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Abstract

:

Hyper-redundant manipulators with multiple degrees of freedom have special application prospects in narrow spaces, such as detection in small spaces in aerospace, rescue on-site disaster relief, etc. In order to solve the problems of complex obstacle avoidance planning and inverse solution selection of a hyper-redundant robot in a narrow space, a cubic B-spline curve based on collision-free trajectory using environmental edge information is planned. Firstly, a hyper-redundant robot composed of four pairs of double UCR (Universal-Cylindrical-Revolute) parallel mechanisms (2R1T, 2 Rotational DOFs and 1 Translation DOF) in series to realize flexible obstacle avoidance motion in narrow space is designed. The trajectory point envelope of a single UCR and the workspace of a single pair of UCR in Cartesian space based on the motion constraint boundaries of each joint are obtained. Then, the constraint control points according to the edge information of the obstacle are obtained, and the obstacle avoidance trajectory in the constrained space is planned by combining the A* algorithm and cubic B-spline algorithm. Finally, a variety of test scenarios are built to verify the obstacle avoidance planning algorithm. The results show that the proposed algorithm reduces the computational complexity of the obstacle avoidance process and enables the robot to complete flexible obstacle avoidance movement in the complex narrow space.
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1. Introduction


With the development of aerospace technology, the demand for on-orbit services such as maintenance of space equipment and fuelling has become more and more urgent. In order to reduce costs and improve the efficiency of astronauts working outside the cabin, many countries or communities have adopted space robots [1] as an important development direction of spacecraft on-orbit services. In European and American, the space robotic arm is mainly carried in the extravehicular environment to assist astronauts to check and repair some space station faults, which reduces the workload of astronauts to a certain extent and avoids the hidden dangers of astronauts’ operations in outer space [2,3,4]. Orbiting service robots for aerospace applications are generally divided into multi-footed crawling robots [5,6,7] and space-operating manipulators [8,9,10,11]. For the routine operation tasks of the space station, such as surface wiping, target detection and grabbing, the space operation robot arm is generally used to complete the task.



With the complexity of its operating environment and the narrowing of its working space, many researchers have set their sights on the research of continuous robots with more degrees of freedom and better bending characteristics [12]. Elastic objects are often used as the body support for continuous robots, and have good bending characteristics and barrier capabilities. It can show different corresponding configurations for different environments and form a smooth curve. It has superior bending characteristics and strong obstacle avoidance ability. It also has strong motion flexibility, which is suitable for the narrowness with obstacles [13,14,15]. Most continuous snake robots achieve passive environmental adaptability through the flexibility of materials or structures [16,17], to achieve the desired position in a complex environment. Nonetheless, this type of robot has low positioning accuracy under load and is hard to achieve accurate control in a small space [18]. The super-redundant hierarchical driven continuous robot can effectively solve the above problems. At present, there is little research on the structure design and motion planning of this type of robot [19,20,21]. In [20], a cable-driven hyper-redundant manipulator with 17 degrees of freedom is presented for narrow and complex environments. Based on the mechanical structure, the MDA + RRT algorithms is proposed for path planning considering the maximum deflection angle of joint. Although this method can be applied to the planning of small spaces, it cannot control the position of the fuselage of each cell of the continuum, and does not consider whether the envelope of the fuselage will collide with the environment.



Obstacle avoidance motion is the motion planning of super-redundant manipulators. For the traditional intelligent algorithm’s obstacle avoidance effect is not strong, scholars [22,23,24,25,26] proposed a path following motion method called follow end trajectory. The characteristic of following the end trajectory is that the links and joints of the super-redundant robotic arm move along the path curve in the restricted area, the entire robotic arm is as close to the path curve as possible in the movement to achieve the smallest possible stroke in space regional goals.



