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Abstract

:

Kinematic accuracy is a crucial indicator for evaluating the performance of mechanisms. Low-mobility parallel mechanisms are examples of parallel robots that have been successfully employed in many industrial fields. Previous studies analyzing the kinematic accuracy analysis of parallel mechanisms typically ignore the randomness of each component of input error, leading to imprecise conclusions. In this paper, we use homogeneous transforms to develop the inverse kinematics models of an improved Delta parallel mechanism. Based on the inverse kinematics and the first-order Taylor approximation, a model is presented considering errors from the kinematic parameters describing the mechanism’s geometry, clearance errors associated with revolute joints and driving errors associated with actuators. The response surface method is employed to build an explicit limit state function for describing position errors of the end-effector in the combined direction. As a result, a mathematical model of kinematic reliability of the improved Delta mechanism is derived considering the randomness of every input error component. And then, reliability sensitivity of the improved Delta parallel mechanism is analyzed, and the influences of the randomness of each input error component on the kinematic reliability of the mechanism are quantitatively calculated. The kinematic reliability and proposed sensitivity analysis provide a theoretical reference for the synthesis and optimum design of parallel mechanisms for kinematic accuracy.
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1. Introduction


A parallel robot has the advantages of high structural stiffness, high precision of both position and pose, low manufacturing and control cost, etc. Since Hunt proposed that the 6-DOF Stewart mechanisms could be used as robot mechanisms [1,2], the parallel mechanisms have gradually attracted increasing interest around the world. Kinematic reliability research for robots mainly focuses on evaluating the kinematic reliability and repetitive positioning accuracy of the robot mechanisms and making reasonable reliability predictions for kinematic accuracy of robots. Reliability sensitivity analysis can quantitatively calculate the influences of each random variable on the reliability, and then obtain the key factors and control the randomness of parameters to improve overall system reliability. The Delta parallel robot is one of the most practical low-mobility parallel robots in industry fields. The original Delta mechanism was proposed and patented by Clavel in Switzerland in 1998 [3,4]. Tsai proposed a simpler improved Delta parallel mechanism in 1995 [5,6,7]. Jaime Gallardo-Alvarado et al. analyzed the displacement, velocity and acceleration of a Delta-type robot by applying the screw theory [8]. Based on the concept of virtual power coefficients and pressure angles, Brinker et al. defined a single motion/force transmission index to evaluate the kinematic performance of the Delta parallel robot [9]. Lu et al. proposed an intelligent control scheme using self-learning interval type-2 fuzzy neural network (SLIT2FNN) for the trajectory tracking problem of a Delta robot [10]. Xu and Sun defined the stiffness matrix for mechanisms based on the Hessian matrix of its potential energy, and then established a new continuous stiffness mapping model for the Delta parallel mechanism [11]. Orsino et al. studied analytical mechanics approaches in the dynamic modelling of the Delta mechanism. Four modelling methods were analyzed and compared: One based on the Principle of Virtual Work, two based on Lagrange’s equations and one based on Kane’s formalism [12]. Kuo utilized the kineto-elasto-dynamics and the finite element method to perform a mathematical dynamic model of a Delta robot with flexible links [13]. In order to obtain the best dexterity over its workspace, Vitor Gaspar Silva, Mahmoud Tavakoli, and Lino Marques optimized the spatial 3-DOF Delta parallel manipulator with a floating-point genetic algorithm [14]. Belkacem Bounab proposed a multi-objective optimal design for the Delta robot based on kineto-elastostatic performances such as uniformity of the dexterity, largest regular workspace, highest global stiffness and reduced moving mass for the Delta robot [15]. Mazare and Taghizadeh presented an optimal design for the geometric parameters of 3-P2(US) Delta parallel mechanism using harmony search algorithm [16]. The research on the kinematic accuracy of serial and parallel mechanisms has attracted significant interest [17,18]. Tang et al. presented an error modeling methodology that enables the tolerance design and kinematic calibration of 3-RSS Delta mechanism. The sensitivity analysis and kinematic calibration were also carried out to investigate the influence of source errors on the pose accuracy [19,20]. By using a laser tracker as a measurement tool, Zhang et al. presented an iterative method to identify 18 geometric errors of the Delta parallel robot [21]. Ghazi et al. analyzed the kinematic accuracy of a 3-DOF Delta parallel manipulator via both Jacobian and geometric error models [22]. Dragos et al. researched the influence of dimensional deviations, kinematic joints clearances and input errors introduced by the actuator on the positioning accuracy of the 3-DOF Delta parallel robots [23,24,25]. Tian and Zhang Designed generalized parallel manipulators, and the position analysis of the GPM was carried out to evaluate the workspace and reveal the motion characteristics [26]. Chen et al. researched the actuator input selection and optimization of the parallel mechanism, and evaluated the motion stability of each actuator [27]; Amir et al. presented analytical approach for the dimensional synthesis of the 3-DOF Delta parallel robot for a prescribed workspace [28]. Li et al. conducted research on the kinematics and error analysis considering the parallelism error of the mechanism [29]. Shen et al. studied the influence of the variations related to the manipulator components and geometric parameters onto the kinematic accuracy by means of the variational method [30].



