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This thesis aims to design divertor cassette remote handling end-effector, then comparison 

between these concepts and other existed concepts are carried out. The concepts are 

modelled and analyzed by using modeling software and finite element analysis software.  

 

In mechanical design phase, main components in each concept are selected or designed, such 

as bearings and rails. The mechanism of the concepts is introduced also. Two concepts are 

cantilever structures, however, the third concept is simple supported beam structure, which 

provides more stiffness. Furthermore, two cantilever structures adopt 4-UPU parallel 

manipulator to eliminate the clearance between the inner and outer blankets, while another 

concept simply uses hydraulic jacks to achieve this goal. In analysis phase, finite element 

method is used to test the structure until the calculated results satisfy the requirements. 

Equivalent stress and total deformation are calculated to compare different concepts 

stability. 

 

Finally, the advantages of each concepts are analyzed as well as the future improvements of 

each concepts are pointed out.  



ACKNOWLEDGEMENTS 

 

 

This master thesis was carried out during 2017 in Laboratory of Intelligent Machines, 

Lappeenranta University of Technology, Finland. 

 

I owe my deepest gratitude to my supervisor professor Huapeng Wu who provide financial 

support, shows patience and provides valuable suggestions. And I express my gratitude to 

my professor Harri Eskelinen who provide me this priceless platform to apply my knowledge. 

And I would also give my sincere pleasure to my friends who give me many remarkable 

moments and encouragement during my daily life in Lappeenranta: Mr. Xin Wang, Ms. 

Bingyan Mao, Ms. Xinxin Yu, Dr. Shanshuang Shi, Dr. Ming Li, Mr. Tao Zhang, Ms. Xiaoyi 

Chen, Ms. Joanne Song, Ms. Qifeng Hao, Mr. Xin Mei. 

 

Last but not least, deeply love and thanks goes to my parents and friends, they give me 

freedom to choose what I like and motivation during my daily life and studying in Finland! 

 

 

Changyang Li 

Lappeenranta 23.11.2017



4 

 

TABLE OF CONTENTS 

 

 

ABSTRACT ........................................................................................................................... 1 

ACKNOWLEDGEMENTS ................................................................................................... 2 

TABLE OF CONTENTS ....................................................................................................... 4 

TABLE OF FIGURES ........................................................................................................... 6 

TABLE OF TABLES ............................................................................................................ 9 

LIST OF SYMBOLS AND ABBREVIATIONS ................................................................ 10 

1 Introduction .................................................................................................................. 11 

1.1 ITER introduction ................................................................................................ 11 

1.2 DEMO introduction ............................................................................................. 12 

1.3 CFETR introduction ............................................................................................ 13 

1.4 EAST introduction ............................................................................................... 13 

1.5 Tokamak .............................................................................................................. 14 

1.6 Divertor ................................................................................................................ 15 

1.7 Remote handling .................................................................................................. 17 

1.7.1 JET RH ............................................................................................................ 18 

1.7.2 ITER RH .......................................................................................................... 19 

1.7.3 DEMO RH ....................................................................................................... 20 

1.7.4 CFETR RH ...................................................................................................... 21 

1.8 Aim of the thesis .................................................................................................. 21 

2 Existed concepts .......................................................................................................... 23 

2.1 Transportation of the cassette between cask and vessel area ............................... 23 

2.2 Toroidal transportation of the cassette ................................................................. 24 

2.3 Vertical lifting of the cassette .............................................................................. 24 

2.4 Concept #1 ........................................................................................................... 24 



5 

 

2.5 Concept #2 ........................................................................................................... 25 

2.6 Concept #3 ........................................................................................................... 27 

3 Innovational concepts .................................................................................................. 29 

3.1 Concept #4 ........................................................................................................... 29 

3.1.1 Mechanism of concept #4 ................................................................................ 30 

3.1.2 Components of concept #4 .............................................................................. 31 

3.1.3 FEM analysis of concept #4 ............................................................................. 45 

3.2 Concept #5 ........................................................................................................... 46 

3.2.1 Mechanism of concept #5 ................................................................................ 47 

3.2.2 Components of concept #5 .............................................................................. 48 

3.2.3 FEM analysis of concept #5 ............................................................................. 49 

3.3 Concept #6 ........................................................................................................... 50 

3.3.1 Mechanism of concept #6 ................................................................................ 51 

3.3.2 Components of concept #6 .............................................................................. 55 

3.3.3 FEM analysis of concept #6 ............................................................................. 62 

3.4 Future work of innovational concepts ................................................................. 63 

4 Six concepts analysis ................................................................................................... 65 

4.1 Three innovational concepts comparison ............................................................ 65 

4.2 Three existed concepts comparison ..................................................................... 67 

5 Conclusion ................................................................................................................... 69 

LIST OF REFERENCES ..................................................................................................... 70 

 

 

 

  



6 

 

TABLE OF FIGURES 

 

 

Figure 1. Atoms reaction in fusion reaction (ITER, 2017). .................................... 12 

Figure 2. The route to fusion power (McAdams, 2014). ......................................... 12 

Figure 3. The ITER coils (Mitchell et al., 2008). ..................................................... 15 

Figure 4. Divertor cassette of ITER (ITER, 2017). ................................................. 16 

Figure 5. Divertor cassette of DEMO. ...................................................................... 17 

Figure 6. Toroidal transportation of the cassette (Videnoja et al., 2017). ............ 18 

Figure 7. JET RH approach (Rolfe, 1999). .............................................................. 19 

Figure 8. JET articulated boom (Rolfe, 1999). ........................................................ 19 

Figure 9. Prototype CMM and CTM (Song et al., 2014). ....................................... 20 

Figure 10. CFETR RH system (Song et al., 2014). .................................................. 21 

Figure 11. Rack and pinion (Videnoja et al., 2017). ............................................... 23 

Figure 12. The overview of concept #1 (Videnoja et al., 2017). ............................. 24 

Figure 13. Concept #1 von mises stress (Videnoja et al., 2017). ............................ 25 

Figure 14. Concept #1 displacement (Videnoja et al., 2017). ................................. 25 

Figure 15. Overview of concept #2 (Videnoja et al., 2017). .................................... 26 

Figure 16. Installation sequence for left cassette (Videnoja et al., 2017). ............. 26 

Figure 17. Concept #2 von mises stress (Videnoja et al., 2017). ............................ 27 

Figure 18. Concept #2 translational displacement (Videnoja et al., 2017). .......... 27 

Figure 19. Overview of concept #3 structure (Videnoja et al., 2017). ................... 28 

Figure 20. Concept #4 in VV. .................................................................................... 29 

Figure 21. Concept #4 structure. .............................................................................. 30 

Figure 22. Overview of concept #4 mechanism. ...................................................... 31 

Figure 23. HR type LM guides (LM Guide, 2017, p.A1-256). ............................... 32 

Figure 24. Software interfaces and parameters. ..................................................... 32 

Figure 25. Freebody diagram of concept #4 after 90° rotation. ............................ 33 

Figure 26. Geometry of chosen rail guide. (LM Guide, 2017, p.A1-184-185). ..... 34 

Figure 27. Freebody diagram of concept #4 in original position. .......................... 35 

Figure 28. Coding example of rail guides. (LM Guide, 2017, p.A1-264). ............. 35 

Figure 29. HR60125 guide rail model. ..................................................................... 36 

Figure 30. Bearings’ locations................................................................................... 36 



7 

 

Figure 31. Related formulas and factors in calculation (NSK 2005, p.A28). ....... 37 

Figure 32. Freebody diagram of bearings. .............................................................. 38 

Figure 33. Formulation of bearing load calculation. (NSK 2015, p.B185). .......... 38 

Figure 34. Spherical roller bearing*22324EAE4. ................................................... 39 

Figure 35. Slewing bearing MET-210X parameters and safety factor. 