According to analysis, most of the currently designed hyper-redundant manipulators have a series structure, which has low rigidity and poor bearing capacity. In addition, the joint cannot be guaranteed to be on the path curve with low accuracy. At the same time, the solution is complicated and the efficiency is low. Therefore, a hyper-redundant robotic arm trajectory-planning algorithm is provided in this paper. The robotic arm is composed of 8 UCR parallel joints connected in series. The UCR parallel joints have three degrees of freedom that rotate around the X, Y-axis and move around the Z-axis. Parallel mechanism, which consists of a fixed platform, three branch chains, and a moving platform. From the bottom to the top, the branch chain consists of universal, cylindrical, and revolute. The universal joint of the branch chain is connected to the fixed platform, and the rotary pair is connected to the moving platform. With the cooperation of the feeding base, the robot arm moves strictly in accordance with the planned path curve to strictly avoid obstacles.



In summary, the algorithm proposed in this paper has the following advantages:




	(1)

	
It can strictly guarantee that the end of the robot arm is on the cubic B-spline path curve with high accuracy, and the cubic B-spline trajectory G2 is continuous, ensuring smooth movement.




	(2)

	
Solve the pose of the robot arm through the UCR parallel joint drive equation, with high accuracy and fast efficiency.










2. Kinematics Modeling and Workspace Analysis of UCR Parallel Mechanism


Three degrees-of-freedom (DOFs) parallel mechanisms have high accuracy and large loading capacity. This part concentrates on the Kinematics modeling and workspace analysis of UCR parallel mechanism. Firstly, symmetric three-chain with two rotational DOFs and one translation DOF (2R1T) are designed based on constrained screw theory. Secondly, kinematics model of UCR parallel mechanism is constructed. The relative pose of the moving platform and the fixed platform can be adjusted by changing the length of the drive chain. Finally, the workspace analysis is finished based on simulation.



2.1. Introduction of UCR Parallel Mechanism


A three degrees-of-freedom (DOFs) parallel mechanism with two rotational DOFs and one translation DOF (2R1T) is designed based on constrained screw theory. The parallel mechanism consists of a fixed platform, three symmetric chains and a moving platform. The chain is composed of a universal joint, a cylindrical joint and a rotating joint from bottom to top. As shown in Figure 1, the cylindrical joint is a motor-driven pair, which is expanded and contracted through the cylindrical joint to adjust the position of the moving platform. In the initial state, the attitude of the flexible joint moving platform is the same as that of the fixed platform.




2.2. Kinematics Modeling of UCR Parallel Mechanism







	(1)

	
The driven model of UCR parallel mechanism









As shown in Figure 1,   O 1   and   O 2   are the center of the fixed platform and the moving platform, respectively. The connection points of the three chains to the fixed platform and the moving platform are   P  1 _ i   ,   Q  1 _ i     ( i = 1 , 2 , 3 )  . The radius of the fixed platform and moving platform is r. A fixed coordinate system   O − X Y Z   is established on the fixed platform. The two orthogonal axes of the universal joint are used as the X and Y-axes, where the X-axis points from   O 1   to   P  1 _ 1   , and the Z axis is the fixed platform normal. A moving coordinate system    O 2  − U V W   is established on the moving platform, where the U axis is from   O 2   to   Q  1 _ 1   , and the W axis is the normal of the moving platform.



The transformation matrix of moving coordinate system    O 2  − U V W   relative to fixed coordinate system    O 1  − X Y Z   is


  T =      n x     o x     a x     X c       n y     o y     a y     Y c       n z     o z     a z     Z c      0   0   0   1      



(1)







The coordinates of   P  1 _ 1   ,   P  1 _ 2   , and   P  1 _ 3    in the coordinate system    O 1  − X Y Z   are:


   P  1 _ 1   =     r     0     0       P  1 _ 2   =      −  r 2          3  r  2      0       P  1 _ 3   =      −  r 2        −    3  r  2       0      



(2)







The coordinates of   Q  1 _ 1   ,   Q  1 _ 2   , and   Q  1 _ 3    in the coordinate system    O 2  − U V W   are:


   Q  1 _ 1   =     r     0     0       Q  1 _ 2   =      −  r 2          3  r  2      0       Q  1 _ 3   =      −  r 2        −    3  r  2       0      



(3)







Because of        Q i      1     = T      Q  1 _ i       1      ( i = 1 , 2 , 3 )   , so


