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Remote maintenance of the ITER blanket composed of about 400 modules in the vessel is 

required by a maintenance robot due to high gamma radiation of �500Gy/h in the vessel.  A 

concept of rail-mounted vehicle manipulator system has been developed to apply to the maintenance 

of the ITER blanket. The most critical issue of the vehicle manipulator system is the feasibility of the 

deployment of the articulated rail composed of eight rail links into the donut-shaped vessel without 

any driving mechanism in the rail. To solve this issue, a new driving mechanism and procedure for the 

rail deployment has been proposed, taking account of a repeated operation of the multi-rail links 

deployed in the same kinematical manner. The new driving mechanism, which is deferent from those 

of a usual “articulated arm” equipped with actuator in the every joint for movement, is composed of 

three mechanisms. To assess the feasibility of the kinematics of the articulated rail for rail deployment, 

a kinematical model composed of three rail links related to a cycle of the repeated operation for rail 

deployment was considered. The determinant det J’ of the Jacobian matrix J’ was solved so as to 

estimate the existence of a singular point of the transformation during rail deployment. As a result, it is 

found that there is a singular point due to det J’=0. To avoid the singular point of the rail links, a new 

location of the second driving mechanism and the related rail deployment procedure are proposed. As 

a result of the rail deployment test based on the new proposal using a full-scale vehicle manipulator 

system, the respective rail links have been successfully deployed within 6 h less than the target of 8 h 

in the same manner of the repeated operation under a synchronized cooperation among the three 

driving mechanisms. It is therefore concluded that the feasibility of the rail deployment of the 

articulated rail composed of simple structures without any driving mechanism has been demonstrated. 

Keyword: ITER, Blanket Maintenance, Remote Handling. Rail Deployment, Vehicle, Singular Point, 

Kinematics Analysis, Articulated Rail
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1. Introduction 

 ITER (International Thermonuclear Experimental Reactor) is planned to demonstrate the 

scientific and technological feasibility of fusion energy for peaceful purposes under an international 

collaboration of Japan, the European Atomic Energy Community and the Russian Federation 1).

Components in the ITER vessel will be activated because of 14 MeV neutrons arising from the 

fusion reactions. Maintenance of the components such as blanket inside the vessel has to be carried 

out under an intense gamma radiation of �500Gy/h. All interventions in the vessel must therefore 

be performed remotely by a maintenance robot. In particular, the maintenance of the blanket is 

identified as the most important activity in the ITER remote maintenance. For local maintenance, the 

blanket is divided into about 400 modules and individually replaced. The typical blanket module is a 

box shaped configuration with a weight of 4 t and a dimension of 2 x 1.5 x 0.5 m. It is a requirement 

to the maintenance robot that the 4-t blanket module is installed under a clearance of 0.25 mm 

between the groove of the module and the key of the vessel 1), 2). A concept of rail-mounted vehicle 

manipulator system has been proposed to meet the requirement 3), 4). Figure 1 shows a basic layout of 

the vehicle manipulator system applied to the blanket module maintenance in the donut-shaped 

ITER vessel 4). The vehicle manipulator system composed of the articulated rail, vehicle manipulator 

and rail deployment base is transported by transfer casks, which are docked at two maintenance ports 

located at the 0 and 180 degree ports.  The rail has to be deployed from the transfer cask and forms 

a toroidal ring in the vessel so as to access all blanket modules inside the vessel. After deployment, 

the rail is supported at the four orthogonal maintenance ports1). The system has the following 

potentials3): (1) stable handling of the heavy blanket modules with high positional accuracy due to 

high stiffness of the toroidal rail as a base structure, (2) simple articulated rail structure without any 

sensitive elements such as actuators and sensors for rail deployment and (3) parallel operations of 

several vehicle manipulators on the common rail to minimize the maintenance time. 

 The most critical issue of the system so as to apply to the ITER blanket maintenance is the 

feasibility of the deployment of the articulated rail composed of simple structures into the vessel 
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without any driving mechanism in the rail.  

 This paper describes a rail deployment scenario and the related kinematical analysis for rail 

deployment, together with the result of the proof of principle test on the rail deployment using a full-

scale vehicle manipulator system. 