(Kaydonbearings, 2017)..................................................................................... 40 

Figure 36. MET-210X model. ................................................................................... 40 

Figure 37. 4-UPU parallel manipulator structure and mechanism. ...................... 41 

Figure 38. Clearance location of cassette during the movement (Videnoja et al., 

2017). ................................................................................................................... 42 

Figure 39. Universal joints drawings. ...................................................................... 43 

Figure 40. Kinematics analysis of 4-UPU parallel manipulator. ........................... 45 

Figure 41. Equivalent stress of concept #4. ............................................................. 46 

Figure 42. Total deformation of concept #4. ........................................................... 46 

Figure 43. Concept #5 in VV. .................................................................................... 47 

Figure 44. Overview of concept #5. .......................................................................... 48 

Figure 45. Concept #5 movement sequences. .......................................................... 48 

Figure 46. Free body diagram of concept #5. .......................................................... 49 

Figure 47. Equivalent stress of concept #5. ............................................................. 50 

Figure 48. Total deformation of concept #5. ........................................................... 50 

Figure 49. Concept #6 in VV. .................................................................................... 50 

Figure 50. Lock system of the plate. ......................................................................... 51 

Figure 51. Contact area between plate and VV surface. ........................................ 52 

Figure 52. Modification of cassette bottom and lock system ................................. 52 

Figure 53. Concept #6 structure. .............................................................................. 53 

Figure 54. Concept #6 movement sequences. .......................................................... 53 

Figure 55. Rail change system. ................................................................................. 54 

Figure 56. Rail before change. .................................................................................. 54 

Figure 57. Rail after change. ..................................................................................... 55 

Figure 58. V-Groove Yoke Style (Smith bearing product catalog, 2017). ............ 56 

Figure 59. V-shape rail (Smithbearing.com, 2017). ................................................ 57 

Figure 60. Concept #6 structure. .............................................................................. 58 

Figure 61. Telescopic cylinder parameters (IM-T64 telescopic cylinders, 2017). 58 



8 

 

Figure 62. Freebody diagram of force applied on bearing. ................................... 59 

Figure 63. Spherical roller bearing model ............................................................... 60 

Figure 64. Hydraulic jack model. ............................................................................. 60 

Figure 65. Space between concept #6 and cassette. ................................................ 61 

Figure 66. Equivalent stress of concept #6. ............................................................. 63 

Figure 67. Total deformation of concept #6. ........................................................... 63 

Figure 68. Concept #4, #5 and #6. ............................................................................ 65 

Figure 69. Concept #1, #2 and #3 (Videnoja et al., 2017). ...................................... 67 

 

  



9 

 

TABLE OF TABLES 

 

 

Table 1. Main differences between ITER and DEMO (Federici et al., 2014). ......... 13 

Table 2. Parameters of CFETR and ITER (Song et al., 2014). ................................ 21 

Table 3. Listed rail guide product. .............................................................................. 33 

Table 4. Parameters of HSR 65L rail guides (LM Guide, 2017, p.A1-184-185). ..... 34 

Table 5. Table of HR type rail guide parameters. (LM Guide, 2017, p.A1-264-265).

 ............................................................................................................................. 35 

Table 6. Guidelines of choosing suitable bearings (NSK 2015, p.A14-15). .............. 37 

Table 7. Bearing parameters. (NSK 2015, p.B190-191). ........................................... 38 

Table 8. Parameters of stainless steel. ........................................................................ 45 

Table 9. Spherical roller bearing parameters (NSK 2015, p.B186-187). .................. 59 

Table 10 continues. Spherical roller bearing parameters (NSK 2015, p.B186-187).

 ............................................................................................................................. 60 

Table 11. Single acting, spring return cylinders. (Enerpac.com, 2017) ................... 61 

Table 12. Double acting cylinder (Enerpac.com, 2017). ........................................... 62 

Table 13. Key aspects among six concepts ................................................................. 68 

  



10 

 

LIST OF SYMBOLS AND ABBREVIATIONS  

 

 

Fa Axial load applied on bearing [N] 

Fac  Theoretically calculated axial load [N] 

fL Load factor based on application 

Fr Radial load applied on bearing [N] 

Frc Theoretically calculated radial load [N] 

fw Load factor based on force calculation 

 

CCs Correction Coils 

CFETR China Fusion Engineering Test Reactor 

CMM Cassette Multifunctional Mover 

CS Central Solenoid 

CTM Cassette Toroidal Mover 

D Deuterium 

DEMO DEMOnstration Power Station 

DOF Degree of Freedom 

EURATOM European Atomic Energy Community 

FEM Finite Element Method 

ITER International Thermonuclear Experimental Reactor 

JET Joint European Tours 

KSTAR Korea Superconducting Tokamak Advanced Research 

LM Linear Motion 

PF Poloidal Field 

RH Remote Handling 

T Tritium 

TF Toroidal Field 

UP Ultra-Super Precision 

VTT Finnish National Technology Research Center 

VV Vacuum Vessel 

  



11 

 

1 INTRODUCTION 

 

 

Remote handling gives the feasibility to operator to do manual handling work in special 

work site, while the manipulator itself is located in an environment that will cause damage 

to human body, such as high temperature and radiation site (ITER, 2017). 

 

1.1 ITER introduction 

ITER means “the way” in Latin and full name is International Thermonuclear Experimental 

Reactor. ITER is an international research and engineering megaproject. Its aims are to 

demonstrate fusion energy can be sued in peaceful way. It will be the first fusion device to 

produce net energy and it will keep the operation of fusion for certain time. ITER was first 

launched in 1985. The ITER members include China, the European Union, India, Japan, 

Korea, Russia and the United States. There are different tokamak machines in each countries, 

for example, JT-60SA in Japan (Di Pietro et al., 2014), KSTAR (Korea Superconducting 

Tokamak Advanced Research) in Korea (Bak et al., 2006), ST40 from UK (Gryaznevich 

and Asunta, 2017), EAST in China and so on. In the following section, some tokamak 

examples are listed. 

 

The tokamak chamber of ITER has radius of 2 meters, the core temperature is 100 million 

degrees and power density are 500000 W/m3, where in sun, it has 0.7 million kilometers as 

radius, 10 million degrees as core temperature and only 0.01 W/m3 as power density. The 

ITER will be 29 m in high, 28 m in diameter and weight 23000 tones once being built. ITER 

field is around 10 tesla and super conducting magnet energy is around 51 GJ. (ITER, 2017, 

Aymar, 1997, Holtkamp, 2007.) 

 

Fusion is the operation where two hydrogen isotopes D (deuterium) and T (tritium) are 

reacted, these light hydrogen atoms can produce a heavier element, helium and one neutron. 

The mass of the helium atom is not the sum amount of those light hydrogen atoms because 

mass lost, and huge amounts of energy are generated. The most efficient fusion reaction at 

the moment is achieved by D and T fusion, which can produce the highest energy at “lowest” 

temperatures compared with other sets. A simple illustration of fusion reaction can be seen 

in Figure 1. (ITER, 2017.) 
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Figure 1. Atoms reaction in fusion reaction (ITER, 2017). 

 

1.2 DEMO introduction 

DEMO’s full name is DEMOnstration Power Station, it is a nuclear fusion power station and 

it is proposed to be built after ITER experimental nuclear fusion reactor. A route of fusion 

power development can be seen in Figure 2 (McAdams, 2014). 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. 

(Thomas et al., 2013.) The main differences between ITER and DEMO can be seen in Table 

1 (Federici et al., 2014).  

 

Figure 2. The route to fusion power (McAdams, 2014). 
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Table 1. Main differences between ITER and DEMO (Federici et al., 2014). 

 

 

1.3 CFETR introduction 

CFETR represents the Chinese Fusion Engineering Testing Reactor and it will be built 

between ITER and DEMO. There are three goals that should be achieved with CFETR, first 

one is to reach 50-200 MW fusion power, second goal is reach 30% to 50% duty cycle time 

and the third goal to achieve self-sufficient tritium breeding by the blanket. (Song et al., 

2014, Zhao et al., 2015.) 

 

1.4 EAST introduction 

EAST represents the Experimental Advanced Superconducting Tokamak, which is located 

in China and it was approved by the Chinese government in 1989. Its goal was to study the 
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physics issues of the advanced steady-state tokamak operations. The EAST tokamak 

machine has height of 10 meters, diameter of 7.6 meters and weight of 414 tons. (Wu, 2007.) 

There are some progresses that EAST achieved in past few years, on 2nd of November, 2016, 

EAST became the 1st tokamak to sustain long-pulse H-mode plasma for over 60 seconds 

(English.ipp.cas.cn, 2017). On 3rd of July, 2017, EAST became the 1st tokamak to achieve a 

stable 101.2 seconds steady-state high confinement plasma. (EurekAlert!, 2017.) 

 

1.5 Tokamak 

Tokamak is an experimental machine, it can generate energy from fusion reaction. The 

energy is produced via fusion of atoms and then the walls of the vessel can absorb the energy 

in the form of heat. The heat is further heat the water in the pipe to produce steam. In the 

end, electricity is generated by the way of turbines and generators, which is like other 

conventional power plant. (ITER, 2017.) 

 

There are mainly five components in the Tokamak, which are magnets, VV (vacuum vessel), 

blanket, divertor and cryostat.  

 

The ITER experiments will be happened inside the VV, which is a sealed steel container, it 

acts as the first safety containment barrier and it needs to support electromagnetic loads 

during the whole operation (ITER, 2017). Moreover, it needs to withstand any unpredicted 

accidents without losing its confinement. The plasma particles move around the magnetic 

field continuously without touching the walls. (Ioki, 1995, Mozzillo et al., 2016.) Magnet 

system consists of numbers of superconducting coils include 18 TF (toroidal field) coils, 1 

CS (central solenoid), 6 PF (poloidal field) coils and 18 CCs (correction coils). The location 

of magnets coils can be seen in Figure 3. (Mitchell et al., 2008, Mitchell et al., 2009.) The 

blanket component is a physical boundary that can isolate plasma and heat, it has interfaces 

with some key components, such as VV and in-vessel coils (Mozzillo et al., 2016). About 

the cryostat, it create vacuum environment to insulate the heat from magnet system and it 

can be seen as a container of the entire basic system of the Tokamak (Doshi et al., 2011). As 

for the divertor, it will be introduced separately in next section since it is the main component 

involved in this thesis. 