At present, the kinematic accuracy analysis of mechanisms is mainly focused on method involving the modeling of static position and pose errors. However, due to the dimensional deviation and the clearances caused by the manufacturing tolerances, driving errors associated with the actuators and the errors introduced by link masses and moment of inertia, random variables must be included in the mechanical system. Kinematic accuracy analysis of parallel mechanisms in the previous studies typically ignores the randomness of each input error resulting in imprecise conclusions.



The main contributions of this paper are as follows: (1) In the previous study, kinematic accuracy analysis of the improved Delta parallel mechanism usually ignores the randomness of each input error component. In this paper, a new evaluation and calculation method of kinematic reliability proposed consider the influence of the randomness of input errors making the error estimation more accurate and practical. (2) The response surface method was adopted to analyze the reliability sensitivity of the improved Delta parallel mechanism. Compared to the traditional reliability sensitivity analysis of the parallel mechanisms, the new method for reliability sensitivity analysis proposed in this paper is available even if the ultimate state function i.e., the real analytical response expression of the mechanical system is unknown.




2. Response Surface Method


The response surface methodology (RSM) was first proposed by Box and Wilson [31]. The method has been widely applied in the chemical, pharmaceutical, agricultural and mechanical engineering fields [31,32,33]. The idea underlying this method is the assumption that the real expression of Y is unknown, the relationship between the output response Y of the structural system and the random input parameter vector    x =     x 1     ,   x   2  , ⋯    ,   x    N R       is described by a quadratic function with cross terms, as shown in Equation (1). The reasons why RSM was adopted to analyze reliability sensitivity are follows: (1) It can be used when the limit state function i.e., the real analytical response expression of the mechanical system is unknown. (2) This limit state function is a simple quadratic polynomial, which facilitates the calculation of variance and partial derivatives, and makes the calculation of reliability sensitivity straightforward. (3) The limit state function includes the information of the first, second and cross terms, which greatly improves the accuracy of the reliability sensitivity calculation.



The Ns input samples of the random parameter vector are obtained by certain sampling methods, while a group of output values      y 1     ,   y   2  , ⋯    ,   y    N s       of the structural system are obtained by experimental design or numerical analysis based on the Ns input values. The unknown coefficients of the response surface function are determined by the least square method in regression analysis, thus the response surface function is derived, which is used to replace the real response expression of the structural system in the following work.


  Y =  C 0  +   ∑  i = 1    N R      C i     X i  +   ∑  i = 1    N R        ∑  j = 1    N R      C  i j    X i     X j   



(1)




where:    C 0   ,     C i   ,       C    i j     (   i = 1   , …,    N R   ;     j = i   , …,    N R   ) are unknown coefficients.