   Q 1  =      Q  1 x        Q  1 y        Q  1 z       =      r  n x  +  X c        r  n y  +  Y c        r  n z  +  Z c        



(4)






   Q 2  =      Q  2 x        Q  2 y        Q  2 z       =      −  r 2   n x  +    3  r  2   o x  +  X c        −  r 2   n y  +    3  r  2   o y  +  Y c        −  r 2   n z  +    3  r  2   o z  +  Z c        



(5)






   Q 3  =      Q  3 x        Q  3 y        Q  3 z       =      −  r 2   n x  −    3  r  2   O x  +  X c        −  r 2   n y  −    3  r  2   O y  +  Y c        −  r 2   n z  −    3  r  2   O z  +  Z c        



(6)







The driving functions is obtained as follows:


   l  1 _ i  2  =     Q  1 _ i   −  P  1 _ i     2  =    R  Q  1 _ i   + c −  P  1 _ i     T    R  Q  1 _ i   + c −  P  1 _ i      ( i = 1 , 2 , 3 )   



(7)




where   l  1 _ i    represents the length of chain.








	(2)

	
The constraint model of UCR parallel mechanism









The chains of the UCR parallel mechanism are symmetric. Take one of the chains and analyze its motion spiral and constraint spiral. The chain is shown in Figure 2.



According to the screw theory, the screw system of the chain is:


       $ 1  =  ( 1 , 0 , 0 ; 0 , 0 , 0 )         $ 2  =  ( 0 , 1 , 0 ; 0 , 0 , 0 )         $ 3  =  ( 0 , 0 , 1 ; 0 , 0 , 0 )         $ 4  =  ( 0 , 0 , 0 ; 0 , 0 , 1 )         $ 5  =  ( 0 , 1 , 0 ; −  l i  , 0 , 0 )       



(8)







Constrained screw is:


   $ r  =  ( 0 , 1 , 0 ; 0 , 0 , 0 )   



(9)







Three constraint equations are obtained as follows:


       n y  =  o x         X c  =   r (  n x  −  o y  )  2         Y c  = − r  n y       



(10)












	(3)

	
The parasitic motion of UCR parallel mechanism









Attitude description based on   Z − X − Z   Euler Angle:


  R =      C  α 2  + S  α 2  C β     C α S α ( 1 − C β )     S α S β       S α C α ( 1 − C β )     S  α 2  + C  α 2  C β     − C α S β       − S α S β     S β C α     C β       



(11)







The rotation matrix is equivalent to rotate the  β  degrees around the axis that is  α  degrees from the X-axis. The parasitic motion is defined as: when the parallel mechanism performs a rotating motion, the moving motion accompanying the platform is called parasitic motion. The parasitic motion of the UCR parallel joint is independent of Z-axis, and the expression is as follows:


   X M  =  X c  −  X o  =   r cos ( 2 α ) ( 1 − cos β )  2   



(12)






   Y M  =  Y c  −  Y o  =   r sin ( 2 α ) ( 1 − cos β )  2   



(13)







Let   r = 20   m,   α ∈ [ −  15 ∘  , +  15 ∘  ]  ,   β ∈ [ −  15 ∘  , +  15 ∘  ]  , the parasitic motion based on constraint equations is shown in Figure 3.




2.3. Workspace Analysis Based on Simulation


In this section, the 3D CAD model of the UCR parallel mechanism is imported into simulation, and the simulation platform is used to analyze its working space. The simulation platform is shown in Figure 4.



Through the position sensor module, the position information of UCR parallel mechanism is obtained, and simulation is used to form the track point envelope. As shown in Figure 5a–d. The envelope is cloak-shaped and symmetrically divided into three equal parts along the central axis.





3. Kinematics Modeling of the Manipulator


Three degrees-of-freedom (DOFs) parallel mechanisms have high accuracy, large loading capacity. This work concentrates on the Kinematics modeling of the manipulator.