15 

 

 

Figure 3. The ITER coils (Mitchell et al., 2008). 

 

1.6 Divertor 

Divertor is situated at the bottom of the VV. When fusion reaction starts, it will generate 

heat and ash, which need to be extracted and these are the first function of divertor, second 

function is to minimize plasma contamination and third function is to protects the 

surrounding walls in the environment where thermal and neurotic loads are existed. A 

divertor from ITER can be seen in Figure 4. In ITER, divertor is consist of 54 cassettes, each 

cassette is supported by stainless steel structure and it also has three plasma-facing 

components, which are inner vertical target, outer vertical target and the dome. Each cassette 

weights 9 tones and maximum total thermal load is 204 MW. (ITER, 2017.) Due to erosion 

of divertor, the divertor is expected to be replaced every 2-2.5 full-power year (Maisonnier, 

2008). 
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Figure 4. Divertor cassette of ITER (ITER, 2017). 

 

The divertor can be seen as consumable components because during the divertor operation, 

erosion can happens on the divertor plates. There are many aspects that may affect the 

erosion, for example, chemical sputtering, slow transients and disruption erosion. Moreover, 

most of the alpha particle power and the He ash must be exhausted from divertor to keep the 

erosion rates in acceptable level. As a result, the divertor needs to be replaced regularly to 

assure the smooth operation. (Tivey et al., 1999, Pacher, 1997, Janeschitz et al., 1995.) 

 

DEMO divertor cassette can be seen in Figure 5. The size of DEMO divertor cassette has 

significant reduction compared with that of ITER divertor cassette. It is equipped with dual 

coolant circuit system and these two piping systems can run individually through the plasma 

facing components and the cassette body. Out board and inboard baffle parts are no longer 

attached to cassette and breeding blanket. So that the tritium breeding ratio increases from 

1.13 to 1.19 contributed from additional breeding areas. (You et al., 2016, Carfora et al., 

2015.) The first version of divertor was developed in 2014, there were 16 ports for the 

maintenance of divertor and three cassettes could be operated from each port. In the revised 

cassette design model in 2015, the cassettes amounts are estimated to be 54. (You et al., 

2016.) 
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Figure 5. Divertor cassette of DEMO. 

 

1.7 Remote handling 

RH (Remote handling) has crucial role in ITER tokamak. It is impossible to do any change 

or repair during the nuclear operation due to the extreme atmosphere. Heavy heat load and 

thermal stress generated during the operation may cause damage to components themselves. 

(Di Gironimo et al., 2015.) There are different types of damage that can occur, such as 

leakage of vacuum system, local diagnosis, heating system failure and replacement of 

divertor part. So, maintenance is needed, however, it is impossible to be carried out by 

human due to the extreme circumstance. Here list some requirements of divertor RH system: 

- Reliability: RH system in vessel should be able to work in an environment where the 

radiation intensity is lower than 500 Gy/h. 

- Capacity: RH system should have great load capacity and safety margin of 10 t, 

which is the weight of cassette. 

- Material: high strength and radiation resistant material should be used. 

- Efficiency: The whole divertor system replacement time should satisfy the duty time. 

- Working environment: the RH system should be able to operate between 20°C and 

50°C, and in dust environment where involves tritium and other activated dust. (Song 

et al., 2014) 

 

RH is needed in many cases, such as blanket and divertor RH. In this thesis, RH is focus on 

the transportation of cassette in DEMO, a RH system is designed in each port and 3 cassettes 

can be transported to specified location in sequence from this port. The overall circuit can 
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be seen in Figure 6, firstly, the cassette is transported to vessel area, which is in center 

cassette position, and then the cassette is transported toroidal to left or right side, cassette in 

another side is transported in the same manner, in the end, the third cassette is transported 

directly to center cassette position. (Videnoja et al., 2017.) 

 

Figure 6. Toroidal transportation of the cassette (Videnoja et al., 2017). 

 

Here list few RH examples in previous or present projects. 

 

1.7.1 JET RH 

JET represents the Joint European Torus project, which was built by EURATOM (European 

Atomic Energy Community) in 1970’s to check the feasibility of nuclear fusion controlling. 

RH system was designed to allow maintenance in tokamak. The movement of RH system in 

tokamak is based on the skilled technician’s movement even when the work area has high 

radiation levels. The RH system is based on deployment of a two arms, force reflecting, 

Maser-Slave, servo-manipulator system and vision system, which allow operator to see the 

performance of the work. A scene of technician working can be seen in Figure 7. Each arm 

has 7 DOFs (Degree of freedoms) and the lift capacity is 20 kg, the sensitivity of the force 

reflection is 100 gm. (Rolfe, 1999.) 
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Figure 7. JET RH approach (Rolfe, 1999). 

 

The manipulator is positioned by using 10 m long articulated boom, which can be seen in 

Figure 8. The whole structure has 19 DOFs and it works like robot, which can be controlled 

by joystick or keyboard. (Rolfe, 1999.) 

 

Figure 8. JET articulated boom (Rolfe, 1999). 

 

1.7.2 ITER RH 

RH system is crucial part in ITER assembly. There are mainly two phases assembly, the first 

phase includes assembly of the cryostat, magnets, VV, ports, in-vessel coils, heating systems 

and diagnostic systems. In the second stage, PFC (Plasma-Facing Components), blanket and 

divertor systems will be assembled. (Macklin et al., 2015.) 
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In ITER RH, each cassette is around 9 tones and its external dimensions are 3.5 m*2.1 m*0.8 

m in length, height and width separately. There are some prototypes in the RH system. For 

example, VTT (The Finnish National Technology Research Center) and Tampere University 

of Technology, Finland together has built prototype CMM (cassette multifunctional mover) 

and CTM (cassette toroidal mover) in Divertor Remote Maintenance Test Platform. There 

are two types of devices integrated in this RH system, which are CMM and CTM, the 

prototype CMM and CTM can be seen in Figure 9. (Maisonnier, Martin and Palmer, 2001. 

Di Gironimo et al., 2013.) Firstly, the cassette will be transported to location by mover in 

horizontal direction and then transported in toroidal direction to location by water hydraulic 

cylinder since it has high force capacity. And CMM can work in the atmosphere of 1 MGy 

total gamma radiation dose at a maximum 100 Gy/h dose rates. (Palmer et al., 2005.) 

 

Figure 9. Prototype CMM and CTM (Song et al., 2014). 

 

1.7.3 DEMO RH 

Blanket segments and divertor cassettes require periodic replacement in DEMO fusion 

reactor. When the DEMO fusion reactor is shutdown, the dose rate in the environment should 

be controlled as low as possible during the RH operation and the shutdown dose analyses 

were carried out by using two different codes, which are MCNP-5 (X-5 Monte Carlo Team, 

2005) and DCHAIN-SP2001 (T. Kai, et al., 2001). The estimated dose rate is 0.01 Gy/h in 

the maintenance ports when pipe cutting and welding are in operation. The estimated dose 

rate is 0.1 Gy/h in divertor cassette, the reason why the estimated dose rate in maintenance 

ports is smaller than that in divertor cassette is photos are absorbed by the in VV components 

once they are arisen. (Someya et al., 2017) 
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1.7.4 CFETR RH 

CFETR represents China Fusion Engineering Test Reactor, its main parameters compared 

with ITER is illustrated in Table 2. 

Table 2. Parameters of CFETR and ITER (Song et al., 2014). 

 

 

Divertor requires few times replacement during CFETR lifetime. RH system of divertor 

maintenance in CFETR relies on CMM and CTM. There are four lower divertor handling 

ports and cassettes are transported by the CMM firstly, followed by CTM in toroidal rail. 

The structure of CFETR RH can be seen in Figure 10. (Song et al., 2014.) 

 

Figure 10. CFETR RH system (Song et al., 2014). 

 

1.8 Aim of the thesis 

The aim of this thesis is divertor cassette end-effector of DEMO fusion reactor development 

and respective performance evaluation. The research problem is lacking of divertor cassette 

end-effector concepts. There are some existed concepts from VTT, but there should be more 

concepts so that all the concepts can be compared and the best concepts can be selected 
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among all the concepts. The research question is why these innovative concepts are better or 

what the improvements are when these concepts are compared to the existed concepts. There 

are many design methodologies, in this case, it is iterative process involving modeling, 

analysis. The benefit of this methodology is that it can develop the previous model and lead 

to better design. (Nielsen, 1993.) The end-effector should be able to transport the cassette to 

desired location and it should be able to make minor position change to eliminate the 

clearance. There are three existed cassette end-effector concepts proposed by VTT, these 

three concepts are concept #1, #2 and #3, which will be introduced in following sections. 