To obtain Ns samples of the random parameter vector, Box-Behnken sampling is used herein. This method not only reduces the number of samples but also improves the calculation accuracy of the response surface. According to the reference [31], three different level points are selected for each random variable, and then the center points and the edge midpoints are combined into samples according to certain rules. Figure 1 shows the Box-Behnken samples of three variables (   x 1     ,   x   2     ,   x   3   ).



For a random variable    x s    which accords with arbitrarily distribution, its level value    p n    is calculated from Equation (2).


     ∫  − ∞    x s     f ( x ) d x =  p n     , n = 1 , 2 , 3  



(2)




where:    f ( x )    is the distribution density function of random variables;    p n    are the random variable level,    p 1   = 0   . 01   ,    p 2   = 0   . 50   ,    p 3   = 0   . 99   .



For random variables of normal distribution


   x s  = μ + σ  Φ  − 1      p n     



(3)




where:  μ  is the mean;  σ  is standard deviation;    Φ ( ° )    is the standard normal distribution function.



The   N s   samples of random parameters are numerically calculated, then the   N s   corresponding output values      y 1     ,   y   2  , ⋯    ,   y    N s       of the system response are obtained. These data are employed in a regression analysis using the least square method.


  s =   ∑  i = 1    N s      ε 2    =     ∑  i = 1    N s        C 0  +   ∑  i = 1    N R      C i     X i  +   ∑  i = 1    N R        ∑  j = 1    N R      C  i j    X i     X j       2   



(4)




where: Ns is the number of samples,    N R    is the number of random input variables and  ε  is the error term.



To minimize the sum of each error term, then:


          ∂ s   ∂  C 0    = 0         ∂ s   ∂  C i    = 0         ∂ s   ∂  C  i j     = 0         i = 1 , 2 , ⋅ ⋅ ⋅ ,  N R  ;   j = 1 , 2 , ⋅ ⋅ ⋅ ,  N R  ;  



(5)







By solving Equation (5), the estimated values of the coefficients in Equation (1) can be calculated, and then the response surface function will be obtained.




3. Kinematics Analysis


3.1. Mechanism Description and Coordinate System


As shown in Figure 2, the improved Delta parallel mechanism without offsets consists of a moving platform, a base platform, and three identical branches connecting the two platforms. Each branch is connected by three revolute joints which are noncoplanar and a parallelogram mechanism. The improved Delta mechanism has three translational degrees of freedom.



The kinematic sketch of any branch of the mechanism is shown in Figure 3. The rotation angle    θ   i 1      (i = 1, 2, 3) of the three driving arms are the input motion.    A i   B i   C i     (i = 1, 2, 3) is any branch, and P is the centroid of the moving platform. The global coordinate system      ( X Y Z )   O    is located at the centroid O of the base platform, the x-axis points to     O A  1   , the  y -axis is perpendicular to the surface of the platform, and the negative direction of the  y -axis points to the moving platform. A local coordinate system is established for any equivalent linkage at each joint, as shown in Figure 3. The link parameters and the transformation matrices between adjacent coordinate systems are shown in Table 1.



The locations of the revolute joints on the base platform and the moving platform of the mechanism are arranged in an equilateral triangle, and the radii of the circumcircles are    r 1    and    r 2   , respectively. The length of each driving arm    A i   B i    is a, the length of each parallelogram mechanism    B i   C i    is c, and        α   i    is the included angle between     OA O  i    and x-axis of the global coordinate system. The input angle    θ   i 1     , the rotation angle    θ   i 2        of each follower    B i   C i   , and the swing angle    θ   i 3      of each follower are shown in Figure 3.




3.2. Inverse Kinematics


The homogeneous transform     0   T 5      of the coordinate system      ( x y z )   5    relative to the global coordinate system      ( X Y Z )   O    is as follows:


    0   T 5  =   ∏  i = 1   i = 5       i − 1    T i     



(6)






    0   T 5  =      1   0   0   x     0   1   0   y     0   0   1   z     0   0   0   1       



(7)




where: (x, y, z) are the coordinates of point P, the origin of the end-effector coordinate system      ( x y z )   5    in the global coordinate system.