3.1. Kinematics Modeling of the Manipulator


The manipulator consists of eight UCR parallel mechanisms (also regarded as four identical double-UCR parallel mechanism units). Each mechanism rotates   60 ∘   alternately. Four double-UCR mechanism units work together to finish the task of path planning in free space.



As shown in Figure 6, the Z-axis of the coordinate is along the normal direction of the platform. The rotation matrix of UCR parallel mechanism between fixed platform and moving platform is expressed as follows:


    n  n − 1   T = T r a n s  (  X c  ,  Y c  ,  Z c  )   R Y   ( β )   R X   ( α )  =      cos ( β )     sin ( α ) sin ( β )     sin ( β ) cos ( α )     X c      0    cos ( α )     − sin ( α )     Y c       − sin ( β )     cos ( β ) sin ( α )     cos ( α ) cos ( β )     Z c      0   0   0   1      



(14)




where   α , β ∈ ( −  90 ∘  ,  90 ∘  )  ,   α , β   and    X c  ,  Y c  ,  Z c    are mutually coupled variables. The transformation matrix of i-th platform with respect of the base can be obtained by following equation:


    i 0  T =   1 0  T   2 1  T   3 2  T ⋯    i − 1   i − 2   T   i  i − 1   T  ( i = 1 , 2 , ⋯ , 8 )   



(15)








3.2. Kinematics Modeling of Double-UCR Parallel Mechanisms


The relative coordinate system between the first moving platform and the second platform is shown in Figure 7a and the structure of the two-UCR parallel mechanisms is shown in Figure 7b.



The drive motor is distributed longitudinally, and the linear movement of the threaded pair can pass through the moving platform. By the motor drive, the attitudes of the moving platform 1 and the moving platform 2 are adjusted, thereby determining the relative movement of the end coordinate system   O i  -UVW relative to the fixed platform coordinate system   O 1  -XYZ. Among them, the distance between the joint center of rotation of the gimbal and the fixed platform is   h = 13.5   mm, and the stroke of the rotation radius r = 15 mm is 5–20 mm.





4. The Tip-Following B-Spline Path Planning


The realization of tip-following B-spline trajectory in a continuous path includes five parts: (1) Obtaining the marked points    P 1  ⋯  P n    that need to pass according to the working environment. (2) Using the cubic B-spline path curve to fit the marked points, then generate a cubic B-spline path curve. (3) Obtain the working status of each UCR parallel joint according to the base feed. (4) In the B-spline path curve, obtain discrete data points corresponding to the working UCR parallel mechanism. (5) According to the driving equation of the UCR parallel joints, solve the rod length of each joint and output it. The algorithm flow chart is shown in Figure 8.



When environment parameters are obtained, path planning can be automatically generated by   A *   algorithm, ant colony algorithm, etc. Alternatively, through manual marking, we can obtain the marking points    P 1  ⋯  P n   , which the working space needs to pass. The working conditions and marked points of the hyper-redundant robotic arm are shown in Figure 9.



For the four-UCR parallel mechanisms, the maximum rotation angle along the X-axis is   99 .  36 ∘    and the radius of curvature is 167 mm. The maximum rotation angle along the Y-axis is   90 .  57 ∘    and the radius of curvature is 184 mm, as shown in Figure 10.



B-spline curve is widely used in tool path fitting due to its versatility and easy realization. B-splines can be defined by control points and node vectors. Using them to represent tool paths can simplify code and reduce data storage. In addition, the B-spline itself has high continuity, and the cubic B-spline curve is G2 continuous, and the fitted trajectory has better smoothness, and the original data points are passed to strictly guarantee the fitting accuracy.



The cubic B-spline curve is defined as:    ( u )  =  ∑  i = 0  n   N  i , k    ( u )   P i  , u ∈  [ 0 , 1 ]   . Where    P i   ( i = 0 , 1 , ⋯ , n )    is the control points.    N  i , k    ( t )   ( i = 0 , 1 , ⋯ , n )    is the basis functions.   k = 3  . The node vector   U = {    0 , ⋯ 0  ︸   k + 1   ,  u  k + 1   , ⋯ ,  u n  ,    1 , ⋯ , 1  ︸   k + 1   }  . We use nonperiodic node vector, which is obtained by using a binary search on the node vector when determining the node interval to which u belongs. The trajectory of the marked points    P 1  ⋯  P n    after fitting by the cubic B-spline curve is shown in Figure 11.



