maintenance. A design of robot for the maintenance of divertor
in the DEMO fusion reactor and a design of mobile parallel
robot for assembling and machining the fusion reactor’s
vacuum vessel (VV) are discussed by the same research group
in Li et al. (2019, 2020).
TheCFETRVV shown in Figure 1 (left) consists of eight 1/8

sectors. Each sector is welded and assembled from two 1/16
sectors with a transitional segment. The transitional segment
shown in Figure 1 (right) consists of two splice plates:
1 one splice plate in the outer shell is 50-mm thick and 100-

mmwide; and

2 one splice plate in the inner shell is 50-mm thick and
200-mm wide.

The distance between the inner and outer shell is unequal
because of the different neutron irradiation on the double-wall
structure (Song et al., 2014).
The task of the mobile parallel robot is to perform the

machining and (tungsten inert gas) TIG welding along an exact
path during the assembly operation. Because of the machining
force and the tools’ weights, a normal series robot cannot offer
sufficient stiffness with the required accuracy. The parallel robot
has relatively higher stiffness and load capability than series robot
(Stewart, 1965; Wang et al., 2001). Moreover, a carriage is
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integrated into the robot system to provide linear motion along the
track rail for improving mobility. The robot system was designed
and built, the welding and machining tests were performed in the
lab and the results of the tests have met the requirements. Being
comparedwith the similar ten-DoFmobile parallel robot in Figure
2, developed by the same research group and demonstrated in
ITER (Pessi et al., 2007; Wu et al., 2008), the newly designed
robot machine is more reliable. This newly designed robot is a
seven-DoF robot, and it has relatively less components but can
perform the required tasks. Its simple structure makes the
maintenance of the robot easier and saves space for installing other
components in theVV, such as the track rail.

2. Kinematic model of robot

The mobile parallel robot shown in Figure 3 consists of two
sub-structures, namely, the carriage and the parallel

manipulator. The welding process is carried out continuously
along the track rail mounted on the inner surface of the VV
sector to ensure continuous weld joint. The machining process
is carried out in cycles and the robot can provide high stiffness
and highmachining accuracy.
The required workspace is 200� 200� 300mm (x-y-z), but the

real workspace of the robot is bigger than this requirement. The
robot system carries out machining, welding and the non-
destructive testing processes when different tools are mounted on
the movable platform. The dynamic force comes from the milling
process is up to 500N and in transportation process the robot needs
to carry the splice plate, whose weight is 150kg. Thus, in the
designing consideration, a force of 2,000N is applied to themovable
platform in the x, y and z directions, and this produces resultant
force of 3.5kN. Also, the robot should reach the requirements of
workingwith 0.1-mmmovement andmilling accuracy.

2.1 Carriage
The carriage moves along the track rail mounted on the VV to
any position inside the VV by means of rack and pinions from
the lower port. The curvatures of track rail under the front and
rear wheels of the carriage are different when the carriage enters
the curve path, so two motors control the front and rear wheels
independently. The carriage has adopted the non-clearance
double-gear output transmission mechanism (Pessi et al.,
2007). The clearance compensation mechanism and the
fastening wheels contribute to the smooth movement for

Figure 1 Three-dimensional schematic of VV sectors assembly (left) and splice spates locations (right)

Figure 2 Ten-DoF parallel robot

Figure 3 Mobile parallel robot
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avoiding vibration when the carriage moves. The positioning of
the carriage is decided by an independent rack mounted in the
middle of the track rail. The encoder is integrated into the
carriage. The simulation of the robot motion path on the track
rail is shown in Figure 4 (left). Once the robot reaches the
designated position, the parallel manipulator starts its task. The
limited space can be seen in Figure 4 (right). The carriage is
mounted on the track rail and is close to the side surface of the
VV. When there are cables connected, the space will be even
narrower. To avoid collision in the structure and components,
we leave clearance so that the parallel manipulator has enough
workspace.
Themain body of carriage is composed of several welded steel

plates, so that it has enough stiffness to stand the payload within
the limited deflection and offer enough space for maintaining
the mechanism. One side of the carriage is connected to the
parallel manipulator by bolting and the other side of the carriage
has space for wheel units. Other machine, such as series robot,
can be mounted on the carriage if task requires. The encoder
part is mounted in the middle of the carriage; while the belt-
pulley structure is adopted to enable the encoder gear reach the
rack in such a limited space. The gas spring allows the encoder
gear to move in the curved track rail. In the clearance
compensation system, i.e. the spring shown in Figure 5, the
extension gas spring pushes the two-wheeled unit to both ends.
In this way, the wheels are always clamped on to the track rail
during themovement, even in the vertical position.
The track rail shown in Figure 6 is a guide rail mounted on

the inner surface of the VV so that the robot can move inside
the VV. There are four sub-rails on the track rail: the two sub-
rails at both sides are V-shaped rail and flat rail, the thinner rack
in the middle is for encoder gear, and the thicker rack in the
middle is for the main motion driven gear, i.e. the transmission
gear. This configuration eliminates the robot movement in the
horizontal direction thanks to the V-shaped rail.

2.2 Parallel manipulator
The parallel manipulator in Figure 3 is designed based on the
Stewart platform. The rotations and translations along the x, y
and z directions contribute to six DOFs. It is bolted with the
carriage, while the movable platform is linked to the base
platform by six servo electrical actuators. There are six
universal joints on the base and movable platforms,
respectively, providing the flexibility for the robot. Different
tools, such as spindle, the welding equipment and the

visualization equipment, can be installed in the flange to
perform different tasks.

3. Kinematic model

In the kinematic model, both the carriage and the parallel
manipulator are sub-assemblies. The carriage provides one
degrees of freedom (DoF) along the track rail and the parallel
manipulator contributes six degrees of freedom DoFs. The
kinematicmodel of the parallelmanipulator is shown in Figure 7.
According to the geometry of the platforms in Figure 7, the

distance vector of each limb and the rotation matrix are
obtained as in equations (1) and (2):

L
*

i ¼ r* ai ;P 1 r* PO 1 r* O;bi i ¼ 1; 2; 3; 4; 5; 6ð Þ (1)

R ¼
cacb casb sg � sacg casb cg 1 sasg
sacb sasb sg 1 cacg sasb cg � casg
�sb cb sg cb cg

2
4

3
5 (2)

Where R is the rotation matrix with respect to frame P-X2Y2Z2;
a, b and g are the yaw, pitch and roll angles around the x, y
and z axis in frame P-X2Y2Z2; r

*

ai ;P is the distance vector of
joint of the ith limb on the mobile platform with respect to
frame P-X2Y2Z2; r

*

O;bi is the vector of joint of the ith cylinder
with respect to frameO-X1Y1Z1; and r* PO is the distance vector

Figure 4 Robot movement simulation on the track rail

Figure 5 Carriage

Figure 6 Track rail
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in global frame. The length of each limb defined with respect to
frame P-X2Y2Z2 is in determined in equation (2):

li ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rr* ai ;P 1 r* PO 1 r* O;bi

� �T
Rr* ai ;P 1 r* PO 1 r* O;bi

� �r

(3)

With the above equations and given geometry information, it is
possible to calculate: the platform location and orientation; and
the stroke of each actuator.

