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Abstract

:

In situ maintenance works for nuclear power plants are highly beneficial as they can significantly reduce the current maintenance cycle and cost. However, removing absorber balls in a constrained environment through an inspection port is fairly challenging. In this article, a 3-DOF dual-segment continuum robot system is proposed which is equipped with an end-effector to remove absorber balls by pneumatic conveying. Then, according to the symmetrical layout of actuation ropes, the kinematics of the single-segment continuum robot are extended, and the kinematics equation which is universal to the continuum robot with the dual segment is summarized. In addition, some special kinematics solutions can be obtained according to opposite-bending and feeding characteristics. Finally, the functions of the device are verified by tests. The results show that the continuum robot can smoothly pass through the divider plug and reach any position at the bottom of a ball-storage tank where absorber balls are located with only two segments. In a gas environment, the efficiency of absorber ball removal can reach 58.96 kg/h with a lift of 7.5 m and 48.54 kg/h with a lift of 10 m. This result undoubtedly paves the way for the in-service maintenance of nuclear power plants.
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1. Introduction


To ensure the safe operation of a nuclear power plant, it must be equipped with two sets of independent reactivity control systems with different principles [1,2]. The absorber ball shutdown system is the second shutdown system of a high-temperature gas-cooled reactor (HTR) which is used for the emergency shutdown of the HTR when the control rod emergency shutdown system (the first shutdown system) fails [3,4]. Generally speaking, when the absorber ball in the shutdown system reaches the end of service life, it is necessary to disassemble the absorber ball shutdown system to replace the ineffective absorber balls for it to run normally again, which takes a lot of time and money. Therefore, it is of great significance to use the existing detachable inspection port for in situ maintenance in service.



Considering the radioactive hazards of the nuclear environment, remote robotic manipulators have always been the first choice for performing tasks in nuclear environments [5,6,7]. Nuclear operations in open areas are usually carried out by conventional serial robots [8], but they are too big to function in confined spaces. Continuum robots, which can also be controlled remotely, are the best choice [9,10,11]. By virtue of its high length-to-diameter ratio, the continuum robot can pass through the inspection port and bypass obstacles to enter the reactor, inspect the internal components, and retract along its entry path without disturbing the environment. These characteristics are also an important guarantee for in situ maintenance of nuclear power plants in service. The origin of the continuum robot can be traced back to 1999, when the researchers Robinson and Davies [12] used the term “continuum manipulator” for the first time, which is equivalent to the “continuous morphology manipulator” defined by Chirikjian [13]. In the past 30 years, the continuum robot, expect for in the nuclear industry [14], has been widely used in aviation maintenance [15,16], medical surgery [17,18,19,20], space [21], oceans [22], and other fields [23], especially in aviation maintenance [24] and minimally invasive surgery [25,26].



Many research institutions have designed a variety of continuum robots to be used in nuclear reactors [27,28,29,30] (see Appendix A for details). Qin, G. et al. developed a remote operating system with a continuum robot as the main body and conducted simulation experiments to verify the feasibility of working in a narrow vacuum chamber [9]. Keogh K. et al. designed a continuum robot system with end-effectors for laser cutting and welding for in bore use in EU-DEMO service pipes [10]. However, most of these studies remain in the laboratory and practical applications in nuclear environments are still rare. Among them, the continuum robots of OC Robotics have been successfully applied in the maintenance of nuclear reactors [31], such as pipeline maintenance of the Ringhals 1 nuclear power plant in 2003 and feed pipe inspection of the deuterium uranium reactor in Canada in 2010. They have also been deployed in other applications for largely noncontact operations in narrow and constrained spaces, such as the interiors of airframes [32].



Starting from the actual engineering requirements, in order to solve the problem of removing absorber balls from absorber ball shutdown systems, a 3-DOF dual-segment continuum robot system has been designed. The distal end of the robot is equipped with an end-effector to remove the absorber ball in the ball-storage tank by pneumatic conveying. In addition, in order to ensure that the continuum robot can reach any position at the bottom of the tank where the absorber balls are located and remove as many absorber balls as possible, a universal kinematics equation for the dual-segment continuum robot was obtained based on the kinematics of the single-segment continuum robot, and the relationship between the length of actuation ropes and the spatial pose of the continuum robot was clarified. On this basis, the workspace of the two-segment continuum robot around the ball-falling column in the ball-storage tank was simulated. Finally, a series of validation tests were carried out to check the key features of the prototype.




2. Mechanism Design


2.1. Design Requirements of the Continuum Robot


The inspection port is shown in Figure 1(a.ii), which is also the port through which absorber balls are injected into the ball-storage tank, for which reason it is called the ball-falling column. The ball-falling column is a hollow slender column (length: 2600 mm); the narrowest diameter of the inner hole is only 50 mm, and a rectangular notch is opened in the middle (see Figure 1(a.iii)). Therefore, the removal operation requires the device to enter the ball-falling column through the inspection port first and then enter the ball-storage tank through the divider plug (see Figure 1(a.iv)), which requires the device to have a high length–diameter ratio and high flexibility. Moreover, in the initial study, it was found that the removal performance of the steerable catheter could not meet the engineering requirements. These requirements provide a good platform for the application of continuum robots in the nuclear industry.