The cassette end-effector concepts include description of innovative cassette end-effector 

concepts, kinematic simulation on the mechanism principles of the developed concepts, 

preliminary static analysis and flexibility investigation. Firstly, concepts of cassette end-

effector will be carried out, then the geometry of structure will be optimized by satisfying 

the desired equivalent stress and total deformation, which are calculated by using ANSYS 

Workbench 16.0 software. Kinematic simulation is achieved by using SOLIDWORKS 2017 

software animation function and robot movements are analyzed by using mathematic method 

also. 
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2 EXISTED CONCEPTS 

 

 

In this chapter, 3 existed concepts are introduced. All concepts involve transportation of the 

cassette between cask and vessel area, toroidal transportation of the cassette and vertical 

lifting of the cassette so that the cassette can be transported to specified location.  

 

2.1 Transportation of the cassette between cask and vessel area 

Firstly, the cassette is transported between cask and vessel area by mover integrated with 

rack and pinion. The material of mover is 42CrMo4 (Rp=900 MPa), cassette mover weight 

is 7 tones, there is one actuator on each side of the mover and safety factor is 5.  

 

The suggested pinion parameters are: 

- pinion width: 160 mm 

- pinions diameter: 180 mm 

- module: 10 

- number of teeth: 18 

- pressure angle: 20° 

- σmax=711 MPa (σ/Rp=1.2) 

The model of rack and pinion can be seen in Figure 11. (Videnoja et al., 2017.) 

 

Figure 11. Rack and pinion (Videnoja et al., 2017). 

 

As for the mover supporting wheels, the material is the same as rack and pinion, which is 

42CrMo4 (Rp=900 MPa), 4 wheels layout and safety factor is 5. 
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 The suggested wheels parameters are: wheels width is 120 mm and wheels diameter is 360 

mm. (Videnoja et al., 2017.) 

 

2.2 Toroidal transportation of the cassette 

All the concepts have the same sequence of toroidal transportation, which is illustrated in 

Figure 6. 

 

2.3 Vertical lifting of the cassette 

Vertical lifting of cassette is needed to eliminate the clearance, single acting, spring return 

cylinder is used in this case. 

 

2.4 Concept #1 

Concepts #1 is toroidal transportation and lifting of the divertor cassettes. The toroidal 

cassette manipulator has 6 DOFs and it is located under the cassette. And 6 joints can be 

seen in Figure 12. Figure 12 is prismatic joints and others are revolute joints. The whole 

structure is cantilever structure. (Videnoja et al., 2017.) 

 

Figure 12. The overview of concept #1 (Videnoja et al., 2017). 

 

The FEM (finite element method) results from ANSYS can be seen in Figure 13 and Figure 

14. Maximum stress is approximately 40 MPa and maximum displacement is approximately 

1.5 mm. 



25 

 

 

Figure 13. Concept #1 von mises stress (Videnoja et al., 2017). 

 

 

Figure 14. Concept #1 displacement (Videnoja et al., 2017). 

 

Future work of concept #1 will be divided into three parts. First part is toroidal cassette 

manipulator, which includes manipulator kinematics, modelling and dimensioning of link 

joints, selection of sensors and FEM analysis of the updated structure. Second part is cassette 

interface, passive or active gripping mechanism should be designed. Third part is mover 

interface and end-effector change system. (Videnoja et al., 2017.) 

 

2.5 Concept #2 

Concept #2 is toroidal platform with integrated rails as shown in Figure 15. There is some 

space on the VV, then when the platform moves, some rails can be extended out and 

integrated with the rail on the platform to form two long rails, which allows toroidal 

movement for cassette.  Then the cassette can be transported to left and right sides. (Videnoja 

et al., 2017.) 
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Figure 15. Overview of concept #2 (Videnoja et al., 2017). 

 

The installation sequences of left side cassettes can be seen in Figure 16. (Videnoja et al., 

2017.) 

 

 

Figure 16. Installation sequence for left cassette (Videnoja et al., 2017). 

 

Wheels are used in this structure to allow plate moves on the toroidal rail. Wheel’s dimension 

is calculated based on wheel surface pressure on rails and shaft and bearing sizing. Outer 

diameter of wheel is 110 mm. And FEM results for frame structure from ANSYS can be 
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seen in Figure 17 and Figure 18. The maximum stress is approximately 15 MPa and 

maximum displacement is approximately 0.6 mm. (Videnoja et al., 2017.) 

 

Figure 17. Concept #2 von mises stress (Videnoja et al., 2017). 

 

 

Figure 18. Concept #2 translational displacement (Videnoja et al., 2017). 

 

Future work of concept #2 can be divided into three parts. First part is to study how to 

optimize the concept so that the space can be effectively used. Second part is dimensioning 

and modelling of actuator and rails. Third part is to design the interfaces to the vessel, 

cassette and mover. (Videnoja et al., 2017.) 

 

2.6 Concept #3 

Concept #3 is toroidal platform with hydraulic jacks as shown in Figure 19. There will be 

groves on the VV, when in operation, the structure will send the rail into the VV, then the 

cassette can be moved along the toroidal rail, lifting and descending are achieved by 
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hydraulic jacks. Maximum stress is approximately 59 MPa for the hydraulic jack frame and 

12 MPa for the support platform. Maximum displacements are less than 1 mm in both cases. 

(Videnoja et al., 2017.) 

 

Figure 19. Overview of concept #3 structure (Videnoja et al., 2017). 

 

Future work of concept #3 can be divided into three parts. First part is to design the hydraulic 

jack, which include height optimization, orientation design. Second part is interface of vessel 

rail. Third part is detailed FEM analysis for the updated structure. (Videnoja et al., 2017.) 
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3 INNOVATIONAL CONCEPTS 

 

 

In this chapter, three innovative concepts are introduced, concept #4 and concept #5 both 

adopt 4-UPU parallel manipulator to achieve clearance elimination while concept #6 simply 

use hydraulic jack and spherical joint to eliminate the clearance. The description of clearance 

will be introduced in following section. 

 

There are many design requirements, which are listed below: 

- The end-effector should be capable of lifting one cassette of DEMO fusion reactor, 

whose weight is around 7 tones. 

- The end-effector should have mechanics that allow minor movement of cassette, the 

tilt angle should be around 10° and lift height should be around 50 mm. 

- The equivalent stress of end-effector should satisfy the material properties. 

- The total deformation of end-effector should be as small as possible, such as 1 mm. 

- The end-effector should be simple, which can be performed as the number of DOF 

of the structure. So, it allows maintenance and assembly. 

 

3.1 Concept #4 

Concept #4 is introduced in this section. Structure mechanism, components and ANSYS 

analysis are introduced. Concept #4 is VV can be seen in Figure 20. 

 

Figure 20. Concept #4 in VV. 
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3.1.1 Mechanism of concept #4 

The overall structure can be seen in Figure 21, there are 9 main parts in this structure and 

they will be introduced separately. Part 1 is the rail, it supports the static load and dynamic 

load. Part 2 is one frame, which connects the VV and mover. Part 3 is 4-UPU parallel 

manipulator, the plate on the top connect the whole structure with cassette by locking system. 

Part 4 can be assumed as a rotating box or beam, in which 4-UPU parallel manipulator and 

motor are integrated inside. Part 5 is a body that connects part 4 and rail block. Part 7 is the 

slewing bearing that can hold heavy load during the operation. Part 8 is the rail block, here 

are 3 sets of blocks in parallel on the rail. Part 9 is spherical roller bearing, which allow 

rotation movement of part 4. 

 

Figure 21. Concept #4 structure. 

 

About the movement mechanism of the structure, it can be seen in Figure 22. Firstly, the 

whole structure will be transported to specified location by mover, here the part 2 will 

connect to the VV and be locked in position. Then part 5 can move along the rail, part 4 and 

part 3 are able to rotate, these three DOFs allow the cassette to be transported to desired 

location. After these operations, there is still clearance between the cassette and inner and 

outer blankets and it is eliminated by 4-UPU parallel manipulator, this manipulator can rotate 

in x and y axis and move in z axis. Details or 4-UPU parallel manipulator will be introduced 

in following sections. 
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Figure 22. Overview of concept #4 mechanism. 

 

3.1.2 Components of concept #4 

In this section, main components involved in concept #4 will be introduced, the main 

components include mover, rail, slewing bearing, spherical roller bearings and 4-UPU 

parallel manipulator. 

 

Mover 

Mover can do maintenance work at each port for three cassettes. Firstly, the mover is driven 

and moved to specified location. Secondly, the cooling pipes and other connections are set 

up. Thirdly, the cassette is unlocked from VV or connected to the mover depend on the 

operation. In the end, mover via telescopic boom transports the cassette. In ITER, rack and 

pinion system is used instead, which is mentioned in previous section. (Carfora et al., 2015.) 

Mover is original component that can transport the cassette to desired position in the rail 

with an angle, in this case, the angle is 25°. It can give this concept #4 one more DOF.  

 

Rail 

The LM (linear motion) guide overview model is illustrated in Figure 23. One set of models 

include two rails and two blocks, balls rolls are circulated in the retainer plate. The ball 

contacts the raceway at 45°, so the same loads are applied in four directions, which are radial, 

reverse radial and lateral directions. In LM guides selection, there are wide range types of 

LM guides, HR type model is most used in transportation of machines. (LM Guide, 2017, 

p.A1-257.) 
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Figure 23. HR type LM guides (LM Guide, 2017, p.A1-256). 