Equations (6) and (7) can be modified to obtain Equation (8):


  R o t   ( y ,  α i  )   ( − 1 )       0   T 5  R o t   ( y , −  α i  )   ( − 1 )    










       θ  i 3   = arcsin ( −  t z  / c )     a cos  θ  i 1   +  b 0  cos  θ  i 2   =  k 0      a sin  θ  i 1   +  b 0  sin  θ  i 2   = −  t y        ( i = 1 ,   2 ,   3 )    



(8)




where:


    t  x  = cos  α i  x − sin  α i  x ,   t  y  = y ;  










    t  z  = cos  α i  z + sin  α i  x ;  










   b 0  = c cos  θ  i 3   ;  










   k 0  =  t x  −  r 1  +  r 2  ;  








     R o t ( y , α   i   )  − 1     is the inverse matrix of   R o t        y , α   i         , and the others follow the same rule.



According to Equation (8),     θ   i 1      a n d      θ     i 2      can be expressed as:


   θ  i 1    = 2 arctan      −  t  i 1   ±    t  i 1     2  − 4  t  i 2    t  i 0       2  t  i 2        



(9)






   θ  i 2    = 2 arctan      −  n  i 1   ±    n  i 1     2  − 4  n  i 2    n  i 0       2  n  i 2        



(10)




where:


   t  i 2   =  b 0 2  −  k 0 2  −  a 2  −  t y 2  − 2 a  k 0   










    t  i 1   = − 4 a  t y     t  i 0   =  b 0 2  −  k 0 2  −  a 2  −  t y 2  + 2 a  k 0    










    n  i 2   =  b 0 2  +  k 0 2  −  a 2  +  t y 2  + 2  b 0   k 0  ,    n  i 1   = 4  b 0   t y    










   n  i 0   =  b 0 2  +  k 0 2  −  a 2  +  t y 2  − 2  b 0   k 0   











The values of    θ   i 1      is determined by Equation (9) and the inverse kinematics is completed. Moreover,    θ   i 2      and        θ     i 3      are obtained from Equations (10) and (8). Typically, there are two sets of solutions corresponding to    θ   i 1      and    θ   i 2     . According to the rule of “continuous variation” of joint rotation angle, when the initial position and posture of the mechanism are given, the unique function expressions of    θ   i 1      and    θ   i 2      are easily determined from Equations (9) and (10).





4. Error Modeling


The error sources of the mechanism are as follows: (1) the deviation between the actual geometrical parameters and the original design values caused by manufacturing and installation; (2) clearance errors associated with revolute joints; (3) the driving error. At any time, there is the deviation   Δ  θ   i 1      between the actual rotation angle and the theoretical value from the actuator failing to drive the rotating arm    A i   B i      to the desired angle. The deviation   Δ  θ   i 1      is called the driving error. (i = 1, 2, 3)



By solving Equations (6) and (7), x, y and z can be expressed as:


      x = − c sin  θ  i 3   sin  α i  +  r 1  cos  α i  −  r 2  cos  α i        + a cos  θ  i 1   cos  α i  + c cos  θ  i 2   cos  θ  i 3   cos  α i      y = − a sin  θ  i 1   − c sin  θ  i 2   cos  θ  i 3       z = − c sin  θ  i 3   cos  α i  −  r 1  sin  α i  +  r 2  sin  α i        − a cos  θ  i 1   sin  α i  − c cos  θ  i 2   cos  θ  i 3   sin  α i        ( i = 1 ,   2 ,   3 )  



(11)







4.1. Geometric Parameters Errors


On each branch of the mechanism, the first-order Taylor approximation is utilized to calculate the position error of the end-effector at any time caused by the geometric parameters errors:


      Δ  x 0  =   ∑  i = 1  3   ( k  x  1 i   Δ  r  1 i   + k  x 2    i  Δ  r  2 i   + k  x 3    i  Δ  a i    + k  x  4 i   Δ  c i  + k  x 5    i  Δ  α i  )     Δ  y 0  =   ∑  i = 1  3   ( k  y 1    i  Δ  a i  + k  y  2 i   Δ  c i  )       Δ  z 0  =   ∑  i = 1  3   ( k  z  1 i   Δ  r 1    i  + k  z 2    i  Δ  r 2    i  + k  z 3    i  Δ  a i    + k  z  4 i   Δ  c i  + k  z  5 i   Δ  α i  )       ( i = 1 ,   2 ,   3 )  



(12)




where:   Δ  r   i 1     ,   Δ  r   i 2     ,   Δ  a i   ,   Δ  c i    are the corresponding geometric parameters errors on the branch i (i = 1, 2, 3);    Δ  α i    is the deviation between the actual locations and the theoretical values of the corresponding branches i (i = 1, 2, 3), and


  k  x  1 i   = cos  α i  , k  x  2 i   = − cos  α i  , k  x  3 i   = cos  α i  cos  θ  i 1   ;  










  k  x  4 i   = cos  α i  cos  θ  i 2   cos  θ  i 3   − sin  θ  i 3   sin  α i  ;  










  k  x  5 i   = −  r  i 1   sin  α i  +  r  i 2   sin  α i  −  a i  cos  θ  i 1   sin  α i  −  c i  cos  θ  i 2   cos  θ  i 3   sin  α i  −  c i  sin  θ  i 3   sin  α i  ;  










  k  y  1 i   = sin  θ  i 1   , k  y  1 i   = sin  θ  i 2   cos  θ  i 3   ;  










  k  z  1 i   = − sin  α i  , k  z  2 i   = sin  α i  , k  z  3 i   = − cos  θ  i 1   sin  α i  ;  










  k  z  4 i   = − sin  α i  cos  θ  i 2   cos  θ  i 3   − sin  θ  i 3   sin  α i  ;  










  k  z  5 i   = −  r  i 1   cos  α i  +  r  i 2   cos  α i  −  a i  cos  θ  i 1   cos  α i  −  c i  cos  θ  i 2   cos  θ  i 3   cos  α i  +  c i  sin  θ  i 3   sin  α i   












4.2. Clearance Errors of Revolute Joints


In this paper, only the clearance errors of the revolute joints between the base platform and the driving arms are considered. According to the “effective length theory” [34], the end-effector position errors caused by the radial clearance errors of revolute joints are obtained as:


      Δ  x R  =   ∑  i = 1  3   cos  θ  i 1   cos  α i  Δ  R  e i         Δ  y R  = −   ∑  i = 1  3   sin  θ  i 1   Δ  R  e i         Δ  z R  = −   ∑  i = 1  3   cos  θ  i 1   sin  α i  Δ  R  e i          



(13)




where:   Δ  R  e i     is the radial clearance errors of the revolving joints between the base platform and the driving arms on the branch i.




4.3. Driving Errors


From Equation (9), the three input angles    θ  11    ,    θ  21     and    θ  31     are the functions of coordinate value (x, y, z) of the origin P in the end-effector coordinate system      ( x y z )   5    at any time respectively. The functions    θ  11      = f   1   ( x , y , z )   ,        θ    21      = f   2   ( x , y , z )    and    θ  31      = f   3   ( x , y , z )   , are expanded using the first-order Taylor approximation at their designed values respectively:


  Δ  θ i    1  =   ∂  f i    ∂ x   Δ x +   ∂  f i    ∂ y   Δ y +   ∂  f i    ∂ z   Δ z   ( i = 1 ,   2 ,   3 )    



(14)







Therefore,


         Δ  θ  11         Δ  θ  21         Δ  θ  31         =       ∂  f i        ∂ q             Δ x       Δ y       Δ z           ( q = x , y , z )   



(15)




where:         ∂  f i        ∂ q       =         ∂  f 1    ∂ x         ∂  f 1    ∂ y         ∂  f 1    ∂ z           ∂  f 2    ∂ x         ∂  f 2    ∂ y         ∂  f 2    ∂ z           ∂  f 3    ∂ x         ∂  f 3    ∂ y         ∂  f 3    ∂ z         — Jacobian   Matrix   of   the   robot ;  



      [ Δ  θ  11   , Δ  θ  21   , Δ  θ  31   ]  T    are the error vector of three input angles;       Δ  x ,  Δ  y ,  Δ z    T    are the position error vector of the end-effector.