In this article, a novel in situ inspection and repair technology for HTRs is proposed. In its practical application, the working scene is shown in Figure 1(a.i). The specific workflow (i–vi) is shown in Figure 1b. In addition to the removal operation, the end-effector shall also have a video function to monitor the removal process.




2.2. Design of the Dual-Segment Continuum Robot


According to the design requirements and considering the comprehensive working performance of the continuum robot, a dual-segment continuum robot with rolling joints in series is proposed, as shown in Figure 2a. The parameters of the continuum robot are shown in Table 1. The arm body of the continuum robot is divided into the movable part and the supporting part. The movable part, which is divided into two segments—the proximal segment and the distal segment—provides two degrees of freedom. The supporting part is composed of two identical, straight, hollow columns in series, which are used to carry the movable part of the continuum robot through the divider plug. This is only used for feeding, not for bending motions.



As is shown in Figure 2(b.i), the movable part of the continuum robot is composed of 60 identical rolling joints. Its basic configuration is obtained by cutting a cylinder from two circles (  R = 25   mm  ) on the mutually perpendicular datum plane (see Figure 2(b.ii)). When the joint bends at half of the limit angle, the bending angle can reach 54° (see Figure 2(b.iii)) to ensure that the end arm of the continuum robot has an angle sufficient for it to pass through the divider plug. In addition, the joint is a hollow structure for the laying of the ball-sucking tube and lines.



The structure of the end-effector is shown in Figure 2c. It integrates the endoscope, the collision detection device, and the ball-sucking tube. In the collision detection device, the contact sensing plate and the micro-contact switch are coupled by flexible springs. When the end-effector touches the divider plug or absorber balls, the contact sensing plate is forced to compress the spring and then trigger the micro-contact switch to realize the collision detection, which guarantees the automated removal operation. The micro-contact switch and the flexible spring are evenly distributed on the circumference of the rolling joint in a staggered manner of 120°. The endoscope integrated into the end-effector can image in real time to monitor the ball-sucking process. In addition, the outer part of the arm body is covered with a woven net that serves as a “skin” (see Figure 2c) to ensure that the outer surface is smooth and can freely enter and exit at the divider plug.





3. Kinematic Analysis of the Dual-Segment Continuum Robot


3.1. Passive Flexible Deformation


When the continuum robot passes through the divider plug, only the end arm needs to actively bend at a certain angle (θ1, θ2). Due to its hyper-redundant characteristics, the residual arm can pass through the divider plug in the passive flexible deformation pose without active bending, as shown in Figure 3. In contrast, the rigid continuum robot needs to control each rigid joint separately when passing through the divider plug, so such robots are usually bulky, complicated, and costly.



When the continuum robot moves down at the divider plug, it presents opposite-bending (equal curvature) and feeding characteristics. In this case, the end-effector is always vertically down, and the two segments of the continuum robot are bent in the same plane, so the bending angles of the arms on both sides of the divider plug must be equal, i.e.,    θ 1  =  θ 2   . Additionally, assume that the bending radius    R 1  =  R 2   .



So, the formula of the bending radius can be expressed as:


   R 1  =  [   d 2  −  (     d 1   2  tan α − x  )   ]  tan α + x  



(1)







In the geometric relationship shown in Figure 3, the value of x is proportional to the bending radius of the arm. When x = 0, the arm body and the divider plug form the tangent at the tip (point A) of the divider plug and the bending radius is the smallest. The mapping relationship can be expressed as:


   R 1     min   =   lim   x → 0    R 1  =  (   d 2  −    d 1   2  tan α  )  tan α  



(2)







The angle θ1 at which the arm needs to actively bend can be calculated as:


   θ 1  =    d 1    4 cos α  R 1    +  (   π 2  − α  )   



(3)








3.2. Forward Kinematics


Firstly, the mapping relationship between the cable length    l i   (  i = 1 , 2 , 3  )    of the distal segment and the joint space (   θ 1  ,  φ 1   ) is analyzed. The distal segment is driven by three actuation cables, with its own length of    L 1   , as shown in Figure 4a. The positional layout of the actuation cables in the coordinate system is shown in Figure 4b. Furthermore, it is assumed that the angle between the points at which the cables are located and the bending plane is    ϕ i   .