4. Dynamic model

The dynamic analysis focuses on the parallel manipulator. It
calculates the actuator force to choose suitable actuator.
Moreover, by tuning the parameters, such as the geometries of
base andmovable platform, themulti-objective optimization of the
parallel manipulator can be carried out and a new structure can be
designed for specific task. The closed-formdynamic formulation is
adopted in our dynamic analysis (Ting et al., 2004;Merlet, 2006).
The actuator force is calculated by using equation (4):

t ¼ J�T� M xð Þ�x 1C xð Þ�x 1G xð Þ� �
(4)

Where:
t : actuator force;
J: Jacobianmatrix;
M: massmatrix;
C: Coriolis and centrifugal matrix; and
G: gravity vector.

x denotes a set of generalized coordinates for the position and
orientation of point P in the movable platform. The position,
velocity and acceleration of point P in x, y and z directions are
denoted in a 3�1 matrix as xp, vp and ap, while the angular
position, angular velocity and angular acceleration of point P in
x, y and z directions are denoted in a 3� 1 matrix as u ; v ; v .
Therefore, equations (5)–(7) are time derivative
representations of x .

x ¼ xp
u

� �
(5)

x ¼ vp
v

� �
(6)

x ¼ ap
v

� �
(7)

4.1 Jacobianmatrix
The Jacobian matrix reveals the relation between the joints of
the parallel manipulator to the movable platform and
constructs the transformation to calculate the actuator forces
from the forces and moments applied on the movable platform.
Two coordinate frames {A} and {B} are movable and base
platform, respectively, shown in Figure 7, and their origins are
located at centroids {P,O} of the platforms; the vectors Aa
and Bb describe the position of the reference points locations,
which is shown in equation (8):

Aa ¼

a1x a1y a1z
a2x a2y a2z
a3x a3y a3z
a4x a4y a4z
a5x a5y a5z
a6x a6y a6z

2
6666664

3
7777775

Bb ¼

b1x b1y b1z
b2x b2y b2z
b3x b3y b3z
b4x b4y b4z
b5x b5y b5z
b6x b6y b6z

2
6666664

3
7777775

(8)

The position of the movable platform in relation to time t is
denoted in equation (9), where variables x0; y0; z0 are the
initial positions of P relative to the point O, and Dx tð Þ; Dy tð Þ
and Dz tð Þ are the displacements of point P relative to pointO in
time t.

P tð Þ ¼
x0 1Dx tð Þ
y0 1Dy tð Þ
z0 1Dz tð Þ

2
4

3
5 (9)

The unit vector in the direction of limb i is calculated in
equation (10), where R refers to the rotation matrix in
equation (2), while a, b and g are variables that change with
time t.

ŝi ¼ P tð Þ1R�Aai � Bbi
li

(10)

Then Jacobianmatrix can be denoted as equation (11):

J ¼

ŝT1 b1 � ŝ1ð ÞT
ŝT2 b2 � ŝ2ð ÞT
ŝT3 b3 � ŝ3ð ÞT
ŝT4 b4 � ŝ4ð ÞT
ŝT5 b5 � ŝ5ð ÞT
ŝT6 b6 � ŝ6ð ÞT

2
666666664

3
777777775

(11)

Where:

b ¼ R�Bb 1P tð Þ (12)

After Jacobian matrix is calculated, several symbols are used to
represent the physical parameters of the parallel robot; related
terms of limbs can also be seen in Figure 8.
m: mass of themovable platform;
mi1: mass of cylinder;
mi2: mass of piston;

Figure 7 Kinematic model of the parallel manipulator
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ci1: half-length of cylinder; and
ci2: half-length of piston.

Matrix transformations are denoted as equation (13):

AI ¼ R�BI �RT (13)

Where:

BI ¼
Ixx 0 0
0 Iyy 0
0 0 Izz

2
4

3
5 (14)

Kinematic analysis of each joint and limb are presented below.
First, the linear velocity of point P is denoted in equation (15),
then the velocity and linear acceleration of point bi is denoted in
equations (16) and (17). The angular velocity and acceleration
of limb is denoted in equations (18) and (19). The linear
velocity and acceleration of the mass center of each limb are
denoted in equations (20)–(23).

vp ¼ _P (15)

vbi ¼ vp 1v � bi (16)

abi ¼ ap 1 _v � bi 1v � v � bið Þ (17)

v i ¼ ŝi � vbi
Li

(18)

_v i ¼ ŝi � abi � 2�li�v i

li
(19)

vi1 ¼ ci1� v i � ŝið Þ (20)

vi2 ¼ li � ci2ð Þ� v i � ŝ ið Þ1 li �̂si (21)

ai1 ¼ ci1� v i � ŝi 1v i � v i � ŝ ið ÞÞ�
(22)

ai2 ¼ li � ci2ð Þ� v i � ŝi � v i � v ið Þ�̂siÞ1 2�li� v i � ŝ ið Þ1 li �̂si
�

(23)

4.2Massmatrix
The mass matrix is defined from the kinetic energy of system and
derived by substituting equations (25)–(28) into equation (24):

M xð Þ ¼ Mp 1
Xi¼6

i¼1

Mli (24)

Mp ¼ m�I3�3 03�3

03�3
AI

� �
6�6

(25)

Mli ¼ JTi �Mi�Ji (26)

Mi ¼ mi2�̂si�̂sTi � Ixxi �̂s2i�
l2i

�mce�̂s2i� (27)

mce ¼ mi1�c2i1 1mi2�c2i2
l2i

(28)

Where:
Mp: mass matrix of movable platform; and
Mli: massmatrix of limbs i (i=1,2,3,4,5,6).

4.3 Coriolis and centrifugal matrix
The Coriolis and centrifugal matrix includes all the inertial forces
caused by the Coriolis and centrifugal accelerations, and the mass
matrix components are differentiated with respect to the motion
variable x . Therefore, the Coriolis and centrifugal matrix is
derived by substituting equations (30)–(33) into equation (29):

C xð Þ ¼ Cp 1
Xi¼6

i¼1

Cli (29)

Cp ¼ 03�3 03�3

03�3 v � AI

� �
6�6

(30)

Cli ¼ JTi �Mi�Ji 1 JTi �Ci�Ji (31)

Ci ¼ � 2�mco�li �̂s2i�
li

�mi2�ci2�̂si�xTi �̂s2i�
li

(32)

mco ¼ mi2�ci2
li

� Ixx 1 l2i �mce

l2i
(33)

Where:
Cp: mass matrix of movable platform; and
Cli: massmatrix of limbs i (i=1,2,3,4,5,6).

Figure 8 Free-body diagram of the limbs
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4.4 Gravity vector
The gravity vector is derived by substituting equations (35)–(38)
into equation (34):

G xð Þ ¼ Gp 1
Xi¼6

i¼1

Gli (34)

Gp ¼ �m�g
03�3

� �
6�1

(35)

Gli ¼ JTi �Gi (36)

Gi ¼ mge�̂s2i� �mi2�̂si�̂sTi
� �

�g (37)

mge ¼ mi1�ci1 1mi2� li � ci2ð ÞÞ
li

(38)

Where:
Gp: massmatrix ofmovable platform; and

Gli: mass matrix of limbs i (i=1,2,3,4,5,6).