The two sides of Equation (15) are simultaneously left multiplied by the inverse of the Jacobian matrix           ∂  f i        ∂ q         − 1     of the robot:


        Δ x       Δ y       Δ z       =         ∂  f i        ∂ q         − 1         Δ  θ  11         Δ  θ  21         Δ  θ  31          



(16)







The position errors of the end-effector caused by the driving errors are:


   Δ  q D  =   ∑  i = 1  3   K  q i  Δ  θ  i 1       ( i = 1 , 2 , 3 ,   q = x , y , z )   



(17)




where:     K q  i    are the corresponding elements in the inverse matrix of Jacobian matrix.



Suppose that the total errors of the end-effector in the x, y, z directions are the linear addition of the three kinds of position errors caused by geometric parameters errors, clearance errors of revolute joints, and driving errors:


   Δ q = Δ  q O  + Δ  q R  + Δ  q D  =  ∑  K  q s  Δ s       ( q = x , y , z )     



(18)




where:     K q  s    is the error transfer coefficient of the corresponding original error Δs, whose numerical values are generally determined by the configurations of the mechanism as well as the nominal dimensions of the structural parameters such as a, c,    r 1      etc.





5. Kinematic Reliability Analysis


One goal of kinematic reliability analysis is to obtain the probability that the displacement, velocity and acceleration of the end-effector of any one mass-produced robot/mechanism according to a design blueprint fall into the allowable accuracy range during the design process. Based on kinematic reliability and its sensitivity analysis, this paper aims to find out the crucial indicator for evaluating the performance of mechanisms to improve the kinematic reliability of the robot.




	
Assume that the geometric parameters errors, the clearance errors of revolute joints, and the driving errors (at any time) are independent of each other and that each error has a normal distribution. From Equation (18), the position errors of the robot end-effector obey the normal distribution in the x, y, and z directions at any time. The mean and standard deviation are shown as Equations (19) and (20).


   μ s  =   ∑  i = 1  n   K  q  s i    μ  s i      



(19)






   σ s  =     ∑  i = 1  n   K  q  s i  2   σ  s i  2       



(20)




where:    μ  s i   ,  σ  s i     are the mean and standard deviation of each original input error respectively.








Referring to the definition of kinematic accuracy reliability as used in traditional mechanisms, the kinematic reliability of the parallel mechanism is defined as follows:


   R = P (  ε 1  < Δ q <  ε 2  )   = Φ (    ε 2  −  μ s     σ s    ) − Φ (    ε 1  −  μ s     σ s    )   



(21)




where: Φ(•) is the standard normal distribution function; and    ε 2     ,   ε   1    are upper and lower limits of the allowable limit errors.



The position error in the combined direction is


  f ( S ) =   Δ  x 2  + Δ  y 2  + Δ  z 2     



(22)







The mean and variance of the total position errors are approximated by the moment method from Equations (23) and (24), and the distribution of the total position errors can be determined by the Monte Carlo method [35,36].


  E  Δ  = f (  μ  s 1   ,  μ  s 2   , ⋅ ⋅ ⋅ ,  μ  s n   ) +  1 2   ∑     i = 1  n       ∂ 2  f ( s )   ∂  s i 2         s = u     ⋅  σ  s i  2   



(23)






  D ( Δ ) =     ∑  i = 1  n       ∂ f ( s )   ∂  s i         s = μ          2  ⋅  σ  s i  2   



(24)




where:    s i    is the independent random variable of each original input error.




	2.