According to the feed amount   F D   of the base, the motion state of each UCR parallel mechanism is sequentially judged. Assume that the end of the robot arm is the starting point of the cubic B-spline spline trajectory, and the initial length of the UCR parallel joint   I n D i s  . Then, first calculate the number of UCR parallel joints in the working state:   N u m = c e i l ( F D / I n D i s )  , and the function   c e i l ( )   means rounding up. Because the robotic arm starts to move from the end, the UCR parallel joint index in the working state is:   9 − N u m ⋯ 8   (the index of the UCR joint is 1 to 8, respectively).



The tangential direction of a B-spline curve   c ( t )   at the discrete point is the Z axis of the point. Assuming that the parameters corresponding to two adjacent discrete points are   t  ( n − 1 )    and   t n  , the corresponding discrete points are:   c (  t  ( n − 1 )   )   and   c (  t n  )  . Then,   Z  ( n − 1 )    and   Z n   are unit vectors of     c  ′   (  t  ( n − 1 )   )    and    c ′   (  t n  )   , respectively. The 3D vector rotation represented by quaternion is shown in Figure 11a,b.



In 3D space, the unit vector n rotate   2 θ   can use the quaternion   q =  [ cos θ , n sin θ ]  =  q 0  +  q 1  i +  q 2  j +  q 3  k   to describe.



Where   n =    z  n − 1   ×  z n      z  n − 1   ×  z n      ,   2 θ = arccos (  z  n − 1   ∗  z n  )  .



The rotation matrix     n  n − 1   R   represented by rotation quaternion   q =   (  q 0  ,  q 1  ,  q 2  ,  q 3  )  T    is:


    n  n − 1   R =         q 0   2  +    q 1   2  −    q 2   2  −    q 3   2      2 (  q 1   q 2  −  q 0   q 3  )     2 (  q 1   q 3  −  q 0   q 2  )       2 (  q 1   q 2  −  q 0   q 3  )        q 0   2  −    q 1   2  +    q 2   2  −    q 3   2      2 (  q 2   q 3  −  q 0   q 1  )       2 (  q 1   q 3  −  q 0   q 2  )     2 (  q 2   q 3  −  q 0   q 1  )        q 0   2  +    q 1   2  −    q 2   2  +    q 3   2        



(16)







Assuming coordinate system    O  n − 1   −  x  n − 1    y  n − 1    z  n − 1     is known. According to the relative pose description, it can be known that the coordinates of   O n   projected at the coordinate system are:


    n  n − 1   Z =      n  n − 1    X c  ,   n  n − 1    Y c  ,   n  n − 1    Z c    T   



(17)







According to the transformation relationship between the relative coordinate systems, it can be known that the transformation matrix between two adjacent discrete points is:


    n  n − 1   T =        n  n − 1   R       n  n − 1   Z      0   1      



(18)







The base coordinate system    O 0  −  x 0   y 0   z 0    of manipulator is given in advance, and described as:


   O 0  −  x 0   y 0   z 0  =     1   0   0     0   1   0     0   0   1     ,  O 0  =     0   0   0      



(19)







Find the first discrete point on the B-spline curve by dichotomy method in   t ∈ [ 0 , 1 ]  . Suppose the corresponding parameter is   t 1  . Then, compute the coordinate system    O 1  −  x 1   y 1   z 1    and record. Find the second discrete point on the B-spline curve by dichotomy method in   t ∈ [  t 1  , 1 ]  . Similarly, the discrete points corresponding to the all UCR parallel mechanisms can be acquired. The steps for computing each UCR parallel mechanism are:




	(1)

	
Compute the rotation matrix between two adjacent discrete points.




	(2)

	
Determine the parity of the index of the UCR parallel mechanism. If the index is an odd number, use the driving equation CalDrivingLength_1() to compute the length of chains; if the index is even, use the driving equation CalDrivingLength_2() to compute the length of three chains.