2. Rail deployment procedure and driving mechanisms 

 The vehicle system is transported to the maintenance ports via a transfer cask. Figure 2 shows 

an initial configuration of the articulated rail composed of laterally flexible eight rail links connected 

by hinges at the respective joints before rail deployment. Figure 3 illustrates a candidate of the rail 

deployment procedure of a representative rail link. The rail deployment can be carried out by a 

repeated operation, i.e., the respective rail links can be deployed into the vessel by the repeated 

operation in the same sequential manner. Taking notice of the repeated operation for rail deployment, 

the number of driving mechanisms can be minimized. According to the deployment procedure 

shown in Fig. 3, the driving mechanisms are required at least for toroidal movement in the vessel 

and for radial movement in the maintenance port without uncontrolled kink of the laterally flexible 

articulated rail. For toroidal movement, a traveling mechanism of the vehicle, which is used for 

movement along the toroidal rail deployed in the vessel, is the most useful candidate of the driving 

mechanism for toroidai movement of the rail in the vessel. That is, the rail can be fed into the vessel 

by the operation of the vehicle traveling mechanism under the conditions that the rail is free without 

any constraint and the vehicle is fixed somewhere. For radial movement, two driving mechanisms 

are required to prevent the articulated rail from the uncontrolled kink in the port (in particular during 

storage operation). Consequently, at least three driving mechanisms are required to deploy the 

articulated rain in the vessel.  

(a) Rail deployment scenario (1) 

 Three driving mechanisms d1, d2 and d3 are allocated, respectively, as shown in Fig. 3, and 

can deploy the respective rail links under a cooperation of position-based control among them. The 
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relation among the three driving mechanisms d1, d2 and d3 is shown in Fig. 4. This is called as a rail 

deployment scenario (1). The repeated operation for rail deployment is dominated by the first and 

second driving mechanisms d1 and d2 because the operation of the third driving mechanism d3 is just 

followed according to the movement of the second driving mechanism d2.  Therefore, the rail 

deployment is simply carried out by the two rail links driven by the driving mechanisms d1 and d2 in 

the deployment scenario (1). However, since the second driving mechanism d2 in the Stage (4) and 

(5) is positioned inside the vessel apart from the maintenance port as shown in Figs. 3 and 4, the high 

power driving mechanism d2 for rail deployment can not be located in the vessel through the 

restricted maintenance port.  

(b) Rail deployment scenario (2) 

 To solve the problem on the space restriction to install the second driving mechanism d2 for 

rail deployment, the location of the driving mechanism d2 is changed to that of d2’, which is shifted 

backward by one rail link as shown in Fig. 3. This new scenario is called as a rail deployment 

scenario (2). In this case, the movable space of the driving mechanism d2’ can be kept within the 

maintenance port as shown in Figs. 3 and 5. However, the kinematics in the scenario (2) will be 

more complicated than that in the scenario (1), because the number of the rail links related to the 

repeated operation driven by the driving mechanisms d1 and d2 is increased to three in the scenario 

(2) from two in the scenario (1), i.e., one degree of freedom of the rail links related to the repeated 

operation is increased in the scenario (2). The following analysis is therefore performed so as to 

assess the feasibility of the kinematics of the articulated rail for rail deployment based on the 

scenario (2). 

3. Singular point analysis for rail deployment 

 Figure 6 shows a kinematical analysis model for rail deployment. The model is composed of 

three rail links li�1, li  and li�1 due to repeated operation for rail deployment. The rail link li�1,

which is deployed in the toroidal direction, is simplified as an “imaginary rail link l' i�1 ” indicating 
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� � � � J' �
a12 a13

a22 a23
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��
��

��

��
��
� � � � � � � � � (7) 

The determinant of the Jacobian matrix J'  is given by 

            det J '� a12a23 � a13a22 � � � � � � � � � � (8) 

The determinant det J ' of the equation (8) is solved using the equations (2) to (5). The calculation 

was carried out under the following conditions, i.e., the offset of the rail link vector l i�1 � � Py,i� 2 =

0.213 m and the lengths of the rail links li�1= 8.26 m, li � li�1 = 3.01 m. The calculation result of 

det J ' � is shown in Fig. 7, as a parameter of the position of Px ,i�2 . Due to the determinant det J ' =0 

in Fig. 7, it is found that there is a singular point of the transformation during rail deployment. The 

configuration of the rail links during rail deployment at the det J ' =0 is given by the three joint 

angles � i�1= - 1.48, � i = 1.48 and � i�1 = 0, and the position of the rail joint Px ,i�2 = 14.3 m. 

Considering the rail deployment scenario (2) proposed in the section 2, it is found that the 

configuration of the rail links during rail deployment contains the singular point of the 

transformation around the Stage (2) between Stages (1) and (3) in Figs. 3 and 5 corresponding to 

det J ' =0 in Fig. 7. To avoid the singular point, it is the most effective to decrease the degrees of 

freedom of the rail link structure related to the repeated operation around the Stage (2), e.g., the 

number of the related rail links is reduced to two from three. Therefore, the location of the second 

driving mechanism d2’ has to be changed so as to decrease the degrees of freedom of the rail link 

structure related to the repeated operation around the Stage (2) in Figs. 3 and 5. Figures 8 and 9 show 

a new proposal on the location and the traveling scenario of the second driving mechanism d2’’ for 

rail deployment so as to avoid the singular point, respectively. The proposal is a combination of the 

two rail deployment scenarios (1) and (2) described in the section 2. The location of the driving 

mechanism d2’’ is the same as that of the scenario (1) from the Stage (1) to (3). The location of d2’’

is however changed at the Stage (4), i.e., from that of the scenario (1) to the scenario (2). According 

to this new scenario, not only the singular point of the transformation during rail deployment can be 

avoided, but also the location of d2’’ can be kept in the maintenance port as shown in Fig. 9.  
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4. Rail deployment test 