This can be obtained from the geometric relationship shown in Figure 4.


   l i  =  L 1  −  θ 1  ⋅ R cos  ϕ i   



(4)






   {       r 1  −  r 2  = R  (  cos  ϕ 1  − cos  ϕ 2   )         r 3  −  r 2  = R  (  cos  ϕ 3  − cos  ϕ 2   )         r 3  −  r 1  = R  (  cos  ϕ 3  − cos  ϕ 1   )         



(5)







Substituting   i = 1 , 2 , 3   into Equation (4), respectively, by setting up the equations in parallel and eliminating the parameter  ϕ , the length of distal segment    L 1    can be expressed as:


   L 1  =    l 1  +  l 2  +  l 3   3   



(6)







In addition, the positional relationship between the actuation cable hole and the bending plane is as follows:


   {     ϕ 1  =   5 π  / 6  −  φ 1       ϕ 2  =  φ 1  −  π / 6       ϕ 3  =  π / 2  +  φ 1       



(7)







Combining Equations (5) and (7), the direction angle    φ 1    can be obtained:


   φ 1  =   tan   − 1    (     (   l 1  +  l 2  − 2  l 3   )     3   (   l 1  −  l 2   )     )   



(8)







According to the proportional relationship, there are:


  r =    L 1     θ 1     



(9)







By combining Equations (4) and (9) above, the following can be obtained:


  r =    L 1  ⋅ R cos  ϕ i     L 1  −  l i     



(10)







Substituting   i = 1    or    2    or    3   into Equation (10), then:


  r =    (   l 1  +  l 2  +  l 3   )  R sin  φ 1    2  l 3  −  l 1  −  l 2     



(11)




where


  sin  φ 1  =  y     y 2  +  x 2      =   tan  φ 1        tan  2   φ 1  + 1      



(12)







Substituting Equations (8) and (12) into Equation (11), the following can be obtained:


  r =   3 R  L 1    2  l  sqrt      



(13)







Further, the bending angle    θ 1    of the distal segment can be expressed as:


   θ 1  =   2  l  s q r t     3 R    



(14)




where


   l  sqrt   =    l 1    2  +  l 2    2  +  l 3    2  −  l 1   l 2  −  l 2   l 3  −  l 1   l 3     











Next, the mapping relationship between the cable length    l i   (  i = 4 , 5 , 6  )    of the proximal segment and the joint space (   θ 2  ,  φ 2   ) is solved. Since the proximal segment of the continuum robot is driven by three actuation cables and another three coupled cables, which is equivalent to a total of six actuation cables, the above method cannot simultaneously use the length of six actuation cables to represent the configuration parameters of the continuum robot. However, due to the symmetry in the position of the actuation cables, the configuration can be simplified: replace two adjacent cables with one cable, as shown in Figure 5. In the mapping of the driving space to the joint space, the effect is the same before and after simplification.



According to the geometric relationship shown in Figure 5, the following can be obtained:


   {       l 1    ′  =    (   l 2  +  l 4   )   / 2         l 2    ′  =    (   l 1  +  l 6   )   / 2         l 3    ′  =    (   l 3  +  l 5   )   / 2         



(15)






   {     ϕ 1    ′  =  π / 3  −  φ 2       ϕ 2    ′  =  φ 2  +  π / 3       ϕ 3    ′  = π −  φ 2       



(16)







The equivalent simplified three cables are located above a circle whose radius can be defined as the equivalent radius   R ′  .


   R ′  =    3   2  R  



(17)







Similar to the previous method, the length of the proximal segment    L 2    of the continuum robot is:


   L 2  =    l 1  +  l 2  +  l 3  +  l 4  +  l 5  +  l 6   6   



(18)







In the same way, the direction angle    φ 2    of the proximal segment can be obtained.


   φ 2  =   tan   − 1    (     3   (   l 1    ′  −  l 2    ′   )    2  l 3    ′  −  l 1    ′  −  l 2    ′     )  =   tan   − 1    (     3   (   l 2  +  l 4  −  l 1  −  l 6   )    2  l 3  + 2  l 5  −  l 1  −  l 2  −  l 4  −  l 6     )   



(19)







Similarly, by substituting   i =  1 ′     or     2 ′     or     3 ′    and Equation (19) into Equation (10), the bending radius   r ′   of the proximal segment can be obtained.


   r ′  =   3  R ′   L 2    2  l  sqrt     ′     



(20)







Therefore, the bending angle    θ 2    of the proximal segment is:


   θ 2  =   2  l  s q r t     ′    3  R ′     



(21)




where


   l  sqrt     ′  =     l ′  1    2  +   l ′  2    2  +   l ′  3    2  −   l ′  1    l ′  2  −   l ′  2    l ′  3  −   l ′  1    l ′  3     











In this section, the kinematics of the continuum robot is analyzed based on the piecewise constant curvature theory. Based on this, when the single segment continuum robot bends and deforms, the bending angle of each joint is equal and the bending direction is the same. The pose transformation is shown in Figure 6: firstly, the bending segment rotates around the z-axis with φ; secondly, the arm translates along the x-axis with      L i   (  1 − cos  θ i   )   /   θ i     , along the z-axis with      L i  sin  θ i   /   θ i     , and rotates around the y-axis with θ. Furthermore, we need to post-multiply the homogeneous matrix with the rotation matrix    R z   (  − φ  )   . The homogeneous transformation matrix    T     i − 1  i    can be expressed as:


   T     i − 1  i   (   θ i  ,  φ i  ,  L i   )  =  [       R z   (   φ i   )     0     0   1     ]  ⋅  [       R y   (   θ i   )     P     0   1     ]  ⋅  [       R z   (  −  φ i   )     0     0   1     ]   



(22)







Accordingly, the homogeneous transformation matrix    P    0 n    of the whole continuum robot can be expressed as:


   P    0 n  =  (    ∏  i = 1  n    T     i − 1  i     )   P 0   



(23)




where    P 0    is the homogeneous coordinate of the end point of the continuum robot in the initial state (assuming that the vertical state of the continuum robot is its initial state,    θ i  = 0  ).



In particular, when   θ =  θ 1  =  θ 2   (i.e., i = 2), according to the opposite-bending and feeding characteristics of the continuum robot:


   φ 1  =  φ 2  + π  



(24)







The terminal coordinates of the continuum robot can be expressed as:


   {    x =    (   L 1  +  L 2   )  cos  φ 2   (  1 − cos θ  )   θ      y =    (   L 1  +  L 2   )  sin  φ 2   (  1 − cos θ  )   θ      z =    (   L 1  +  L 2   )  sin θ  θ       



(25)








3.3. Inverse Kinematics


In inverse kinematics, it is necessary to solve the drive cable lengths    {   l 1  ,  l 2  ,  l 3  ,  l 4  ,  l 5  ,  l 6   }    from the given end-effector coordinates    X  ∈   R   6    , where the transformation is from the task space to the drive space. As shown in Figure 7, in the absorber ball removal operation, the continuum robot needs to move down first (OA section), then pass through the divider plug (point A) and enter the tank (AC section), and its end-effector remains vertical and downward during operation. Assume that the desired end position and orientation of the continuum robot is X and that the difference between the desired and the actual position and orientation is   d  X   . According to the mapping between the joint space and the operating space, namely, the Jacobian matrix J, there is:


    X  ·  =  J   ( q )   q ·  =  J   (  θ , φ  )     [         θ 1   ·         φ 1   ·         θ 2   ·         φ 2   ·       ]   T   



(26)




where    θ i  ,  η i    are the bending angle and the bending direction of each segment, respectively.



The partial derivatives of X to each element of  q  make up the Jacobian matrix from the configuration space to the workspace.


    J   i , j    ( q )  =   ∂   X  i    ∂  q j    , i = 1 , 2 … 6 ; j = 1 , 2 , 3 , 4  



(27)







Consulting the linear equation theory, the inverse kinematics can be written as:


   q ·  =   J  +   ( q )    X  ·  +  (   I  −  J   ( q )    J  +   ( q )   )   w   



(28)




where     J   +    ( q )    is the generalized inverse matrix of    J   ( q )   ,    (   I  −  J   ( q )    J  +   ( q )   )   w    is the projection   w   of on the null space of     J   +    ( q )   , which is an additional item caused by the redundant degree of freedom of the continuum robot, allowing the continuum robot to reach the same point in several poses. If    w  = 0  , a minimal norm solution of    q ·    can be obtained. According to Equation (28):


  d q =   J   +    ( q )  d  X   



(29)







According to Equation (4), the equations of actuation cable length    l i    can be obtained:


   {     l 1  =   ∑  i = 1  2    [   L i  −  θ i  R cos  (    5 π  /  6 −  φ i     )   ]  =    L 1  − θ R cos  (    5 π  /  6 −  φ 1     )  +  L 2  − θ R cos  (    5 π  /  6 −  φ 2     )       l 2  =   ∑  i = 1  2    [   L i  −  θ i  R cos  (   φ i  −  π / 6   )   ]  =    L 1  − θ R cos  (   φ 1  −  π / 6   )  +  L 2  − θ R cos  (   φ 2  −  π / 6   )       l 3  =   ∑  i = 1  2    [   L i  −  θ i  R cos  (   π /  2 +  φ i     )   ]    =  L 1  − θ R cos  (   π /  2 +  φ 1     )  +  L 2  − θ R cos cos  (   π /  2 +  φ 2     )       l 4  =  L 2  − θ R cos  (   π /  2 −  φ 2     )       l 5  =  L 2  − θ R cos  (   π /  6 +  φ 2     )       l 6  =  L 2  − θ R cos  (    5 π  /  6 +  φ 2     )       



(30)







In the same way, when   θ =  θ 1  =  θ 2   , there are:


   {     φ 2  =  tan  − 1    (   y x   )       φ 1  =  tan  − 1    (   y x   )  + π      



(31)