 

To get the dimension of the rail guide, forces and moments applied on each block should be 

calculated. Many companies have software for the rail guide selection, below are some 

figures shown the selection procedures. Two rails and three blocks in one rail set is chosen, 

which can be seen in Figure 24, location of each component and drive can be seen in Figure 

24. Rail span is 300 mm, block span is 200 mm. 

 

Figure 24. Software interfaces and parameters. 
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When the system rotates, the whole structure can be assumed to be a cantilever beam 

structure with two supports in 2D view as shown in Figure 25. 

 

Figure 25. Freebody diagram of concept #4 after 90° rotation. 

 

Next step is to choose the speed conditions, the cassette assembly is not like factory assembly 

line, the priority is to keep structure stable and move smoothly, so very low speed (250 

mm/s) and low acceleration (2 m/s2) is chosen, the stroke for each movement is around 1000 

mm depends on different concepts, load coefficient is 1.2 due to the low acceleration. 

Frequency of use is not sure currently, but different numbers are put in the software, 

however, the selection result does not change. In the listed products from Table 3, number 

in the first column is safety factors and HSR65 series are the most desired products type. 

 

Table 3. Listed rail guide product. 

 

 

As mentioned in the beginning of this section. HR type rail guide is desired type, because it 

is mostly used in transportation application, whereas HSR type rail guide is mostly used in 

NC machines. However, the software does not allow change of rail guide types, instead, 

dimensions, load capacities and moments capacities of the selected product can be guided in 

choosing right HR type rail guide. There is slight difference in HSR65 series, the dimension 

is around 90(M)*170(W)*240(L), where M is height, W is width and L is length and its 

geometry illustration can be seen in Figure 26. (LM Guide, 2017, p.A1-184-185). 
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Figure 26. Geometry of chosen rail guide. (LM Guide, 2017, p.A1-184-185). 

 

Table 4 shows the dynamic load, static load and static permissible moment in different 

directions from HR model, static permissible moment means static permissible moment 

value with one set of model HR, which includes two rails and two blocks. In another word, 

one set of model HR can be assumed to be one fixed support in Figure 27, the moments that 

blocks stand is 70 kNm. From Table 5, HR 60125 static permissible moment is 79.6 kNm 

when 2 blocks in close contact, which is around 10 kNm higher than calculated results and 

satisfy the requirements, however, after considering safer and higher stiffness, 3 sets of 

blocks are selected. 

 

Table 4. Parameters of HSR 65L rail guides (LM Guide, 2017, p.A1-184-185). 

 C C0 MA (double 

block) 

MB (double 

block) 

MC (single 

block) 

HSR 65L 192 kN 286 kN 35.8 kNm 35.8 kNm 8.9 kNm 
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Figure 27. Freebody diagram of concept #4 in original position. 

 

Table 5. Table of HR type rail guide parameters. (LM Guide, 2017, p.A1-264-265). 

 

 

In this section, rail guide type is chosen, based on the coding example in Figure 28, the model 

number coding is 3 HR60125 UU +2500L UP, where 3 means three sets of LM blocks, 

HR60125 means the type of LM model, UU means dust prevention with end seal, +2500L 

means the length of the LM rail and UP means ultra-super precision grade. (LM Guide, 2017, 

p.A1-264). 

 

Figure 28. Coding example of rail guides. (LM Guide, 2017, p.A1-264). 

 

The selected rail model can be seen in Figure 29 and it includes one set of rails, which is 

consist of two rails and two blocks. 
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Figure 29. HR60125 guide rail model. 

 

Spherical roller bearings 

Two types of bearings are selected in the structure design. First type of bearing locates on 

the left side in figure, it enables the cassette to rotate around its rotating axis. This type of 

bearing needs to support the cassette gravity as axial load and radial load when the cassette 

tilt in small angle as the gravity center is not in the center of the top plate. As a result, slewing 

bearing is the choice in this case due to its high axial load and radial load capacities. 

 

Figure 30. Bearings’ locations. 

 

Two other bearings are the same type and they are located on the right side in Figure 30, 

they allow the beam structure to rotate around their axis. From Table 6 below provided by 

NSK, here is the general bearing type selection procedure. Firstly, Self-aligning capability 
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is required. So, there are four bearings types, which are self-aligning ball bearings, spherical 

roller bearings, thrust ball bearing with aligning seat and spherical thrust roller bearings. 

Then bearings with higher radial loads capacity are preferred due to the high moment on the 

parallel manipulator side, so self-aligning ball bearings and spherical roller bearings are 

selected. Finally, spherical roller bearing is chosen due to the higher axial loads and it is also 

widely used in lots of application due to its self-aligning capability (Cao and Xiao, 2008).  

 

Table 6. Guidelines of choosing suitable bearings (NSK 2015, p.A14-15). 

 

 

  

Figure 31. Related formulas and factors in calculation (NSK 2005, p.A28). 
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The force and moment applied on spherical roller bearings can be seen in Figure 32. The 

gravity force of one cassette 70000 N, the distance of the beam is 1000 mm and the distance 

between two spherical roller bearings are 300 mm.  

 

Figure 32. Freebody diagram of bearings. 

 

After basic mathematics calculation, Frc=230 kN, Fac=70 kN, fw is assumed to be 1.6 as 

earthquake load factor. So, Fr=372 kN, Fa=112 kN. By using the formula given in Figure 33, 

Cr=Cr0=1184 kN, from Table 7, *22324EAE4 is chosen, its geometry is illustrated in Figure 

33 and its dimension can be found in Table 7. 120(d)*260(D)*86(B). And the selected 

spherical roller bearing 3D model can be seen in Figure 34. 

 

Figure 33. Formulation of bearing load calculation. (NSK 2015, p.B185). 

 

Table 7. Bearing parameters. (NSK 2015, p.B190-191). 
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Figure 34. Spherical roller bearing*22324EAE4. 

 

Slewing bearing 

Bearing in this position stands high axial and radial forces, slewing bearing and spherical 

thrust roller bearings can both be chosen, but the structure of slewing bearing will give more 

stiffness. Moreover, slewing bearing can be integrated with outer gear so that it mates with 

gear and motor, this type of bearings can be used in various applications, from wind power 

generators to tower cranes. (Ignacio Amasorrain, 2003.) 

 

There are three main constraints, which are geometry, force capacity and moment capacity. 

Firstly, the geometry need to allow the movement of structure in the chamber without 

collision, top plate centerline is assumed to be coincident with gravity center of cassette in 

top view. Secondly, the slewing bearing will hold the cassette force, safety factor is also 
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considered. Finally, the moment should be calculated when there is tilt angle in clearance 

elimination operation and the drift of gravity center point of cassette will cause moment. 

After all, the dynamic load is taken into consideration too since it forms when there is 

acceleration of structure movement. However, the acceleration needs to be controlled as 

small as possible during the whole operation. 

 

In slewing bearing selection, two parameters are calculated, which are moment and force. 

Force is assumed to be cassette weight 70 kN. And moment is calculated when the 

manipulator tilt in 5°, the distance form rotation center to the mass center of cassette is 

assumed to be 500 mm, then calculated moment is around 3 kNm, load factor 1.5 from SKF 

catalog is used based on the application given in Figure 35. From SKF Kaydon bearing 

product catalog, MTE-210X model is chosen, whose chart can be seen in Figure 35. And the 

3D CAD model can be seen in Figure 36. 

 

Figure 35. Slewing bearing MET-210X parameters and safety factor. (Kaydonbearings, 

2017) 

 

 

Figure 36. MET-210X model. 
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4-UPU parallel robot 

Parallel robot can be used as robot manipulators and machine tools. Usually parallel robot is 

compared with serial robot. The main differences are listed below: 

- Parallel manipulator has higher payload-mass ratio. 

- Parallel manipulator has higher accuracy and stiffness. 

- Parallel manipulator has relatively small workspace. 

There are many applications built by using parallel manipulator, such as RH, machine tools, 

humanoid robots and medical robots. (Wu, 2008) 

 

4-UPU parallel manipulator is parallel manipulator in universal joints-prismatic joint-

universal joints structure, which can be seen in Figure 37. 

 

Figure 37. 4-UPU parallel manipulator structure and mechanism. 

 

The purpose of this manipulator is to do micro adjustment after the cassette is transported to 

specified location, in another word, to eliminate the clearance. During the toroidal 

transportation of the cassette inside the vessel, there will be at least 20 mm clearance between 

the cassette and inner and outer blankets. An illustration of clearance locations can be seen 

in Figure 38. 
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Figure 38. Clearance location of cassette during the movement (Videnoja et al., 2017). 

 

There are four universal joints on the top side, which connect top plate and pistons, and four 

universal joints connect bottom plate and cylinders. In addition, there is one universal joint 

connect top plate and middle cylinder, which allows two directions rotation of the whole 

manipulator All cylinders on sides are water hydraulic actuated but cylinder in the middle is 

driven by other four hydraulic cylinders, the purpose of this cylinder is for controlling 

direction since it cannot rotate in z axis. The bottom plate is connected to slewing bearing, 

which can stand high load and moment at the same time. 