Pseudo-code of CalDrivingLength_1() and CalDrivingLength_2() is introduced below.



Pseudo-code of CalDrivingLength_1():






	ine FUNCTION: CalDrivingLength_1  (  T 1  , r )  



	INPUT:    T 1  / /   Transformation matrix of moving platform



	  r / /   The distance between   P  ( 1 _ 1 )    and   O 1  



	OUTPUT:   l  ( 1 _ 1 )   ,  l  ( 1 _ 2 )   ,   l  ( 1 _ 3 )   / /   The length of the three chains



	BEGIN



	   1.        n x     o x     a x     X c       n y     o y     a y     Y c       n z     o z     a z     Z c      0   0   0   1     ←   call Translate  (  T 1  )  



	



	   2.    P  1 _ 1   ←     r   0   0     ;  P  1 _ 2   ←       − r  2       3  r  2    0     ;  P  1 _ 3   ←       − r  2      −  3  r  2    0      



	



	   3.    Q  1 _ 1   ←      r  n x  +  X c        r  n y  +  Y c        r  n z  +  Z c       ;  Q  1 _ 2   ←        − r  2   n x  +    3  r  2   o x  +  X c          − r  2   n y  +    3  r  2   o y  +  Y c          − r  2   n z  +    3  r  2   o z  +  Z c       ;  Q  1 _ 3   ←        − r  2   n x  −    3  r  2   o x  +  X c          − r  2   n y  −    3  r  2   o y  +  Y c          − r  2   n z  −    3  r  2   o z  +  Z c        



	



	   4.   l  1 _ 1   ←     (  Q  1 _ 1   −  P  1 _ 1   )  T   (  Q  1 _ 1   −  P  1 _ 1   )    ;  l  1 _ 2   ←     (  Q  1 _ 2   −  P  1 _ 2   )  T   (  Q  1 _ 2   −  P  1 _ 2   )    ;  l  1 _ 3   ←     (  Q  1 _ 3   −  P  1 _ 3   )  T   (  Q  1 _ 3   −  P  1 _ 3   )    ;  



	



	   5. Output   l  1 _ 1   ,   l  1 _ 2   ,   l  1 _ 3   



	END



	ine








Pseudo-code of CalDrivingLength_2() :






	ine FUNCTION: CalDrivingLength_2  (  T 2  )  



	INPUT:    T 2  / /   Transformation matrix of two moving platforms



	OUTPUT:    l  ( 2 _ 1 )   ,  l  ( 2 _ 2 )   ,  l  ( 2 _ 3 )   / /   The length of the three chains



	BEGIN



	   1.        n x     o x     a x     X c       n y     o y     a y     Y c       n z     o z     a z     Z c      0   0   0   1     ←   call Translate  (  T 2  )  



	



	   2.    P  2 _ 1   ←       − r  2       3  r  2     0 r    0   0     ;  P  2 _ 2   ←      − r    0   0     ;  P  2 _ 3   ←      r 2      −  3  r  2    0      



	



	   3.    Q  2 _ 1   ←       r 2   n x  +    3  r  2   o x  +  X c         r 2   n y  +    3  r  2   o y  +  Y c         r 2   n z  +    3  r  2   o z  +  Z c       ;  Q  1 _ 2   ←      − r  n x  +  X c        − r  n y  +  Y c        − r  n z  +  Z c       ;  Q  1 _ 3   ←       r 2   n x  −    3  r  2   o x  +  X c         r 2   n y  −    3  r  2   o y  +  Y c         r 2   n z  −    3  r  2   o z  +  Z c        



	



	   4.   l  2 _ 1   ←     (  Q  2 _ 1   −  P  2 _ 1   )  T   (  Q  2 _ 1   −  P  2 _ 1   )    ;  l  2 _ 2   ←     (  Q  2 _ 2   −  P  2 _ 2   )  T   (  Q  2 _ 2   −  P  2 _ 2   )    ;  l  2 _ 3   ←     (  Q  2 _ 3   −  P  2 _ 3   )  T   (  Q  2 _ 3   −  P  2 _ 3   )    ;  



	



	   5. Output   l  2 _ 1   ,   l  2 _ 2   ,   l  2 _ 3   



	END



	ine









5. Simulations and Experiments


As shown in Figure 12, the arm has eight joints, with an initial length of 544 mm and a diameter of 40 mm.