5. Dynamic and finite element analysis

The dynamic analysis is carried out in MATLAB software, and
the finite element analysis is carried out to verify the structure’s
total deformation and equivalent stress.

5.1 Dynamic analysis
Dynamic model of the mobile parallel robot is built in
MATLAB Simulink as shown in Figure 9. The coordinates of
points ai (i =1,2,3,4,5,6) and bi (i =1,2,3,4,5,6) refer to point
O in Figure 7 are shown in Table 1. The mass properties of
each component and load are shown inTable 2.
The inputs are the rotation (Rx, Ry, Rz) and linear (Dx, Dy, Dz)

movements of the movable platform in x, y and z directions, as
expressed in equations (39) and (40). The coefficient 0.1 is the
amplitude of the rotation angle and displacement of the movable
platform and constant 3 is related to the period of the sine wave.
The parameters chosen are for illustration convenience.

Figure 9 Dynamic simulation with PID control
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Rx ¼ �0:1�sin 3�tð Þ (39)

Ry ¼ Rz ¼ Dx ¼ Dy ¼ Dz ¼ 0:1�sin 3�tð Þ (40)

In the original position, the movable platform with 200 kg load
is 0.4-m below the base platform without any rotation in
equilibrium position. After setting the movement of the
movable platform, Figure 9 shows the length of each of the six
actuators changes during the period of 3 s. The desired actuator
length is shown on the top of the figure, while the actual
actuator length with the proportional-integral-derivative (PID)
control is shown in the middle of the figure. The proportional-
integral-derivative (PID) parameters were selected to meet the
required overshot (�5%) and the static response error (�2%).
The differences between the desired and actual actuator stroke
lengths are shown at the bottom of Figure 9.

5.2 Finite element analysis
The finite element analysis was carried out with the ANSYS
workbench software. The idea was to verify the structure’s total
deformation and equivalent stress when themilling force is applied
to the movable platform. Because of the smooth mesh
consideration, themodel is simplified without the loss of accuracy,
for example, bolts are modeled using the software internal feature
without any real geometry modelling, and the fillets of the
structure benefits to the assembly are removed in some locations.
The welded components are bonded. The fixed supports are set
on the locations of bearings’ and motors’ shown in Figure 10 after

considering the force transmission in the wheels. A resultant force
of 2,000N in the x, y and z directions is applied in the frame of
parallel robot. Thematerial is S355 and the gravity force is applied
(Li et al., 2020). The results of total deformation and equivalent
stresses are shown in Figure 10. The highest equivalent stress is
18.088MPa, and this is acceptable for the S355 material. The
maximum of total deformation is 0.0515mm, and it occurs at the
edge of the parallel robot frame.

6. Experiment

In this experiment, the control system consists of the motion
control system and the task-based control system. The
hardware is based on the industrial PC (IPC) control system.
The EtherCAT with standard protocol connects all the I/O
drivers, which is beneficial to editing and adding new functions.
In addition, other hardware systems (milling, narrow gap
welding and the non-singular terminal sliding mode (NTSM))
and computer (simulator, computer-aided design (CAD)/
computer-aided manufacturing (CAM) system) can be linked
online (Feng et al., 2002; Li et al., 2013).
The carriage and the parallel robot can be controlled by

either software or handwheel to ensure the system’s reliability.
Figure 11 shows the hardware of the control system and
Figure 12 shows the control system, the milling process
simulation and the real robotmachine.
In the experiments, the tungsten inert gas (TIG) welding and

machining are verified so that the results meet the
requirements. It is observed that the carriage can move along

Table 1 Coordinates of base platform and movable platform at initial position (x, y and z coordinates)

Point Point 1 (mm) Point 2 (mm) Point 3 (mm) Point 4 (mm) Point 5 (mm) Point 6 (mm)

bi (�151,�185, 0) (151,�185,0) (236,�38,0) (85, 233 ,0) (�85, 233, 0) (�236,�38,0)
ai (�34,�93,�500) (34,�93,�500) (�64, 76,�500) (64, 76,�500) (98, 17,�500) (�98, 17,�500)

Table 2 Mass properties of components

Parameter Base platform (kg) Movable platform (kg) External load (kg) Actuator (kg/per)

Mass 100 10 200 10

Figure 10 FE analysis of structure
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the track rail from horizontal position to vertical position with
0.1-mm movement accuracy. As for the parallel manipulator,
the movable platform can reach any position in the box of
200� 200�300mm (x-y-z).

6.1Welding experiment
TheESABwelding software is integrated with the robot control
software, and the feeding system and welding system can be

controlled in one interface. The on-site debugging and the
tungsten inert gas (TIG) welding test can be seen in Figure 13
(left). The test was to weld two pieces of stainless steel of
10mm, and the related results shown in Figure 13 (right)
reached the requirements.

6.2Machining experiment
The milling process and its result can be seen in Figure 14.
Several materials were tested, such as plastic and aluminum
alloy. The milling spindle in this robot combines the spindle
motor and the machine tool spindle mounted on a multi-
function flange. It can carry different tasks, such as machining,
deburring, drilling and polishing. In our work, the milling task
was done with small feed in specific location of the VV; the

Figure 11 Control system hardware

Figure 12 Structure of control system, digital twins and real robot machine

Figure 13 Welding test: welding process (left) and welding result
(right)

Figure 14 Milling test: milling test set up (left) and milling test
accuracy check (right)
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maximum rated power selected for the spindle motor was
2 kW.During themilling process, the robot was stable with 0.1-
mmmilling accuracy.

7. Conclusion

Amobile parallel robot with seven degrees of freedom driven by
the electrical motor and actuators was designed and
manufactured for the assembling tasks of fusion reactor. The
control system was debugged and tested, and the welding and
machining processes were implemented in the laboratory. This
robot can carry out tasks with the required accuracy. The
kinematics, dynamics and the finite element analysis of this
mobile parallel robot were introduced. The compact size of
robot is suitable for the maintaining and assembling the fusion
reactors of different sizes, such as the DEMO and the CFETR.
Our future work is to focus on the multi-objective design of
parallel robot by means of the kinematics model, the dynamic
model and the workspace volume, while the design variables
will be the geometry of the parallel robot, such as the diameters
of the platforms and the location of the actuators. The goal is to
develop an algorithm as a tool to design the parallel
manipulator in a systematic and reliable way.
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ABSTRACT The present paper presents a newly designed dexterous mobile parallel mechanism for fusion
reactor vacuum vessel assembly, the robot system has advantages in terms of compact design, the capability
to carry out heavy-duty machining tasks, evacuation, and has less space occupation compared to other
robot systems in existence. Despite different robot systems are studied in the fusion reactor, there is still
a lack of research on mechanism development for vacuum vessel assembly, which is attractive to future
fusion reactors. In the fusion reactor, the robot systems will carry out different tasks, such as welding
and machining. The assembly tasks of the vacuum vessel will be performed from inside of the vacuum
vessel on-site. Then the paper introduces the single-objective and multi-objective optimization design of
the proposed mechanism, the optimized objective is considered to be a combination of parallel mechanism
dynamic machining force, dexterity, stiffness, and workspace volume. The design variables are derived from
the geometry of the fixed and movable platforms, which include mass, inertia, the sizes of the platforms,
and distances between universal joints located on the platforms. In the multi-objective optimization, non-
dominated sorting genetic algorithm II is adopted and different trajectories are designed to simulate the
machining process, which further turns the local optimization problem into a global optimization problem.
Finally, the optimized results are extracted and analyzed. Simulation results indicate the effectiveness of
the proposed multi-objective optimization approaches and multi-objective optimization is found to be more
reliable than single-objective optimization.