The function   sin θ   of the third term of Equation (25) can be expanded by Taylor:


  sin θ ≈ θ −    θ 3   9   



(32)







The bending angle  θ  of the continuum robot can be obtained:


  θ = 3   1 −  z   L 1  +  L 2       



(33)








3.4. Workspace Simulation Analysis


The workspace of the continuum robot does not need to cover any position in the ball-storage tank. When the robot enters the tank and starts to suck the ball, a pit will form at the initial suction position. Due to the height difference, the absorber ball at other positions will gradually slide to the bottom along the slope of the pit, and then, under the action of negative pressure, the absorber ball will be transported to the external ball-storage tank along the ball-sucking tube. During this process, as the continuum robot keeps feeding, the height of the absorber balls inside the tank drops until the end-effector moves to the bottom of the tank. So, in order to remove all the absorber balls, the workspace of the continuum robot only needs to be able to reach any position at the bottom of the tank where the absorber balls are located. The remaining positions only need the end arm to stir to destroy the stability of the accumulation of the absorber balls and ensure the continuity of the removal operation.



Based on the search method, the spatial configuration parameters of the continuum robot are set. When the distal segment of the continuum robot passes through the divider plug, the parameters of the distal segment can be set as:    φ 1  ∈  [  0 ,  π / 2   ]   ,    θ 1  ∈  [  0 ,  π / 2   ]   . Select two points on the distal segment—the middle point (in this case, L1 = 200 mm) and the end point (in this case, L1 = 500 mm)—and calculate their respective working spaces, and the workspace of the distal segment under each group of parameters can be obtained, as shown in Figure 8(a.i)–(a.ii). It can be seen that when there is only one arm, the continuum robot can only move on one side of the ball-falling column and cannot move behind it. When the proximal segment of the continuum robot passes through the divider plug, the parameters of the dual-segment continuum robot can be set as:    φ 1  ∈  [  0 , 2 π  ]   ,    θ 1  ∈  [  0 ,  π / 2   ]   ,   φ 2  ∈  [  0 ,  π / 2   ]   , and    θ 2  ∈  [  0 ,  π / 2   ]   . The workspace of the dual-segment continuum robot under each group of parameters is shown in Figure 8(b.i)–(b.ii). It can be seen that when the length of the proximal arm reaches 200 mm (in this case, L1 = 500 mm, L2 = 200 mm) or more, the dual-segment continuum robot can be in the “S” shape, around the column 180° on the left and right, and the end-effector of the robot can be wound to the back of the ball-falling column to remove absorber balls anywhere on the bottom of the ball-storage tank.





4. Test Prototype


4.1. Prototype of the Dual-Segment Continuum Robot


According to the actual application scenario, the modular and lightweight design of the absorber ball-removal device was carried out and a prototype was manufactured, as shown in Figure 9. The prototype was designed to remove absorbers ball from the ball-storage tank and consists of the continuum robot body, the actuation system, and the absorber ball-removal and control system. In addition, the four corners of the bottom of the ball-storage tank were equipped with weight sensors to weigh the removed absorber balls so as to monitor the removal process (see Figure 9b).



During the installation of the device, in order to ensure the airtightness of the absorber ball shutdown system, the following operations were performed: Firstly, the flange interface was installed with the gas protection device and covered with inner sealing film to form a seal to ensure the airtightness of the shutdown system before the installation of the absorber ball removal device, as shown in Figure 9c. After that, the gas protection device was removed, the device was installed on the flange interface, and the outer sealing film was covered to form a double-layer seal with the inner sealing film. When the continuum robot enters the ball-falling column, the inner sealing film can be torn manually or mechanically.




4.2. Actuation and Control System


The actuation and control system mainly includes the actuation box, the control box, and the control handle, with a total of seven motors. Among them, six groups of “stepping motors + screw sliding tables” are used to control the continuum robot, the seventh stepping motor driving the up and down movement of the robot through the synchronous belt and guide rail. To detect the tensile force on the actuation cables for accurate control and overload protection of the continuum robot, a force sensor was installed on each screw slide table and connected with the cable. In addition, limit switches were installed for the calibration and correction of motor travel, as shown in Figure 10a.



The control system can be independently controlled by the control box and the control handle. The control box also integrates the real-time monitoring and display function of the weight sensor, as shown in Figure 10b. In addition, the screen of the control handle can display the endoscope image in real time to assist the ball-suction operation.




4.3. Absorber Ball Removal System


Negative pressure removal is also known as suction pneumatic conveying mode. As shown in Figure 9a,b, a centrifugal suction fan (YASHIBA (Zhejiang YASHIBA Fan Co., LTD., Taizhou, China): HG-2200; negative pressure: 33 kPa) was adopted as the air source equipment, which is located at the end of the whole conveying system. When the suction fan runs, the whole system creates negative pressure and the absorber balls are sucked into the suction tube along with the gas and transported to the separator to realize the separation of balls and gas. Then, the fine powder particles that have not been separated enter the high-efficiency filter with the airflow for purification along with the purified gas are returned to the reactor by the suction fan through the gas return tube for reuse.