	
It is assumed that the discrete distribution data (or the distribution law) of each original input error is known. According to the Monte Carlo method, assign a value for random variable in the error source. Then a sampled value of Δq or f(S) can be obtained from Equation (18) or Equation (22). The multiple sampled values then used to create a frequency histogram. Furthermore, parameter estimation and hypothesis testing of the distribution type of Δq or f(S) are now completed. As such, the kinematic reliability of the mechanism in the x, y, z directions or in the combined direction based on the distribution function can now be calculated.










6. Sensitivity Analysis of Kinematic Reliability


6.1. Formulate the Limit State Function of the Position Errors in the Combined Direction Based on Response Surface Method


According to Equation (18), the calculation of the output position errors of the mechanism in the x, y, z directions are based on the approximate solution of the linear addition of the slight errors. From Equations (12) and (14), the calculation of the output position errors of the mechanism are completed by using the first-order Taylor approximation at the theoretical value of the random variable of each input error when the dimensional errors and driving errors are taken into account. The above factors result in a lack of precision in the calculation. Moreover, the limit state function is unknown. Therefore, the explicit limit state function of the mechanism output position error is established by applying the response surface method, and the sensitivity of kinematic reliability to the randomness of each input error is analyzed based on this function.



According to the Box-Behnken sampling, when the number of variables is greater than 3, the required samples are obtained by the combination of two-level factorial design and incomplete block design [31]. Similarly, the permutations and combinations of 12 variables      x 1     ,   x   2  , ⋯    ,   x    12       are obtained as shown in Equation (25) by Box-Behnken sampling. Meanwhile, 192 edge midpoints and 12 center points are obtained shown in Appendix B.


           x 1       x 2       x 3       x 4       x 5       x 6       x 7       x 8       x 9       x 10       x 11       x 12                ± 1     ± 1     0     0     ± 1     0     ± 1     0     0     0     0     0       0     ± 1     ± 1     0     0     ± 1     0     ± 1     0     0     0     0       0     0     ± 1     ± 1     0     0     ± 1     0     ± 1     0     0     0       0     0     0     ± 1     ± 1     0     0     ± 1     0     ± 1     0     0       0     0     0     0     ± 1     ± 1     0     0     ± 1     0     ± 1     0       0     0     0     0     0     ± 1     ± 1     0     0     ± 1     0     ± 1       ± 1     0     0     0     0     0     ± 1     ± 1     0     0     ± 1     0       0     ± 1     0     0     0     0     0     ± 1     ± 1     0     0     ± 1       ± 1     0     ± 1     0     0     0     0     0     ± 1     ± 1     0     0       0     ± 1     0     ± 1     0     0     0     0     0     ± 1     ± 1     0       0     0     ± 1     0     ± 1     0     0     0     0     0     ± 1     ± 1       ± 1     0     0     ± 1     0     ± 1     0     0     0     0     0     ± 1       0     0     0     0     0     0     0     0     0     0     0     0          



(25)







According to the above sample points, the unknown coefficients of the response surface function are determined by the least square method in regression analysis, thus the response surface function is determined (Equation (1)) and used to replace the real response expression of the structural system in the following work.




6.2. Kinematic Reliability of the Mechanism in the Combined Direction


Assume that Y in Equation (1) is the output position error of the improved Delta parallel mechanism in the combined direction, and U is the maximum allowable limit of the error, so the limit state function is


  g ( x ) = U − Y = U −    C 0  +   ∑  i = 1    N R      C i     X i  +   ∑  i = 1    N R        ∑  j = 1    N R      C  i j    X i     X j     



(26)







The limit state function represents two states of the output position error of the mechanism in the combined direction:


        g ( x ) < 0    failure   state ;        g ( x ) > 0    safe   state ;         











In Equation (26), the random parameters are independent of each other, and the mean matrix and variance matrix are    μ =     μ 1     ,   μ   2  , ⋯    ,   μ    N R          and   D = ( D   1     ,   D   2  , ⋯    ,   D    N R   )  , respectively,



so:


  E    X i 2    =  E 2     X i    + D    X i    =  μ i 2  +  D i   



(27)






  E (  X i   X j  ) = E (  X i  ) E (  X j  ) =  μ i   μ j   



(28)