INDEX TERMS Mobile robots, parallel robots, optimization, fusion reactors.

I. INTRODUCTION
A. FUSION REACTOR
Fusion is the energy source of the sun and the stars; the most
efficient fusion reactor is identified as the reaction between
two hydrogen isotopes, deuterium, and tritium. Unlike fission
reactors, nuclear fusion can provide virtually safe, affordable
and limitless clean energy for the world. The machine where
this reactor happens is called tokamak. Fusion energy gener-
ated from a thermonuclear fusion reactor is one of the greatest
challenges of this century. International organizations and
many countries are developing and building test fusion reac-
tors, such as the International Thermonuclear Experimental

The associate editor coordinating the review of this manuscript and

approving it for publication was Guilin Yang .

Reactor (ITER), the Europe Demonstration power plant (EU
DEMO), the Chinese Fusion Engineering Testing Reactor
(CFETR), Japan Torus-60SA (JT-60SA) and Korean DEMO
(K-DEMO) [1]–[5].

The largest of the global fusion projects ITER, involves
collaboration of 35 nations. ITER tokamakmainly consists of
magnets, a vacuum vessel, a blanket, a divertor and a cryostat,
among which the fusion reactor vacuum vessel (VV) shown
in Figure.1 is a torus shape with a 6.2 m plasma major radius,
a double-wall structure, weights 8000 tonnes, whose primary
function is to provide a high-quality vacuum for the plasma.
According to literature [6], the VV sector should have less
than ±10 mm tolerances of the overall profile in ITER and
±8 mm in CFETR [7]. Hence, the VV must be manufac-
tured and assembled at a high-quality level; the accuracy of
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the welding position is required to be ±0.5 mm [2]. In the
assembly process of VV in ITER, a stainless steel 316L splice
plate of 40-60 mm thickness has to be prepared, transported
and welded first to one sector of VV; a slow deposition
rate with several passes generates relatively high heat to the
plate, which causes undesired deformation. The extra Non-
Destructive Testing (NDT) and machining process must be
carried out to compensate for the deformation caused by the
heat, and, to avoid further assembly error, finally tailor the
surface quality to meet the required level, and the splice plate
can be welded to another VV sector [8].

In VV assembly and maintenance, lots of assembly work
must be carried out by an on-site robotic machine. On-site
assembly ensure the accurate alignment, especially of the
large components in VV and the magnet system, and also
takes the economic impact of transporting large components
from the workshop to the site. In addition, the assembly work
of VV must be carried out from inside to ensure the accuracy
of the assembly [9].

In ITER, this positional tolerances for the largest compo-
nents, such as VV and magnetic coils, are as low as 2 mm.
The assembly and maintenance usually cannot be performed
by a commercial computer numerical control (CNC)machine
or general industrial robot, or other heavy machine working
from outside the VV, because they cannot achieve highmobil-
ity, capability of working in small space, high accuracy and
high structure stiffness at the same time. Literature [10] pro-
posed the 10-DoF intersector welding robot (IWR) shown in
Figure.1 to carry out the heavy-duty machining and welding
processes inside the VV. The IWR can move to any position
on a double track rail mounted on the VV inner wall, includ-
ing 360◦ vertical and lateral rotation. The concept design of
portable machines introduced in literature [9], [11] borrowed
the double-track rail idea from literature [10], but they could
only achieve mid-duty milling and drilling operations.

In JT-60SA, considering the transportation convenience,
the inboard and outboard segments are first fabricated at a
factory first, then theVV segments are transported on-site and
joined together by different welding technology (an assembly
process of a 40◦ VV sector is shown in Figure.2). Firstly,
direct butt welding is performed along welding paths 1, 2
and 3, then splice plate welding is performed along other
welding paths. The design of VV sectors must take welding
shrinkage into consideration, as well as the splice plates to
ensure that the whole VV is assembled as designed, which is
important for further fusion reactions. To achieve consistent
and high-accuracy welding, the automatic manipulator was
applied to the direct butt welding process [5], [12].

However, the structure of the IWR and portable machines
still have many drawbacks, such as heavy weight, difficult
to evacuate if breakout happens, and the double-track rail
occupies too much space, for other relatively small fusion
reactor such as CFETR and JT60-SA, the port is too small
to allow the pass of the robot systems. Therefore, previous
double-track rail concept has to be optimized to single-track
rail concept, and then the mobile parallel mechanism also

needs to be developed into a lighter version so that the system
has enough stiffness and mobility to carry out different tasks.
Several technical problems and requirements are listed below
to point out the greatest difficulties of designing the robot
system in fusion reactor:

1) The assembly work has to be carried out inside VV on-
site;

2) The robot system should have mobility and heavy-duty
work capability;

3) The robot system should be compact and easy to trans-
fer.

B. PARALLEL MECHANISM OPTIMIZATION
Nowadays, parallel and series robots are widely used in
industry. Parallel manipulator has relatively high stiffness and
payload capacity than series robots [13]–[15]. There are also
different configurations of parallel manipulator, 2-,3-,4-, and
5-Degree of Freedom (DOF) parallel manipulator designs are
systematically introduced in literature [16], which illustrates
details of the joints, links, kinematics and degree of freedoms
of different parallel manipulator configurations on a theo-
retical level. Applications that adapt a parallel manipulator
can also be found in many fields [17], such as high-speed
lifting robots in food packaging and precision surgery, former
application increases the accuracy and efficiency in food
packaging factory and free labors from repeat work. The latter
can eliminate the potential surgery failure possibly caused by
human errors. Since the parallel robots are used in different
fields, the purpose of the parallel robots differs, which can
be easily concluded from previously mentioned applications,
given that one requires high speed, and the other one requires
high accuracy. These arouse the research on optimization of
the parallel robot.

One important component of the optimization is that there
is no perfect optimization of every aspect, optimization
on one or several objectives is practical and reasonable.
There were many objective functions that came up for each
researcher. One of the most classic objective proposed in
related literature [18] was called dexterity, which was derived
from the Jacobian matrix. Another famous objective pro-
posed in literature related [19] was called manipulability.
Stiffness is another important property of the parallel robot,
which expresses the ability of the robot to resist deforma-
tion in response to external forces; the stiffness was stud-
ied in literature on the topics [20]–[24] and it was used as
one objective function in different forms to optimize the
robot’s performance. The objectives mentioned above were
derived mainly from the kinematic models, where external
dynamic disturbance, mass properties, forces, or inertia of
the mass were neglected. When the dynamic of the robot
is taken into consideration, the model becomes more com-
plicated than the kinematic model; for example, machining
force should be considered in a heavy-duty work environ-
ment, there were research derives different objective func-
tions from the dynamic model, such as dynamic dexterity
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FIGURE 1. ITER section view (left), 3D model of IWR for ITER (middle), VV sector, track rail and ports (right).