 

There are three components on the top plate and they can lock the cassette, the frustum and 

cylinder components are fixed, they can lock the rotation movement in 3 directions, 

translation movements in 2 directions, the cuboid components are able to move from inside 

the frustum to outside and lock the cassette’s translation movement in z axis. All in all, the 

4-UPU parallel manipulate can rotate around x and y axis, move along z axis. Detailed 

parameters of cylinder extend length will be discussed in Kinematics of 4-UPU parallel 

manipulator. 

 

During the lifting and descending processes in micro adjustment of 4-UPU manipulator, the 

whole cassette weight is applied to the four water hydraulic cylinders, the weight of one 

cassette is 7 tones, and each cylinder must be able to lift 3.5 tons, which is assumed to be 

half of the weight of the cassette. There is clearance during the toroidal transportation of the 

cassette inside the VV and it can be at least 20 mm clearance between the cassette and inner 

and outer blankets, which is illustrated in figure above. 
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To eliminate the clearance, the cassette should be able to move upwards 30mm, in this case, 

the stroke is designed to be 50 mm. From VTT water hydraulic cylinders design, cylinder’s 

dimension is calculated by using estimated safety factor, the type of cylinder is single-acting 

and spring return type, the cylinder diameter is 65 mm, piston diameter is 57.2 mm, stroke 

length is 50 mm, retracted length is 165 mm, max pressure during the normal operation is 

105 bar and max pressure during the earthquake load case is 168 bars, factor of safety during 

the earthquake load case (buckling) is 420. 

 

However, in renovation concepts design, the design is focused on the reliability of cylinder, 

instead of using spring return, double acting cylinder is considered. Due to the space 

limitation, the extended height of cylinder is better to be designed around 250 mm. 

 

In the 4-UPU manipulator, there are 4 universal joints connect piston and top plate and 4 

universal joints connect cylinder and bottom plate, which allow the whole manipulator to 

rotate around x and y axis. In designing of universal joint phase, stress concentration is one 

of the most critical reason. Consider manufacturability, curvature fillet shape is usually used 

in cross shaft root design. The universal joints are designed based on equivalent stresses and 

total deformation by using ANSYS. It needs to stand heavy load especially in the concave 

position in universal joints, the shape of universal joint is illustrated in Figure 39.  

 

Figure 39. Universal joints drawings. 
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The forks are firstly welded or jointed with cylinders, pistons, top plate and bottom plates, 

then in assembly phase universal joints integrate them together. 

 

In kinematics analysis of 4-UPU parallel manipulator, inverse kinematics is used (wang et 

al., 2009). Input data are geometry position of end-effector, which is the middle point of top 

plate. Coordinate systems are established based on Denavit-Hartenberg convention. The 

output data is extended lengths of each cylinders and tilt angle between original and final 

cylinders. The calculation is carried out by using Mathcad software, whose script can be seen 

in Figure 40. 

𝑹 = [

𝑐𝛼𝑐𝛽 𝑐𝛼𝑠𝛽𝑠𝛾 − 𝑠𝛼𝑐𝛾 𝑐𝛼𝑠𝛽𝑐𝛾 + 𝑠𝛼𝑠𝛾
𝑠𝛼𝑐𝛽 𝑠𝛼𝑠𝛽𝑠𝛾 + 𝑐𝛼𝑐𝛾 𝑠𝛼𝑠𝛽𝑐𝛾 − 𝑐𝛼𝑠𝛾
−𝑠𝛽 𝑐𝛽𝑠𝛾 𝑐𝛽𝑐𝛾

]  (1) 

𝑷 = [
𝑥
𝑦
𝑧
]     (2) 

𝒅𝒊 = 𝑷 + 𝑹 ∙ 𝒃𝒊 − 𝒂𝒊    (3) 

𝑑𝑖 = √[𝑷 + 𝑹 ∙ 𝒃𝒊 − 𝒂𝒊]𝑇[𝑷 + 𝑹 ∙ 𝒃𝒊 − 𝒂𝒊]  (4) 

In equation 1, α, β and γ are rotational angle of moving platform about Z, Y and X axis with 

respect to frame base plate, in this case, α=0 due to limitation of rotation around Z axis. R 

is rotational matrix. In equation 2, P is the vector from central point of base plate to central 

point of moving platform, in this case, the moving platform can only move in Z axis and 

rotate around X and Y axis, so x=y=0. In equation 3, di is the vector of the link or cylinder. 

ai and bi are vectors on base plate and moving platform that link the central and edge of the 

plate, which is illustrated in . In equation 4, di is the length of each link or cylinder. 
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Figure 40. Kinematics analysis of 4-UPU parallel manipulator. 

 

3.1.3 FEM analysis of concept #4 

ANSYS Workbench 16.0 software is used to estimate the equivalent stresses and total 

deflection. Due to the limitation of nodes amounts and calculating speed consideration, some 

minor features and parts are suppressed during the analysis, for example, the gear and the 

locking system on the top plate of 4-UPU parallel manipulator. The meshing element size is 

200 mm. Other parameters are default, materials chosen is stainless steel, whose parameters 

can be seen in Table 8. Connections in 4-UPU parallel manipulator is also built, which are 

eight universal joints that connect cylinders and manipulator itself. 

 

Table 8. Parameters of stainless steel. 
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As a result, the equivalent stresses and total deflection of concept #4 is calculated and can 

be seen in Figure 41 and Figure 42. The maximum equivalent stress is 93 MPa and total 

deformation is 0.15mm. These results show that the structure is safe when stainless steel is 

chosen since 93 MPa is smaller than its yield strength 207 MPa, and total deformation is 

small when it is compared to other deformation during the operation, for example, the rail 

might deform 1-2 cm when the temperature goes up during the operation. So, these 

calculating results are useful when all of 3 renovation concepts are compared, the results are 

not accuracy when they are compared to those existed concepts since how those models are 

analyzed are not clear. 

  

Figure 41. Equivalent stress of concept #4. 

 

 

Figure 42. Total deformation of concept #4. 

 

3.2 Concept #5 

Concept #5 as shown in Figure 43 is like concept #4, the same part is the rotating beam, and 

the difference is in the structure mechanism or movement direction. 
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Figure 43. Concept #5 in VV. 

 

3.2.1 Mechanism of concept #5 

The concept #5 structure can be seen in Figure 44. Movement can be seen in Figure 45. 

Firstly, mover can provide 1st DOF, whose direction is 25° tilt from horizontal plane. Then 

the rail provides 2nd DOF, whose direction is up and down. These two translation joints allow 

the concept to move horizontally left and right in this view. There are two spherical roller 

bearings in vertical movement part, which is connected to the frame. These two spherical 

roller bearings give 3rd DOF, which allows rotation. There is one slewing bearings equipped 

at the bottom of the frame on the left side, which connect 4-UPU parallel manipulator and 

frame. With these four main components, the cassette can be moved to desired location. 

However, there are still some errors or clearance between desired position and real position. 

Therefore, micro adjustment is needed and 4-UPU parallel manipulator is required. It has 3 

DOFs, which allows rotation around x and y axis and movement along z axis. 
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Figure 44. Overview of concept #5. 

 

 

Figure 45. Concept #5 movement sequences. 

 

3.2.2 Components of concept #5 

Rail 

Rail in concept #4 is horizontal, however, in concept #5, the rail is in vertical direction. So, 

the rail will withhold bending moment and dynamic load during the operation. The free body 

diagram of the whole structure can be simplified as Figure 46. The force F represent the 

gravity of cassette, which is 70 kN, the rail can be assumed as fixed support when the 

structure is in static. So, the whole structure is cantilever beam. The length of cantilever 

beam is 1000 mm, which is the same as concept #4, however, in this concept, there is no 

direct force applied vertically to the rail, there is only moment existed, which is represented 
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as MA in concept #4, the moment capacity of one set of rails is 35.8 kNm, so in concept #5, 

3 sets of rails are needed. The rail code is the same as concept #4, which is 3 HR60125 UU 

+1300L UP 

 

Figure 46. Free body diagram of concept #5. 

 

Mover 

Mover is the same as that in concept #4. 

 

Spherical roller bearings 

Spherical roller bearings are the same as that in concept #4, which are *22324EAE4. 

 

Slewing bearing 

Slewing bearing selection procedure is the same as that in concept #4, the chosen slewing 

bearing is MTE-210X. 

 

4-UPU parallel manipulator 

4-UPU parallel manipulator is the same as that in concept #4. 

 

3.2.3 FEM analysis of concept #5 

In this section, equivalent stresses and total deformation of concept #5 are analyzed. Due to 

the licenses limitation and to shorten the calculation time, the models are simplified without 

changing the main structure. The gears, rail and bearings are suppressed because they are all 

complicated components. The guide rail is also suppressed, and the surface connected to rail 

guide is set to be fixed support. In addition, the force is 70 kN and it applies on the top plate 

of 4-UPU manipulator, the connection between cylinder and plates are selected as universal 

joint connection. The analysis results of concept #5 can be seen in Figure 47 and Figure 48. 