 The proof of principle test for rail deployment of the articulated rail was carried out using a 

full-scale vehicle manipulator system, which is composed of a vehicle with manipulator, an 

articulated rail connected by eight rail links, two rail deployment bases, a vehicle fixture arm and a 

simulated port. The second and third driving mechanisms are installed in the rail deployment bases, 

respectively. The vehicle is fixed by the vehicle fixture arm during rail deployment. Figure 10 shows 

the vehicle manipulator system under rail deployment test. As a result of the test, the respective rail 

links have been successfully deployed up to 180 degrees in the toroidal direction in the vessel within 

6 h less than the target of 8 h in the same manner of the repeated operations by the synchronized 

cooperation based on the teaching playback control among the three driving mechanisms without 

any diving mechanisms in the rail structure. The number of the teaching playback data is 92 for rail 

deployment. Figure 11 shows a typical test result on the rail deployment of the six rail links by the 

repeated operations after the first two rail links were inserted and deployed together with the vehicle 

in the toroidal direction by the vehicle fixture arm. The circles and solid lines in Fig. 11 show the 

teaching playback data and the test results of the traveling traces of the second and third driving 

mechanisms during rail deployment, respectively. The results of the last two rail links are deferent 

from those of the other rail links. This is because the synchronized cooperation among the three 

driving mechanisms is not required due to the reduction of the degrees of the freedom for rail 

deployment in the case of the last two rail links. In addition, the storage of the articulated rail has also 

been demonstrated in the same manner according to the reverse procedures of the rail deployment. It 

is therefore concluded that the feasibility of the rail deployment of the articulated rail composed of 

simple structures without any driving mechanism has been demonstrated without any trouble caused 

by the singular point of the transformation during rail deployment. 

5. Conclusion 

  The most critical issue of the vehicle manipulator system for blanket maintenance is the 
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feasibility of the deployment of the articulated rail composed of eight rail links into the donut-shaped 

vessel without any driving mechanism in the rail. To solve this issue, a new driving mechanism and 

procedure for the rail deployment has been proposed, taking account of the repeated operation of the 

multi-rail links deployed in the same kinematical manner. The new driving mechanism, which is 

deferent from those of a usual “articulated arm” equipped with actuator in the every joint for 

movement, is composed of three mechanisms. To assess the feasibility of the kinematics of the 

articulated rail for rail deployment, a kinematical model composed of three links related to a cycle of 

the repeated operation for rail deployment was considered. The determinant det J ' of the Jacobian 

matrix J'  was solved so as to estimate the existence of a singular point of the transformation during 

rail deployment. As a result, it is found that there is a singular point for rail deployment due to 

det J ' = 0. To avoid the singular point of the rail links, a new location of the second driving 

mechanism and the related rail deployment procedure were proposed. As a result of the rail 

deployment test based on the new proposal using the full-scale vehicle manipulator system, the 

respective rail links have been successfully deployed within 6 h less than the target of 8 h in the same 

manner of the repeated operation under the synchronized cooperation among the three driving 

mechanisms.  The storage of the articulated rail has also been demonstrated in the same manner 

according to the reverse procedures of the rail deployment. It is therefore concluded that the 

feasibility of the rail deployment of the articulated rail composed of simple structures without any 

driving mechanism has been demonstrated. 
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Fig. 1  Vehicle manipulator system for blanket maintenance 
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Fig. 2  Initial configuration of the articulated rail of the vehicle manipulator system for rail 
deployment in the maintenance port and transfer cask 



JAEA-Technology  2007-032

－ 11 －



JAEA-Technology  2007-032

－ 12 －



JAEA-Technology  2007-032

－ 13 －



JAEA-Technology  2007-032

－ 14 －���

0

2

4

6

8

-2

-4
13.2 13.4 13.6 13.8 14.0 14.2 14.4

Position of d2' in the x-axis  m

D
et

er
m

in
an

t o
f t

he
 J

ac
ob

ia
n 

m
at

rix
 d

et
 J

' x
 1

06

Stage (1)

Stage (2)

Stage (3)

Stage (4)

�

Fig. 7 Calculation result of the determinant of the Jacobian matrix det J’ based on the rail 
deployment scenario (2) 
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Fig. 10  Full-scale vehicle manipulator system under rail deployment test 
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