FIGURE 2. JT-60SA VV sector assembly at factory and on-site (left) and the whole VV assembly sequences (right).

in related literature [25]–[27], dynamic manipulability in
related literature [25], dynamic force in such literatures [28]
and [29], energy consumption in literature [30]. Based on
built objective functions, multi-objective optimization can
be usually done by setting different design variables of the
parallel mechanism; the design variables can be the length
of a limb, the diameters of the platforms and the angles
between joints and links depend on different parallel robot
configurations. In one piece of literature [24], the optimiza-
tion based on workspace and stiffness was carried out, and
in three pieces of literatures [30]–[32] in particulars, the opti-
mizations based on force and torque indexes derived from the
dynamicmodel is performed. In themulti-objective optimiza-
tion, different algorithms were developed, the non-dominated
sorting genetic algorithm II (NSGA-II) introduced in liter-
ature [33] was widely used in different research mentioned
above as the optimization algorithm due to its low computa-
tion complexity and elitist strategy compared with traditional
multi-objective evolutionary algorithms (EAs).

C. SCOPE
Despite different robot systems having been proposed by
different researchers in various fields, the better solution
is always attractive, especially in a mega project such as

a fusion reactor development, where all kinds of systems
interact with one another, there is a lack of robot system and
robotic technology in fusion reactor environment. Currently,
most of the parallel mechanisms have been designed in a
small scale and the application required fast movement speed
and accuracy, such as in the lifting application. The series
mechanism can handle a heavy task, but the robot system is
usually huge and must be mounted on the ground. In different
fusion reactors, the welding sequence, welding technology,
and tokamak environments are different. Therefore, a more
dexterous mobile parallel robot is proposed in this paper,
which is compact in structure, has less space required, is easy
to evacuate, capable of carrying out a machining process with
±0.1 mm machining accuracy. Furthermore, task-orientated
multi-objective optimization of the parallel mechanism is
carried out, and the results are comparedwith single-objective
optimization. The proposed robot system can be adopted in
different fusion reactors and other scenarios.

The remainder of the paper is organized as follows: in
section II, the configuration of the dexterous mobile par-
allel mechanism is introduced, followed by kinematic and
dynamic models derived from a geometric model. Section III
formulates several objective functions based on the parallel
robot machine purpose. And multi-objective optimization
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simulations are implemented in section IV. Finally, conclu-
sion and analysis are given in section V.

II. CONFIGURATION, KINEMATIC, AND DYNAMIC
MODELS
In this section, firstly, the configuration of the newly designed
dexterous mobile parallel mechanism is introduced, the main
components are described, and the mechanism’s working
principle is introduced. Subsequently, the kinematic model
and the dynamic model are derived.

A. CONFIGURATION
The proposed robot system consists of a parallel mechanism,
carriage, and single-track rail shown in Figure.3. The newly
designed single-track rail shown in Figure.4 is mounted on
theVV inner wall, compared to the double-track rail proposed
in [10], the newly designed single-track rail occupies less
space on the inner wall, and the shape of the rail can easily be
redesigned for other fusion reactor. There are four sub-rails on
the single-track rail, the flat-wheel rail and the V-shaped rail
are for the twowheels in the driven unit; they work together to
constrain the carriage movement on the path without any shift
in horizontal direction. The encoder rail is for the encoder
gear mounted on the carriage to record the robot’s movement.
And the gear rail is for the gear driven by the electric servo
motor with a speed reducer, in this way, high torque can
be transmitted to the driving gear. In this configuration, two
driven units are adopted to provide enough torque to drive
the whole robot system. In the carriage shown in Figure.4, the
adaptive compensation system is designed by connecting two
driven units by gas springs, to eliminate the backlash caused
by assembly error and movements. Because the driven unit
must clamp the rail tightly even when the robot systemmoves
to the bending position of the rail. Figure.5 shows the robot
system positions on a straight segment and a bending segment
on the rail, the distance between the twowheels on the bottom
changes when the carriage moves into different positions,
and they must have contact with the bottom side of the rail.
Then the evacuate unit is designed for assembly convenience,
the bottom part of the evacuate unit is bolted to the upper
part so that even when the robot system is on the track rail,
it is easy to disassemble the robot system, which is quite
important if there is blackout in the system. This evacuation
system allows the robot to be evacuated conveniently from the
rail in any position fast, instead of disassembling the robot
system piece by piece. The whole robot system on the rail
mounted on the inner wall of the VV is shown in Figure.6,
there are two splice plates marked in the figure and they
are used for the joint adjacent VV sectors, compared with
direct butt welding, splice plate welding is more suitable in
compensating for considerable misalignment during the large
component assembly, especially when large shrinkage of the
welding exists. The splice plate assembly technology used in
the VV assembly is:

FIGURE 3. Mobile parallel mechanism on the track rail.

1) The rail is mounted on the inner wall of the VV sector,
then the robot system is transported in. In ITER, the
splice plate has thickness of 60 mm, and weighs more
than 100 kg, a heavy-duty lift is installed on the end
effector of the proposed robot system, to lift the splice
plate and transport it to position;

2) Then the welding process starts on the splice plate
from the outer wall to the inner wall in the sequence,
a suitable fixture must be installed during the welding
process to ensure the welding quality. The welding
process should be performed continuously by driving
the carriage on the rail;

3) The milling process will be carried out after the weld-
ing processes, during the process, it is proposed that
the robot system execute segment by segment, which
means the carriage carries the parallel mechanism to
a position, then the parallel mechanism will move
independently to perform the milling process; in this
way, the milling accuracy is within ±0.1 mm, and the
parallel mechanism is able to reach any position in a
200 mm × 200 mm × 300 mm cube.

B. GEOMETRIC MODEL
The 6-DoF parallel mechanism in Figure.3 mainly consists of
a fixed platform, a movable platform, six prismatic actuators
and 12 universal joints. The universal joints on the top side are
connected with the actuator in the middle position of the actu-
ator by side trunnion attachments. This configuration allows
the robot to move through the port and allow full-stroke
movements of the actuators to reach more workspace. The
simplified geometry and the views of a fixed platform and
movable platform are shown in Figure.7. The fixed platform
B and themovable platformA are linked by 12 universal joints
represented by ai (i = 1, 2, 3, 4, 5, 6) on a movable platform
located on the circle of diameter D, bi (i = 1, 2, 3, 4, 5, 6)
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FIGURE 4. Single-track rail and its cross section (left) and carriage (right).

FIGURE 5. Robot system on straight segment (left) and bending segment (right) of the rail.

on a fixed platform located on the circle of diameter d and
actuators represented by li (i = 1, 2, 3, 4, 5, 6).

C. KINEMATIC MODEL
According to Figure.7, the distance vector of each limb is
obtained in Eq.(1) and the Jacobian matrix is determined in
Eq.(2):

liŝi = AP+ ARBbi − ai (1)

J =


ŝT1
(
b1 × ŝ1

)T
ŝT2
(
b2 × ŝ2

)T
...

...

ŝT6
(
b6 × ŝ6

)T

 (2)

where li is the length of the ith limb, ŝi is the unit vector of
the limb, AP = [px py pz]T and ARB are the position vector
and orientation of pointOA, ai and bi denote the points on the
movable and fixed platform with respect to their own frame,
respectively. The Jacobian matrix J is a 6× 6 square matrix,
and it can be further derived to dexterity and manipulability
objective functions, for example.