As the whole process is a closed loop, while sucking the absorber balls there will be no negative pressure formed inside the reactor, which effectively protects the high-purity gas environment in the reactor.





5. Prototype Test Verification


To verify a series of functions of the absorber ball-removal device, a functional verification was carried out to determine whether the device can enter and exit a ball-storage tank smoothly (Function 1), whether it can reach any position at the bottom of a ball-storage tank where the absorber balls are located and completely remove the absorber balls (Function 2), and whether the removal efficiency can meet the requirements of the practical engineering application (Function 3). The test requirements were as follows:



5.1. Tests for Functions 1 and 2


The key to function 1 is whether the continuum robot can pass through the divider plug smoothly. The key to function 2 is whether the continuum robot can reach the back of the ball-falling column from the left and right sides, respectively. If so, the robot can reach any position at the bottom of a ball-storage tank where the absorber balls are located and remove all absorber balls. Therefore, the main aims of the test are to control the continuum robot such that it is able to pass through the divider plug and realize left and right 180° movement around the ball-falling column.



Firstly, the continuum robot is controlled to move downwards and the collision detection device of the end-effector is triggered at the divider plug. Then the robot can actively bend towards the notch of the ball-falling column at a given angle to pass through the divider plug. Finally, the end arm of the continuum robot returns to the vertical state and continues to move downwards (passive flexible deformation pose) until the collision detection device is triggered again, stopping the movement, and then the balls start to be sucked. The process is shown in Figure 11. Moreover, due to the existence of the woven net, the outer surface of the robot is smooth and the passive flexible deformation is also smooth so that the device does not get stuck in the divider plug.



After the continuum robot passes through the divider plug and starts to suck the ball, with the gradual removal of the absorber ball, the accumulation line of the absorber ball in the ball-storage tank will gradually move down. On account of this, the continuum robot only needs to move its end arm in a small range, such as a circular-trajectory motion (see Figure 12) and a sector-scanning motion (see Figure 13), the continuous removal of the absorber ball can be ensured by feeding downward in turn. When the end-effector reaches the bottom of the ball-storage tank, the continuum robot needs to realize left and right 180° movement around the ball-falling column to ensure that it can reach any position at the bottom of the ball-storage tank where the absorber balls are located and complete the removal of all of the absorber balls. The movement effect is shown in Figure 14.




5.2. Test for Function 3


In the engineering test environment, absorber ball-removal efficiency was tested with lift ≥ 6 m. It can be seen from Table 2 and Figure 15 that the efficiency of absorber ball removal is related to the lift, tube material, and diameter. The test results show that, within the test range, the tube diameter is directly proportional to the removal efficiency (Tests 1, 2, 3; 4, 5, 6; 7, 8, 9; 10, 11, 12; 13, 14, 15), while the lift is inversely proportional to the removal efficiency (Tests 10, 13; 11, 14; 12, 15). Among them, the ball-sucking tube of “PVC + steel wire” has the highest removal efficiency in each of their respective groups. However, due to the high viscosity of the tube inner wall, when the suction fan stops running, the absorber ball still in the tube will be blocked in the falling process, affecting the subsequent removal operation. Furthermore, the removal efficiency of the PU tube is the lowest due to the limitation of tube diameter, with which it is easy to form a local vacuum environment in the pipeline. Moreover, the PU tube and “PU + steel wire” tube has strong toughness, which will hinder the passive flexible deformation of the robot arm at the divider plug.



Regarding tube diameter and removal efficiency, the removal efficiency of the EVA tube is higher. Moreover, its material is soft and easy to bend and it can axially expand and contract within a certain range. In addition, considering the limitation of joint inner diameter (25 mm), the EVA tube with a size of 16 × 22 mm can be selected as the ball-sucking tube. It can be seen that the highest efficiency of absorber ball removal can reach 58.96 kg/h with a lift of 7.5 m and 48.54 kg/h with a lift of 10 m in the gas environment, which greatly reduces the cost and time of removing absorber balls.




5.3. Discussion


In this section, we have verified the motion performance (Section 5.1) of the continuum robot and the removal efficiency (Section 5.2) of absorber balls. The field tests showed that the continuum robot was able to smoothly pass through the obstacle (the divider plug) and achieve 180° left and right movements around the column, which enabled the continuum robot to enter the work scene (the ball-storage tank) smoothly and allowed it to remove all of the absorber balls (as it was able to reach any position at the bottom of the ball-storage tank where absorber balls were located; see Figure 8 and Figure 15). Continuum robots have more degrees of freedom, better maneuverability, and a larger sweep area than the steerable catheters commonly used in medical contexts. Usually, the catheters are composed of a single segment with a two-degrees-of-freedom structure which cannot realize movement around the column. Therefore, the catheters need to enter the ball-storage tank from the notch on both sides of the divider plug twice, which increases the complexity of the removal operation. In addition, considering the radioactivity of absorber balls, the material of the steerable catheters is not suitable for multiple reuse in the removal task, which undoubtedly greatly increases maintenance costs. In contrast, the continuum robot is more like a platform with a suction tube that can be changed periodically. Compared to steerable catheters, the cost of simply replacing the suction tube is negligible. This is one of the reasons we chose the right tube and tested its removal efficiency (Section 5.2). Therefore, it is a good choice to use a continuum robot equipped with a ball-suction tube to remove absorber balls with negative pressure.