The schematic diagram of the simulation platform is shown in Figure 13, and the simulation platform consists of four parts: the simulation configuration environment, URC parallel mechanism, signal sensor and position sensor, and the position sensor is incorporated in moving platform.



The robot arm can move smoothly on the plane, as shown in Figure 14. The “8” shape drawn by the robot arm on the plane shows that the robot arm can perform a series of motions stably.



As shown in Figure 15, the hyper-redundant robot can successfully automatically identify roadblocks in space and complete the obstacle avoidance movement through the algorithm.



Because of the small size of the hyper-redundant robot designed in this paper, it can complete the task in the narrow space. As shown in Figure 16, the robot can automatically identify the path to complete the movement and complete the maintenance and other tasks in the pipeline.



The hyper-redundant robot designed in this paper can complete some complex, dangerous and boring tasks. In particular, the generator blades of the nuclear power plant need to be overhauled every year, and the nuclear power plant can not avoid radiation, which is generally harmful to the human body, so it is necessary to use robots to replace human beings to complete dangerous work. As shown in Figure 17, the hyper-redundant robot designed in this paper can travel freely between narrow blades to complete the maintenance and maintenance of engine blades.




6. Conclusions


In this paper, a hyper-redundant robot composed of four pairs of double UCR (Universal-Cylindrical-Revolute) parallel mechanisms (2R1T, 2 Rotational DOFs and 1 Translation DOF) in series to realize flexible obstacle avoidance motion in narrow spaces is designed. Then, a method combining cubic B-spline algorithm with A * Algorithm is proposed to plan the trajectory of obstacle avoidance for hyper-redundant robot in constrained space. The experimental results show that the robot can move smoothly in a plane or inclined plane, it can also travel freely in the narrow space between engine blades. The proposed algorithm reduces the computational complexity of the obstacle avoidance process of hyper-redundant robots and, at the same time, the robot can avoid obstacles flexibly in the complex narrow space.



By setting various simulation test environments, it can be seen that the algorithm proposed in this paper can make the hyper-redundant manipulator pass through many restricted spaces, laying a theoretical foundation and experimental method for the detection of narrow spaces. However, the redundant arm designed in this paper still has certain limitations. For example, the existing mechanical arm has a small load, and a larger motor can be used to improve the load capacity in the future.
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Figure 1. Structure of UCR parallel mechanism. 
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Figure 2. Structure of a chain. 
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Figure 3. Parasitic motion. 
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Figure 4. UCR parallel mechanism shown in simulation platform. 
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Figure 5. Workspace analysis of the UCR parallel mechanism. 
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Figure 6. Schematic diagram of the manipulator. 
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Figure 7. Two-URC parallel mechanism. (a) Diagram of Two-UCR parallel joint. (b) Two-URC parallel mechanism shown in simulation platform. 
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Figure 8. The flowchart of the proposed algorithm. 
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Figure 9. Working situation of hyper-redundant manipulator. 
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Figure 10. Four-UCR parallel mechanisms. (a) along the X-axis. (b) along the Y-axis. (c) Three-dimensional model of Four-UCR parallel mechanisms. 
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Figure 11. Three-dimensional vector rotation using quaternion. 
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Figure 12. Mock-up of the robotic arm. 
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Figure 13. Schematic diagram of simulation platform. 
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Figure 14. Schematic diagram of manipulator for tube obstacle avoidance. 
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Figure 15. Schematic diagram of path obstacle avoidance manipulator. 
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Figure 16. Schematic diagram of manipulator for tube obstacle avoidance. 
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Figure 17. Move along the edge of the blade. (a) Move along the edge of a single blade. (b) Obstacle avoidance movement along the blade group. 
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