D. DYNAMIC MODEL
The closed-form dynamic formulation introduced in related
literature [13] are used here to simulate the dynamic behavior
of the parallel mechanism. The actuator dynamic forces are
calculated from Eq.(3).

τ = J−T
(
M (X )Ẍ + C(X , Ẋ )Ẋ + G(X )+ Fd

)
(3)
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FIGURE 6. Robot system on the rail mounted on the inner wall of VV.

where M (X ) is the mass matrix, C(X ) is the Coriolis and
centrifugal matrix, G(X ) is the gravity vector and Fd is the
external force and torque. The mass matrixM (X ) defines the
kinetic energy of the system and is derived from Eq.(4) to
Eq.(9):

M (X ) = Mp +

i=6∑
i=1

Mli (4)

Mp =

[
mI3×3 03×3
03×3 AI

]
6×6

(5)

Mli = JTi MiJi (6)

Ji =
[
I3×3 −bi×

]
(7)

Mi = mi2 ŝiŝ
T
i −

1

`2i
Ixxi ŝ

2
i× − mce ŝ

2
i× (8)

mce =
1

`2i

(
mi1c

2
i1 + mi2c

2
i2

)
(9)

The Coriolis and centrifugal matrix C(X ) includes inertial
forces caused by the Coriolis and centrifugal accelerations,
which is derived from Eq.(10) to Eq.(14):

C(X , Ẋ ) = Cp +
i=6∑
i=1

Cli (10)

Cp =
[
03×3 03×3
03×3 ω×AIp

]
6×6

(11)

Cli = JTi MiJ̇i + JTi CiJi (12)

Ci = −
2
`i
mc0 ˙̀iŝ

2
i× −

1

`2i
mi2ci2 ŝiẋ

T
i ŝ

2
i× (13)

mco =
1
`i
mi2ci2 −

1

`2i

(
Ixxi + `

2
i mce

)
(14)

TABLE 1. Abbreviation of the model.

The gravity vector G(X ) defines the gravity of the system
and it is derived from Eq.(15) to Eq. (19):

G(X ) = Gp +
i=6∑
i=1

Gli (15)

Gp =
[
−mg
03×1

]
6×1

(16)

Gli = JTi Gi (17)

Gi =
(
mge ŝ

2
i× − mi2 ŝiŝ

T
i

)
g (18)

mge =
1
`i

(
mi1ci1 + mi2

(
`i − ci2

))
(19)

The external force and torque Fd is a 6× 1 matrix defines
the forces and torques applied to the center point of the
movable platform. Some abbreviations are listed in Table.1.

Then the same parameters and trajectory mentioned in
literature [13] are used here to check whether the model has
been built successfully, the calculated dynamic forces of the
six actuators illustrated in Figure.8 are exactly the same as
those in the reference. This shows that the dynamic model is
successfully built.

The machining process of IWR for ITER was introduced
in referenced literature [10]; here the same machining force
is adopted and is illustrated in Figure.9. The calculated peak
machining forceFd of 650 N is used in the further calculation
as external force.

III. OBJECTIVE FUNCTIONS
Multi-objective optimization can involve many objective
functions, the choice of objective functions should be based
on application, in referenced literature [24], stiffness and
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FIGURE 7. Parallel mechanism kinematic model, fixed platform and movable platform views.

FIGURE 8. Six actuator forces along the predefined trajectory.

FIGURE 9. Cutting force during the machining process.

workspace are considered, in referenced literature [34]
dexterity and manipulability are considered, in pieces of
referenced literature [30]–[32], force and torque are consid-
ered. All of these objective functions are derived from the
kinematic and dynamic models. Based on how the objective
functions are derived, they can be divided into static-based
objective functions and dynamic-based objective functions.

In order to optimize the parallel mechanism performance
throughout the whole workspace, global objective function
should be derived on the base of local objective functions
instead. In this situation, the workspace is not only an

objective function, but also a way to be used to build global
objective function. In static-based optimization, usually the
workspace can be calculated by different methods, such as
discrete-boundary-searching algorithm, Monte Carlo random
search method, exhausted search method and representa-
tive points method [20], [24], [35]–[37]. In dynamic-based
optimization, model properties such as mass, inertia, and
acceleration must be considered, so several trajectories are
usually selected to simulate the real operations, which were
mentioned in literatures [38] and [39]. In this section, three
objective functions are introduced to represent the overall
behavior of the parallel mechanism.

A. GLOBAL DYNAMIC FORCE INDEX
Since this proposed robot system is mainly used for welding
and machining processes, and force and accuracy require-
ments on the welding process is much smaller than that of
machining process. The absolute minimum dynamic force
and maximum dynamic force among the six actuators are
denoted as τmin and τmax . To ensure that force’s distribution
on each actuator is relatively similar, the difference between
τmin and τmax should be minimized, so the dynamic force
index is defined as the standard deviation of the τ and it
is written in Eq.(20), where D(·) represents the standard
deviation of the elements in thematrix and the global dynamic
force index in work spaceW is expressed in Eq.(21).

DFI = D(τ )/τmax (20)

GDFI =

∫
W DFIdW∫
W dW

(21)

B. GLOBAL DYNAMIC DEXTERITY INDEX
Dexterity index (DI) is derived from the Jacobian matrix and
denoted in Eq.(22):

DI = −1/κ = −1/‖J‖
∥∥∥J−1∥∥∥ (22)

where || · || denotes the norm of the matrix. The condition
number κ is a value between 1 and infinity, and the isotropic
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configuration is obtained when κ = 1. As a result, DI should
be kept as small as possible for better performance. The
dynamic dexterity index (DDI) put the mass matrix M (X )
into DI and it correspond to the ability of the structure to
drive the movable platform for a given configuration at zero
velocity, the DDI is denoted in Eq.(23), where σmax(M ) and
σmin(M ) are the maximum and minimum eigenvalues of the
mass matrix M and it should be kept as small as possible.
Additionally, the global dynamic dexterity index (GDDI) is
denoted in Eq.(24).

DDI = −1/κD = −
σmin(M )
σmax(M )

(23)

GDDI =

∫
W DDIdW∫
W dW

(24)

C. GLOBAL STIFFNESS INDEX
The stiffness affects the parallel mechanism accuracy and
ability to resist deformation directly, the local stiffness of
the mechanism can be simplified to Eq.(25) when all the
actuators are treated as springs and they have the same stiff-
ness coefficient k . Referenced literature [40] built a stiffness
model of hybrid robot, which has similar joints and links of
the proposed parallel mechanism, the stiffness of the whole
robot is obtained as K = C−1, where C is the compliance
matrix. The maximum eigenvalues of matrix (K−1)TK−1 is
calculated and the local stiffness matrix is defined in Eq.(26),
and it is further derived into the global stiffness index (GSI)
in Eq.(27).

K = kJT J (25)

LSI =
√
max(eig

(∣∣(K−1)TK−1∣∣)) (26)

GSI =

∫
W LSIdW∫
W dW

(27)

IV. MULTI-OBJECTIVE OPTIMIZATION
In this section, the single-optimization andmulti-optimization
methods are firstly introduced, then optimization problems
are set up, finally, the optimization results are shown in the
end.