The device also demonstrated excellent removal capability and high lift (10 m) for pneumatic conveying, which ensured that the device could be operated remotely in a nuclear environment. The results show that this device represents an effective way of developing low-cost, short-cycle, and high-performance robotic systems for nuclear power maintenance tasks, including damage detection of equipment, in bore inspection of pipes, sampling detection of parts of nuclear materials, etc. To our knowledge, this work has produced the first continuum robot system for the the removal of absorber balls, expanding the continuum of robot application scenarios in the nuclear industry.





6. Conclusions


In this article, a new type of in situ inspection and repair technology for HTR nuclear power plants has been proposed for use in the removal of absorber balls from reactor vessels. The main body of the device is a 3-DOF dual-segment continuum robot with a high length-to-diameter ratio (the ratio of the working part is 30 and the overall ratio is 75) based on rolling joints. The distal end of the continuum robot is equipped with an end-effector to perform the removal of absorber balls by pneumatic conveying. In addition, the arm of the continuum robot is covered with a woven net as a “skin”, which has the following flexible deformation ability and can enhance the travelability of the continuum robot in unstructured environments. Compared with the rigid continuum robot, the designed flexible continuum robot only needs two segments to remove absorber balls, which greatly simplifies the control complexity and reduces the cost. It has the following characteristics:




	(i)

	
The lift of pneumatic conveying can reach 10 m and it can realize movement with three degrees of freedom (up and down, left and right, front and back);




	(ii)

	
It can pass through the divider plug and realize 360° movement around the ball-falling column;




	(iii)

	
It can realize the function of removing absorber balls and monitor the weight of absorber balls removed;




	(iv)

	
The end-effector is equipped with a light and has a visual function, allowing observation of the removal of absorber balls in real time.









Due to the high flexibility and hyper-redundancy of the continuum robot, the dual-segment continuum robot, which is also the most widely used, has been shown to be able to travel in a general unstructured environment. In order to better complete the removal of absorber balls, the kinematics equation between the length of the actuation ropes    l i    and the spatial pose    θ i  ,  φ i    of the dual-segment continuum robot was generalized. Finally, the functions of the absorber ball removal device were verified. The continuum robot can smoothly pass through the divider plug and reach any position at the bottom of a tank where absorber balls are located to complete the removal of the absorber balls. In addition, the removal efficiency of absorber balls can reach 58.96 kg/h with a lift of 7.5 m and 48.54 kg/h with a lift of 10 m in a gas environment. Further, the device can be considered to increase the negative pressure of the tube by connecting the suction fans in series so as to improve removal efficiency.
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Table A1. Comparison of relevant characteristics of different continuum robots for nuclear applications.
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	Driving Method
	Arm Body Structure
	Application Scenarios
	Function
	Characteristics
	Validation Method





	Snake arm maintainer [9]
	Cable-driven
	Multi-segment structure with multi-joint
	Vacuum chamber
	Platform with end tools
	Principle of layered drive; reverse folding
	Computer simulation



	EMMATM manipulator [27,29]
	Cable-driven
	Multi-segment structure with multi-joint
	Waste Storage Tank
	Inspection and remediation
	High payload capacity;

oversized body
	Practical application



	CT Arm [28]
	Cable-driven
	Multi-link structure
	Nuclear reactor
	Maintenance
	Coupled drive; connected differential mechanism
	Computer simulation



	KSI tentacle manipulator [30]
	Hybrid electric–pneumatic actuation
	Multi-segment structure with pneumatic bellows
	Nuclear hot cell decontamination
	Teleoperated vacuuming and spray washing
	Extensibility/retractability in length.
	Patented



	Snake-arm robot (OC Robotics) [31]
	Cable-driven
	Multi-segment structure with single joint
	Nuclear power

plant
	Inspection and repair operations
	The only general purpose continuum robot commercially available
	Practical application