The maximum equivalent stress is 84 MPa and total deformation is 1.13 mm. 
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Figure 47. Equivalent stress of concept #5. 

 

 

Figure 48. Total deformation of concept #5. 

 

3.3 Concept #6 

Concept #6 in VV is shown in Figure 49. 

 

Figure 49. Concept #6 in VV. 
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3.3.1 Mechanism of concept #6 

In concept #6, 4-UPU parallel manipulator is not in used. Instead, a simple supported beam 

structure is used. This structure is different from other two cantilever structures and it is 

simple but reduce the development costs (Mozzillo et al., 2017).  The surface of VV is 

modified to allow the plate lay on the VV surface instead of edge, an illustration of the 

support or contact area can be seen in Figure 51. The plate is designed with some hollow 

section to reduce the weight of the whole body so that the mover can transport the plate and 

put it on the VV surface. Once the plate is in location, it will be locked with help of two 

cylinders on the two sides of the plate and one block in the front of the plate. The cylinder 

is buried inside the plate initial and it can move when the plate is put in position. The 

structure can be seen in Figure 50. 

 

Figure 50. Lock system of the plate. 

 

However, there are some modification on the VV surface and cassette bottom. The surface 

of VV is modified to allow the plate lay on the VV surface instead of edge, an illustration of 

the support or contact area can be seen in Figure 51. A lock bar is added at the bottom of the 

cassette as shown and two roller with 60 mm diameters are added vertically on the plate, so 

that the combination of lock bar and two rollers can limit the cassette movement along 

horizontal direction. 
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Figure 51. Contact area between plate and VV surface. 

 

The modification of cassette bottom is illustrated in Figure 52. In VV, there should be rail 

installed and it can be connected to the rail on the plate. The concept #6 structure can be seen 

in Figure 53 and movement sequences can be seen in Figure 54. Part 1 is hydraulic jack, 

there are four hydraulic jacks, each of them have stoke of 50 mm, and they are connected to 

cassette’s base as spherical joint. Part 1 and part 7 are connected by bearing housing. Part 2 

is double acting, single piston, telescopic cylinder, part 3 is connection part between cylinder 

and part 4, and it can rotate around z axis. Part 4 and part 7 work as platforms, which allow 

all components to be integrated. Part 5 is rail connection system, which will be introduced 

in following sections. Part 6 is connected to cylinder by revolute joint and it is rigid body 

when integrated with part 4 during the movement, when the cylinder is not needed, it 

disconnects with part 4 and only connects with cylinder. 

  

Figure 52. Modification of cassette bottom and lock system 
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Figure 53. Concept #6 structure. 

 

 

Figure 54. Concept #6 movement sequences. 

 

About the rail connection system, it is illustrated in Figure 55. Part 8 is V-shape rail, rail 1 

and rail 2 are the same type. Part 9 is V-shape bearing on the rail. Part 10 is spherical roller 

bearing, it connects part 9 and part 7. Part 11 is spherical roller bearing, it connects part 8 
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and part 4. Rail 1 is straight rail on the part 4. Rail 2 is rail on the part 4. When cassette is 

transported along y axis to desired location, rail connection system will rotate 90°, part 8 

will connect with rail 1 to integrate toroidal rail on the VV surface and allow cassette 

movement along toroidal direction. The end of every rail related to rotation should be curved 

to avoid collision. 

 

Figure 55. Rail change system. 

 

And the rail structure before and after rail change can be seen in Figure 56 and Figure 57 

separately. 

 

Figure 56. Rail before change. 
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Figure 57. Rail after change. 

 

About the movement mechanism of the structure. Firstly, mover provide 1st DOF, which 

transport the whole system in 25° angle tilted from horizontal plane. 2nd DOF is provide by 

cylinders, there are two cylinders equipped, and each cylinder will control the movement in 

one direction. Bearings and rails will rotate 90° to form toroidal rail so that when cylinder 

pushes the cassette and connected plate, the structure can follow the rail to desired location. 

About micro adjustment, there are four hydraulic jacks on the 4 corners of the plate 

connected to cassette. It can lift and descend to eliminate the clearance and mate two 

cassettes together. 

 

3.3.2 Components of concept #6 

Rail 

Different from previous two concepts, rail in concept #6 has a 25° incline angle from 

horizontal surface. V shape rails and V shape bearings are used in this concept since they 

allow movement along both straight and curve rail. Each V shape bearing should be able to 

hold half weight of the cassette (Videnoja et al., 2017). So that each V shape bearings should 

have 3.5 tones capacity, after taking 25° incline angle into consideration, the V shape 

bearings should have 3.1 tones capacity in radial direction. As a result, the selected bearing 

is MVYR-62 tapered roller bearing, which can be seen in Figure 58. As for the rail, it is 

selected from the same company as the bearing As MSRP-1 type, which can be seen in 
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Figure 59. But the width can be designed to be wider than the manufacturer to avoid possible 

deformation during radiation, the width of the rail is designed to be 60 mm. 

 

Figure 58. V-Groove Yoke Style (Smith bearing product catalog, 2017). 
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Figure 59. V-shape rail (Smithbearing.com, 2017). 

 

Cylinders 

 

Cylinders are needed to actuate the movement along the toroidal rail, the friction coefficient 

is around 0.05, the mass of cassette is 70000 kg, then the force needed from cylinder is 3500 

kN, then robot arm is not considered, for example, SCARA robot maximum load is 100-150 

kg. As a result, hydraulic cylinder is selected. The cylinder maximum length can be the same 

as the width of part 2, which is 1200 mm, the stroke length is found out by geometry of two 

adjacent cassettes, which is 900 mm. Two hydraulic cylinders are selected and each one 

control one direction movement. About connection part of cylinder, the details can be seen 

in Figure 60. Take right side cylinder as example, the bottom plate is connected to piston by 

revolute joint, when there is stroke, the reactionary force will push the cassette and top 

platform do toroidal movement along the rail on the VV. 
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Figure 60. Concept #6 structure. 

 

Due to the geometry limitation, the stroke is almost the same length as cylinder, so telescopic 

cylinder is chosen as in the Figure 61, here is one telescopic cylinder parameters of one 

manufacturer. It is double acting telescopic cylinder and actuates the movement along 

toroidal rail, each cylinder actuate movement in one direction, and stroke is around 2-3 times 

longer than cylinder’s original length. The length of cylinder is limited to 800 mm based on 

model geometry, the stroke length should be more than 900 mm based on the model 

geometry. There is also limitation of cylinder’s diameter due to the distance between the 

structure and cassette bottom surface, which should be below 200 mm, as a result, cylinder 

diameter is 150 mm, cylinder length is 800mm, stroke length is 900 mm, there are 4 

extension stages in stroke, max working pressure is 160 bars. 

 

Figure 61. Telescopic cylinder parameters (IM-T64 telescopic cylinders, 2017). 
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Spherical roller bearings 

There are 8 spherical roller bearings, which connect to block and cassette connection plate 

on one side, connect rail and bottom plate on another side. The cassette weight 7 tons, it is 

assumed that 4 tones mass is applied on each bearing in vertical direction. Due to the 

structure requirement, the bearings are assembled in 25° angle tilted from horizontal plane, 

therefore, the free body diagram can be seen in Figure 62. 

 

Figure 62. Freebody diagram of force applied on bearing. 

 

Fr is calculated as 17 kN and Fa is calculated as 36 kN, safety factor is chosen from Figure 

31 given in previous section, which is 1.5. Then by using the formula given in the NSK 

rolling bearings book, which is shown in Figure 33. The calculated results are Ca=338 kN, 

C0a=502 kN, From given Table 9, the selected spherical thrust roller bearing is 29413E, 

whose d=65 mm, D=140 mm and T=45 mm and 3D model is illustrated in Figure 63. 

 

Table 9. Spherical roller bearing parameters (NSK 2015, p.B186-187). 
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Table 10 continues. Spherical roller bearing parameters (NSK 2015, p.B186-187). 

 

 

 

Figure 63. Spherical roller bearing model 

 

 

Hydraulic jack 

 

Figure 64. Hydraulic jack model. 

 

There are four hydraulic jacks on part 7, the tips of hydraulic jack are manufactured to ball 

shape and connected to the bottom surface of cassette as spherical joints. The reason of 
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designing this ball shape is to allow the cassette rotation movement around x and y axis. 

Furthermore, it allows micro movement on z axis about 50 mm, which is meant for 

eliminating the clearance between cassette inner and outer blanket. 

 

There are limited space between cassette bottom surface and part 7 top surface, which is 

shown in Figure 65 and it is around 100-200 mm depends on different locations. The 

diameter of cylinder is 60 mm, each cylinder can hold 3.5 tones, which is half weight of the 

cassette. 

 

Figure 65. Space between concept #6 and cassette. 

 

In the market, there is single acting, spring return cylinders, whose chart can be seen in Table 

11. The smallest cylinder capacity in this manufacturer is 5 tones, which is higher than 

needed capacity. The selected cylinder mode number is RC-53 the collapsed is 165 mm and 

stroke is 76 mm, which satisfies the space requirement of concept #6.  