A. OPTIMIZATION METHOD
Different multi-objective evolutionary algorithms (MOEAs)
are used in various of optimization problems. NSGA-II
introduced in literature [33] is selected as the optimization
method and the procedure of NSGA-II illustrated in Fig-
ure.10. A genetic algorithm can be simplified into four stages:

1) Generation: when t=1, generateN solutions to form the
first population P1, the fitness of solutions is evaluated;

2) Crossover, mutation and evaluation: generate offspring
population Qt and mutate each solution in Qt with
mutation rate, then the fitness of solution in Qt is
evaluated;

3) Selection: population of size N from Qt are selected,
and they are assigned as next generation population
Qt+1;

FIGURE 10. NSGA-II procedure.

4) End: the algorithm ends once predefined termination
criterion is met.

The procedure of NSGA-II differs fromGA in the selection
stage, NSGA-II introduces the crowded-distance approach,
which can estimate the density of solutions surrounding a
certain particular solution in the population; in this way, not
only does the complexity of the computation decrease, but it
can alsomaintain the spread of solutions. In NSGA-II, instead
of selecting population of size N from Qt , firstly, a popu-
lation of size 2N is formed as Rt by combining population
Pt and Qt , then a population of size N from Rt is ranked
according to its value. Now, the best solution in set F1 is
firstly chosen, and then F2, but in Figure.10, the example
shows that once F3 is fully chosen, the size of Pt+1 is more
than that of N . So a certain amount of population in F3
is chosen and put into Pt+1 based on the crowded-distance
approach. The basic idea of the crowded-distance approach
shown in Figure.11 is firstly to locate two points i − 1 and
i + 1 on both sides of the point i, then the perimeter of the
cuboid surrounded by these two points are estimated, which is
called crowding distance. After that, the solution with smaller
crowding distance means that more solutions are generated
in this area. Finally, the solutions with better rank in the
population and lower crowding distance are selected to fill the
next generation until the size of the population is equal to N .
However, with the increasing of the objectives, the dimension
of the problem increases, and the performance of NSGA-II
decreases, as a result, optimization results are promising with
respect to 2-3 objectives. For a more objective optimization
method, a many-objective optimization should be studied,
such as NSGA-III, which was introduced in literature [41].

B. GLOBAL OPTIMIZATION METHOD
If the optimization problem is only related to the kinematic
model, global optimization is achieved by calculating the
objective function values in different positions uniformly
distributed inside the whole workspace, the time spent and
calculation accuracy are based on the amount of defined
positions. The procedure of the calculation can be summed
up in the following stages:
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FIGURE 11. NSGA-II crowded-distance approach.

1) Local objective function value is calculated in certain
position of the structure configuration;

2) Workspace is evaluated. Certain amounts of points
are uniformly collected in the workspace based on a
pre-defined calculation accuracy requirement. In ref-
erenced literature [34], the amounts of points in
workspace were decided by using relative error con-
straints. A discrete-boundary-searching algorithm to
decide the amount of points in workspace was used in
referenced literature [20]. Another method introduced
in referenced literature [37] selected a certain amount
of points by using the Monte Carlo method;

3) Global objective function value is calculated concern-
ing all the points in the workspace, which is usually
the average value of the objective functions in all the
positions.

The global optimization method mentioned above is suit-
able for static optimization, which evaluates the performance
of the structure in certain positions above the workspace.
However, in structure dynamic performance optimization, the
dynamic forces and torques are highly affected by structure
inertia, friction, and external disturbance. So, trajectory-
based global optimization is better than the workspace-
volume-based global optimization. And the movement of
the parallel mechanism can be simulated. In literature [39],
optimization of a parallel robot for pick-and-place application
in a predefined workspace using different trajectories were
studied, in literature [42], an S-shape trajectory was defined
to study the robot’s behavior in the milling process. The
robot system introduced in this paper will carry out the both
welding andmilling process, in welding process, the accuracy
is required to be controlled within ±0.5 mm, in the milling
process, the requirements are higher, the accuracy should be
controlled within ±0.1 mm. To simulate the milling process,
the trajectory must be designed to let the mechanism move
continuously and smoothly, and acceleration of the robot
should also be involved. During the milling process, the
carriage will stop in position and the parallel mechanism will
carry out tasks in a cube of 200 mm×200 mm×300 mm.
The speed of the milling process is set as 1 mm/s. And since

FIGURE 12. Trajectories applied in the optimization simulation.

TABLE 2. Design variables ranges.

the task is different from other parallel mechanisms, such as
lifting and sorting, where acceleration is highly demanding,
the functions of three trajectories Pi(t), (i = 1, 2, 3) are
designed for this parallel mechanism, and formulated with
respect to time t , denoted in Eq.(28), Eq.(29), and Eq.(30), the
illustration of these three trajectories is shown in Figure.12.

P1(t) =

 x1(t) = t − 100
y1(t) = 100 ∗ sin

(
π
100 ∗ t +

π
2

)
z1(t) = 0

 (28)

P2(t) =

 x2(t) = t − 100
y2(t) = 100 ∗ sin

(
π
100 ∗ t +

π
2

)
z2(t) = −300

 (29)

P3(t) =

 x3(t) = t − 100
y3(t) = t − 100

z3(t) = −150+ 150 ∗ sin
(
π
100 ∗ t +

π
2

)
 (30)

C. DESIGN VARIABLES
The variables D, d, α, β are used as design variables. After
taking workspace requirements, components movement limi-
tations, and robot systemmovement in the vacuum vessel into
consideration in the simulation software, the design variables
boundaries are estimated from kinematic simulation results
and shown in Table.2. In addition, the constraint α<β is set.

D. OPTIMIZATION SETUP
The flow chart of the optimization setup is shown in Fig-
ure.13.
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FIGURE 13. Multi-objective optimization problem setup flow chart.

TABLE 3. Group set up for comparison.

1) The kinematic and dynamic models of the parallel
mechanism are derived;

2) Design variables are carefully decided based on the
tasks, and objective functions involving design vari-
ables are decided and derived;

3) Trajectories or the workspace is defined, and global
objective functions are formulated;

4) NSGA-II is selected as the optimization algorithm, and
optimization program is set up;

5) The Pareto-front optimal values are extracted from the
optimization;

6) The optimized solutions are selected from the solutions
pool.

There are also several pieces of literature about
single-objective optimization of the parallel mechanism,
where a cost function combines different objective functions
allocated by different weights is introduced, the general cost
function formulation can be seen in Eq.(31), where x =
[D, d, α, β], andwn is the weight coefficient allocated to each
objective function fn.

f (x)single = w1 ∗ f1 + w2 ∗ f2 + . . .+ wn ∗ fn (31)

In this way, the optimization can also be seen as single-
objective multi-variable optimization, the goal of which is
to minimize the single-objective f (x) and multi-variables are
wn∗ fn. Once the number of the optimization iteration reaches
the specified value or the calculation accuracy reaches the
pre-assigned requirement, the optimization process stops, and

the actual design variables x values are extracted. Therefore,
it can be noticed that the adjustments on the weights wn is
vital in this optimization method, and it can decide how the
different objective functions are balanced. Otherwise, when
fn(n = 1, 2, . . . n) are close in numerical value, if moreweight
w1 is allocated to f1, the objective function f1 contributesmore
to the cost function, and affects the optimization result. There-
fore, if wn is not chosen carefully based on the behaviour
of each objective function, the optimization problem turns
toward being single-objective single-variable optimization.
However, if the optimization is not complicated, designer
can adjust the weight factor wn to get optimal results based
on tasks that parallel mechanism carries out. In referenced
literature [43], a cost function of stiffness was built in each
direction, and optimization on a 5-DoF tripod parallel robot
machine with gantry system was performed. In literature
referenced [22], the weight factor was not used, instead, the
cost function was built by multiplying stiffness and volume.
In referenced literature [44], optimization using different
weights on objective function was carried out. The algo-
rithms used in the single-objective optimizations are mainly a
genetic algorithm, differential evolution, and particle swarm
optimization.