	Proposed robot
	Cable-driven
	Multi-segment structure with multi-joint
	Absorber ball shutdown system
	Remove absorber balls
	Pneumatic conveying; opposite-bending and feeding
	Engineering experiment
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Figure 1. Working scene of the continuum robot. (a.i) Working scene. (a.ii) Inspection port. (a.iii) Divider plug and rectangular notch. (a.iv) Ball-storage tank. The continuum robot system is mounted on the reserved detachable interface and performs the removal operation. (b) Access (in/out) strategy. (i) The continuum robot enters at the inspection port and moves down to the divider plug. (ii) The end arm of the continuum robot actively bends at a certain angle towards the notch on one side of the divider plug and (iii,iv) continues to move downward, the residual arm of continuum robot passing through the divider plug in the passive flexible deformation pose. Then, the end arm will actively bend to the original state (vertical downward) and continue to move downward, these constituting the opposite-bending and feeding characteristics. (v,vi) When it reaches the bottom of the tank, the continuum robot will produce C-shape and S-shape bending to remove the absorber ball (  d = 6    mm  , m ≈ 0.24    g   ) at the bottom plane of the ball-storage tank. 
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Figure 2. Design of the dual-segment continuum robot: (a) whole configuration; (b.i) the way the joints are combined; (b.ii) the basic configuration of the rolling joint; (b.iii) the reachable bending angles of the rolling joints (half stroke); (c) the structure and composition of the end-effector. 
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Figure 3. Passive flexible deformation of the robot arm. Points A and B are the intersection points between the continuum robot and the inclined plane of the divider plug, and point A is the tangent point. d and d1 are the diameters of the ball-falling column and the continuum robot, respectively, and d2 is the height of the rectangular notch. x is the distance between point A and the center line O–O. 
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Figure 4. Mapping between the driving space and the joint space of the distal segment. (a) Bending configuration of the distal segment. (b) Positional layout of the actuation cables. 
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Figure 5. Equivalent diagram of the actuation cables at the proximal segment. 
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Figure 6. Pose transformation based on the constant curvature model. 
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Figure 7. Inverse kinematics model of the continuum robot. 
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Figure 8. Reachable workspace of the continuum robot: (a.i,a.ii) workspace of the distal segment (   L 1  = 200    mm   and   500   mm   ); (b.i,b.ii) workspace of the dual-segment continuum robot (   L 1  = 500    mm ,   L 2   = 200   mm   and   700   mm   ). 
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Figure 9. Test prototype of the continuum robot. The yellow arrow indicates the suction tube and the green arrow indicates the gas return tube. (a) Test prototype. (b) Negative pressure-removal and control system. (c) Helium protection device. 






Figure 9. Test prototype of the continuum robot. The yellow arrow indicates the suction tube and the green arrow indicates the gas return tube. (a) Test prototype. (b) Negative pressure-removal and control system. (c) Helium protection device.



[image: Machines 10 00596 g009]







[image: Machines 10 00596 g010 550] 





Figure 10. The actuation and control system. (a) Structure and composition of the actuation box. (b) Block diagram of the control system. 
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Figure 11. Trajectory for passing through the divider plug. 
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Figure 12. Circular-trajectory motion of the suction ball. (i–v) Points of the selected circular trajectory. 
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Figure 13. Sector-scanning motion of the suction ball. 






Figure 13. Sector-scanning motion of the suction ball.



[image: Machines 10 00596 g013]







[image: Machines 10 00596 g014 550] 





Figure 14. Test of the continuum robot around the column: (a) initial state; (b) 180° left around the column; (c) 180° right around the column. 
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Figure 15. Removal efficiency of absorber balls in the gas environment. 
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Table 1. The parameters of the continuum robot.






Table 1. The parameters of the continuum robot.





	Parameter
	Symbol
	Value





	Total length
	L
	3000 mm



	Length of the distal segment
	L1
	500 mm



	Length of the proximal segment
	L2
	700 mm



	Length of the straight column
	Ls
	900 mm



	Joint outer radius
	r
	40 mm



	Joint inner radius
	---
	12.5 mm



	Joint length
	l
	20 mm



	Number of joints
	n
	60



	Length–diameter ratio
	---
	75
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Table 2. Removal efficiency tests for absorber ball removal in a gas environment.
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Test

	
Suction Fan/W

	
Lift/m

	
Material

	
Size */mm

	
Time/s






	
1

	
1200

	
6

	
PU

	
10 *14

	
60




	
2

	
13 *16

	
60




	
3

	
14 *16

	
60




	
4

	
2200

	
10

	
PU

+

Steel wire

	
16 *22

	
60




	
5

	
18 *24

	
60




	
6

	
20 *25

	
60




	
7

	
2200

	
6

	
PVC

+

Steel wire

	
16 *21

	
30




	
8

	
19 *24

	
30




	
9

	
22 *29

	
30




	
10

	
2200

	
7.5

	
EVA

(corrugated shape)

	
14 *20

	
30




	
11

	
16 *22

	
30




	
12

	
20 *26

	
30




	
13

	
2200

	
10

	
14 *20

	
30




	
14

	
16 *22

	
30




	
15

	
20 *26

	
30








Size *: inner diameter *outer diameter of the ball-sucking tube. (The following statements are the same).
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