 

Table 11. Single acting, spring return cylinders. (Enerpac.com, 2017) 

 



62 

 

 

However, once the spring in cylinder loses its effectiveness, the cylinder is invalid. So double 

acting cylinder is more reliable. From the same manufacturer, the double acting cylinder can 

be seen in Table 12. The lowest cylinder capacity is 10 tones, which is much higher than 

needed cylinder capacity as well as the stroke. As a result, the cylinder needed to be 

designed. The suggested double acting cylinder parameters are: 

- Cylinder capacity: 3.5 tones 

- Stroke: 50 mm 

- Collapsed length: 200 mm 

- Outside diameters: 60 mm 

 

Table 12. Double acting cylinder (Enerpac.com, 2017). 

 

 

3.3.3 FEM analysis of concept #6 

In this section, equivalent stresses and total deformation of concepts #3 are analyzed. Due 

to the licenses limitation and to shorten the calculation time, the models are simplified 

without changing the main structure. Some components such as spherical roller bearings and 

rail guide are suppressed because they are all complicated components that can make the 

structure mesh complicated. Since the bearings and rail guide dimension are calculated to be 

able to undertake the load so these components analysis do not contribute the analysis. The 

bottom of the plate is assumed to be fixed support and forces are applied vertically to the 

cylinders.  In addition, the force is 70 kN and equivalent stress and total deformation can be 

seen in Figure 66 and Figure 67. The maximum equivalent stress is 2.4931 MPa and total 

deformation is 0.0024 mm. 
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Figure 66. Equivalent stress of concept #6. 

 

 

Figure 67. Total deformation of concept #6. 

 

3.4 Future work of innovational concepts 

Overall structures of cassette RH end-effector are carried out and here are future works that 

should be considered:  

- Detailed FEM analysis: due to the license limitation and computing speed reduction, 

each concept is simplified and analyzed, for example, bearings and rails are 

suppressed because these components will generate large amount of mesh in 

calculation. 

- Interfaces and sensors: Interfaces and sensors will be considered to provide vision 

and accuracy operation. 
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- Detailed actuator components design: Some actuator components are not selected but 

only space of actuator is reserved, such as motor. 

- Reliability design: reliability design will be carried out, the backup plan when there 

is breakdown in the end-effector happens should be carried out. 
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4 SIX CONCEPTS ANALYSIS 

 

 

In this chapter, all the concepts are compared, the advantages and disadvantages of each 

concepts are listed. However, the comparison based on the function between 3 innovational 

concepts and 3 existed concepts is more reliable than FEM results since the preset parameters 

of existed concepts are unknown. But the FEM analysis results can be used to check which 

concept is relatively better in stiffness. 

 

4.1 Three innovational concepts comparison 

3 concepts are shown in Figure 68 and comparison are listed below. 

 

Figure 68. Concept #4, #5 and #6. 

 

In concept #4, here lists some comparison between other concepts: 

- Rail is connected both to cassette and mover so that concept #4 gives greater stiffness 

than concept #5 

- Movement is independent of mover once the rail is in position 

- Mover can remove the whole structure out once there is break down in structure due 

to some mechanical reasons, such as cylinder leakage and motor break down. 

 

In concept #5, here lists some comparison between other concepts: 

- Mover is one part of the manipulator; its movement integrated with vertical 

movement has the same effect of horizontal movement as that in concept #4. 

- It is cantilever structure and it has longer beam than concept #4, so the structure has 

more deformation than concept #4. 
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- It can move up and down, so there is more space, which allow longer cylinders, space 

movement flexibility and more space for components, such as motor. 

 

In concept #6, here lists some comparison between other concepts: 

- The mass center of cassette is in an area, which is surrounded by four hydraulic jacks. 

As a result, it gives more stiffness to the whole structure even if there is dynamic 

shock or tilt angle compared to other concepts. 

- It needs rail installed beforehand in VV, which might cause some accuracy problems 

since there can be 1 cm to 2 cm deformation in rail when the system is in the 

operation. 

- There is no cantilever structure in this concept so that this concept has smaller 

deformation on sides. In reliability concern, if some break or emergency maintenance 

are needed inside the structure such as cylinder leakage, motor breakdown. The 

whole structure can be pulled out by string simply by following the rail. Since the 

structure locates on the rail, it will not fall, which might be problem in other 2 

concepts. 

 

About FEM analysis results. The reliability of the results can only be applied on the 

comparison among these three innovative concepts. Because simplified models are used due 

to license limitation. Another reason is that the parameters such as model, force, support 

location and environment of FEM analysis from existed concepts are unknown.  However, 

other parameters such as forced applied on the model, support location, connection between 

each components are carefully chosen to keep consistency. Environment such as radiation 

and temperature are not taken into consideration since the radiation may result unexpected 

deformation. The results can be used to compare the stiffness of these three concepts. 

 

The equivalent stress and total deformation of concept #6 are much lower than those of 

concept #4 and concept #5, which mean concept #6 has greater stiffness. The reason is 

concept #6 use more simple structure without too many links, which is used in concept #4 

and concept #5 as 4-UPU parallel manipulator, there can be some huge equivalent stress and 

deformation happens in the links of 4-UPU parallel manipulator. 
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4.2 Three existed concepts comparison 

Three concepts are shown in Figure 69 and comparison are listed below. 

 

Figure 69. Concept #1, #2 and #3 (Videnoja et al., 2017). 

 

In concept #1, here lists some comparison between other concepts: 

- It has good flexibility since the manipulator can eliminate alignment errors and 

displacements of the frame. 

- There is no toroidal rail in the VV and interfaces for the end-effector are not needed 

inside the VV. 

- Since it is cantilever structure so that the weight of the cassette is totally supported 

by mover and by the cantilever beam. 

- There is limited space for the cassette interfaces because joints 4, 5 and 6 have the 

same space as cassette interface. 

 

In concept #2, here lists some comparison between other concepts: 

- It has good load capacity since the cassette is supported around its gravity center and 

it is supported on both sides. 

- It might be good for rescue if there is some broken inside the structure. 

- Space is required inside the vessel for load supporting interfaces. 

- Here are still conflict with the blanket pipes. 

 

In concept #3, here lists some comparison between other concepts: 

- There is less deflection compared to other two concepts due to the non-cantilevered 

structure. 

- It allows good access to space allocated for the cassette outboard fixation. 

- It is low profile solution for toroidal transportation of the adjacent cassettes. 
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- It is asymmetrical design, there is space between the inboard and outboard hydraulic 

jacks and they perform the toroidal transportation of the cassette by moving the 

hydraulic jacks. 

- There are permanent rails prone to neutron damage, hydraulic jacks can get stuck due 

to the tritium dust and other particles. 

- Design is currently asymmetrical, so that left and right cassette require mirrored end-

effectors. 

- After fixation, cassette deflection could cause unwanted loads to the lifting cylinders. 

 

After all these comparison, here are mainly two different types of structures, which are 

cantilever and simply supported beams. Moreover, each of them has its own merits.  

 

Table 13 illustrates the key aspects among six concepts, which include structure type, the 

dependence of mover on cassette transports process, the utilization of 4 UPU parallel 

manipulator and the modification on VV surface. 

 

Table 13. Key aspects among six concepts 

 Structure Mover 4 UPU parallel 

manipulator 

Modification on 

VV surface 

Concept #1 Cantilever Independent No No 

Concept #2 Simple two 

sides supported 

Independent No Rail installation 

Concept #3 Simple two 

sides supported 

Independent No Rai installation 

Concept #4 Cantilever Dependent Yes Light 

Concept #5 Cantilever Dependent Yes No 

Concept #6 Simple two 

sides supported 

Independent No Rail installation 
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5 CONCLUSION 

 

 

In this thesis, three innovational concepts of divertor RH end-effector are introduced, the 

mechanism of the manipulator is the most crucial part in this thesis, especially in limited 

space. What comes next is the components selection of each components, concept #4 and 

concept #5 have some components in common, such as 4-UPU parallel manipulator. 

However, in concept #6, the structure is quite different from others, some structures need to 

be designed in totally new way, such as rail system. Some improvements can be noticed 

from these innovative concepts, such as utilization of mover system and rail structure. There 

are also some components that all concepts have but different in dimension, such as bearings, 

in bearings selection, bearing is selected by its load capacity and function. SOLIDWORKS 

2017 software and ANSYS Workbench 16.0 software are used in this conceptual design. 

 

Furthermore, comparison of three innovational concepts and existed concepts are carried 

out. Merits and demerits of each concept are analyzed when they are compared to each other. 

 

In the following work, efforts will be focused on other detailed components selection, such 

as motor and gear selection. Also, reliability of the end-effector concepts will be the main 

part in following work. Design in this thesis does not consider radiation, if radiation is taken 

into consideration, there will be much difference, because the radiation will cause 

unexpected deformation on the structure and the structure might be locked and become rigid. 

As a result, the measures or operations once the end-effector fails should be carried out. 
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