However, the drawbacks of the single-objective optimiza-
tion must be noted. Firstly, the cost function value will be
evaluated and the solution with tbe smaller value will be
reserved. Secondly, the cost function is the sum of different
objective functions, the normalization is troublesome, and
it must be carefully tuned; for example, the force, the stiff-
ness and the dexterity have huge differences in numerical
values, and if the calculated objective function values are
not distributed evenly in the work space, the normalization
is more complicated, in another word, the result might be
locally optimized instead of globally optimized. Thirdly, the
weights allocation determines the priorities of the objective
functions, if the weights are not decided carefully, the results
may not be reliable. However, in many literatures mentioned
above, there is lack of introduction of how the normalization
method works or how the weights are selected in a reasonable
way. However, in multi-objective optimization, there is no
need to normalize the objective function or put weight on
objective functions. So next, a single-objective optimization
is set as an example to compare the optimization results using
two different optimization methods. Firstly, five objective
functions are introduced covering dexterity, force, and stiff-
ness. DI is the dexterity index, FI1 is the maximum reaction
force among the six actuators, FI2 is the standard deviation
of the reaction forces of the six actuators, SI1 is the mean
value of the diagonal elements in stiffness matrix K , and SI2
is the standard deviation value of the diagonal elements in
stiffness matrix K . The optimization goal is to minimize the
value of objective function, then the negative value of −SI1
is adopted. Five groups are set up in Table.3 to compare the
optimization result using single-objective optimization and
multi-objective optimization, genetic algorithm is selected as
the single-objective optimization algorithm.
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FIGURE 14. Group 2 and group 4 Pareto-front values.

FIGURE 15. Results comparison between 5 groups.

The trajectory P3 is used here to set up the global opti-
mization, in normalization, each objective function value
along the trajectory is calculated, then considering the mean
value, the median value, and the standard deviation value,
they are normalized. In group 1, the normalization factors are
[100,0.004,0.002] for DI , FI1, and SI1, respectively. In group
3, the normalization factors are [100,0.02,0.002] for DI , FI2,
and SI2. The weights [1,1,1] are equally allocated in each
objective function, in this way, the cost function treats all
the objective functions equally. To show the difference when

different weights allocated on objective functions, group 5 is
set, the objective functions in group 5 areDI , FI1, and SI1, the
weights are [1,0.1,1] on each objective function, respectively.

E. OPTIMIZATION RESULTS
In the comparison between single-objective optimization
and multi-objective optimization, the Pareto-front values of
groups 2 and 4 adopting NSGA-II are shown in Figure.14,
themean value of the optimal solutions are calculated, and the
results of five groups are shown in Table.4. Then the objective

153806 VOLUME 9, 2021



C. Li et al.: Design and Multi-Objective Optimization of Dexterous Mobile Parallel Mechanism

FIGURE 16. Optimization Pareto-front optimal results.

function values of DI , FI1, FI2, SI1, and SI2 in each group
are calculated and shown in Figure.15. The result indicates
group 2 and 4 using NSGA-II as optimization algorithms
are better than others, and the improvements are obvious.
There is no clear difference between each in FI1 values,
however, due to less weight being put in FI1 in group 5,
the optimized results are worse than others. The standard
deviation of actuator forces, FI2 behaves similarly to FI1.
The SI1 values in groups 2, 4, and 5 perform better, among
which group 2 and group 4 adopt the NSGA-II algorithm.
The results of SI2 values indicate that group 2 and group
4 perform better. Compared to the original design, all the
objective functions are improvements to different extents.
To summarize, there are two findings, the first finding is
that the multi-objective optimization (NSGA-II) has obvi-
ous advantages on this optimization problem compared with
single-objective optimization. The second finding is that in
single-objective optimization, the weights that are allocated
to different objective functions have signification effects on
the optimization results, and sometimes, the result may end
up at local optimization and not be reliable.

Subsequently, when taking the three trajectories as a global
optimization method, after the simulation, 50 sets of opti-
mized solutions are extracted, then corresponding objective
function values and Pareto-front graphs are shown in Fig-
ure.16. In theory, all the solutions are feasible, however,

TABLE 4. Group set up for comparison.

TABLE 5. Optimized design variable values.

to evaluate the solution among all the optimized solutions,
a selection method is introduced here, each point in the 3D
Pareto-front figure is a vector of [GDDI GDFI GSI], the
norm of each point is calculated, which is the distance from
this point to the origin point. The point with the lowest
norm value is selected as the selected solution here. Then the
corresponding optimized variable values and original values
are shown in Table.5.

To compare the optimized results with the original results,
six actuators’ dynamic forces, LSI, DDI, and DFI along three
trajectories in Eq.(28), Eq.(29), and Eq.(30) are calculated
with original design variable values and optimized design
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FIGURE 17. Comparison between original and optimized results.
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FIGURE 18. Mobile parallel robot system in laboratory.

variable values, the results, which are shown in Figure.17.
There are obvious improvements on each objective, however,
in some local position, such as when t = 50, the value of
DDI is a little bit smaller than the original result. However,
over all, the optimization results are promising.

V. CONCLUSION AND DISCUSSION
This paper focuses on the research of development of a
dexterousmobile parallel mechanism for a fusion reactor vac-
uum vessel assembly, compare this design with other robot
machines, the proposed robot system has advantages includ-
ing light weight, high mobility, high stiffness, ease of evacu-
ation, the capability to carry out heavy-duty machining work,
and ease of development for other fusion reactors. The robot
system in Figure.18 was built, assembled and tested, welding
and machining processes are performed, the robot system can
achieve smooth automatic gas (tungsten inert gas welding and

milling accuracy is within±0.1 mm), and the performance of
the mechanismwas validated and can be proposed to function
in the fusion reactor environment. Furthermore, by changing
the apparatus installed on the end effector, the robot system
can carry out different tasks, such as inspection. Overviews of
single-objective optimization and multi-objective optimiza-
tion on parallel mechanisms are given, different objective
functions are derived, which are also a guideline for future
research. The global multi-objective optimization based on
several objective functions of the parallel mechanism is car-
ried out from a proposed parallel mechanism. There are quite
many constraints in designing robot structure in a narrow
fusion reactor environment, which highlights the importance
of the multi-objective optimization. The optimized results are
mapped to compare the performance of the original model
and the optimized model, and the results reveal the success
of the optimization simulation. This can help designers to
develop robot structure for different purposes in different
fields, especially for the design of fusion reactors of the
future, where many components interact with each other, and
many components are in the concept design phase, so the
proposed mechanism will be beneficial from the applications
and optimization can make the design process more efficient
and accurate.
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