  D (  X i 2  ) = 4  μ i 2   D i  + 2  D i   



(29)






  D (  X i   X j  ) =  μ i 2   D j  +  μ j 2   D i  +  D i   D j   



(30)







Therefore,


  E   g ( x )   =  μ g  (  μ 1  ,  μ 2  , ⋅ ⋅ ⋅ ,  μ  N R   ,  D 1  ,  D 2  , ⋅ ⋅ ⋅ ,  D  N R   )  



(31)






  D   g ( x )   =  D g  (  μ 1  ,  μ 2  , ⋅ ⋅ ⋅ ,  μ  N R   ,  D 1  ,  D 2  , ⋅ ⋅ ⋅ ,  D  N R   )  



(32)







The reliability index is defined as


  β =    μ g       D g       



(33)







If the    g ( x )    obeys the normal distribution, the reliability can be expressed as


  R = Φ ( β )  



(34)




Note that the Monte Carlo method can be used to calculate reliability if    g ( x )    has an arbitrary distribution [37].




6.3. Reliability Sensitivity Analysis


The sensitivity of the kinematic reliability of the mechanism in the combined direction to the mean matrix μ and variance matrix D of each input error random variable are


    ∂ R   ∂  μ T    =   ∂ R   ∂ β       ∂ β   ∂  μ g      ∂  μ g    ∂  μ T    +   ∂ β   ∂  D g      ∂  D g    ∂  μ T       



(35)






    ∂ R   ∂  D T    =   ∂ R   ∂ β       ∂ β   ∂  μ g      ∂  μ g    ∂  D T    +   ∂ β   ∂  D g      ∂  D g    ∂  D T       



(36)




where:


         ∂ R   ∂ β   = φ ( β ) ;     ∂ β   ∂  μ g    =   1      D g              ∂ β   ∂  D g    = −    μ g   2   D g  −   3 2            ∂  μ g    ∂  μ T    =      ∂  μ g    ∂  μ 1    ,     ∂  μ g    ∂  μ 2    , ⋯ ,     ∂  μ g    ∂  μ  N R       T        ∂  μ g    ∂  D T    =      ∂  μ g    ∂  D 1    ,     ∂  μ g    ∂  D 2    , ⋯ ,     ∂  μ g    ∂  D  N R       T        ∂  D g    ∂  μ T    =      ∂  D g    ∂  μ 1    ,     ∂  D g    ∂  μ 2    , ⋯ ,     ∂  D g    ∂  μ  N R       T        ∂  D g    ∂  D T    =      ∂  D g    ∂  D 1    ,     ∂  D g    ∂  D 2    , ⋯ ,     ∂  D g    ∂  D  N R       T       



(37)







Recall that: in this paper, the response surface function as shown in Equation (1) is used to approximate the real response of the system. Although the response surface function includes the information of the first, second and cross terms described in Equation (1) of the input variables, sensitivity analysis uses the linear realization of input variables essentially to dilute the effects of nonlinearity and coupling errors caused by parallel mechanisms. Therefore, sensitivity analysis on reliability in this paper is mainly based on the above assumptions for theoretical research.





7. Numerical Examples


The structural parameters of an improved Delta parallel mechanism are    r   i 1       = 200   mm ,   r     i 2       = 200   mm ,   a   i     = 200   mm ,   c   i     = 400   mm ,   α     1         = 0 ° ,   α   2     = 120 ° ,   α     3       = 240 °     (i = 1, 2, 3). The initial posture is:    θ   i 1     = 40     . 54 ° ,   θ     i 2     = 112     . 33 ° ,   θ     i 3     = 0 °     (i = 1, 2, 3). The trajectory of point P is:    x =  −  30 sin     120 ° t    ,    y    = − 500 −  20 t  ,    z =  −  30 cos     120 ° t     + 30   , and the time is 3 s. Assuming that all the original errors are independent of each other and have a normal distribution with mean and standard deviations shown in Table 2.



Figure 4 shows the change of the rotation angles of the three driving arms during the movement. When    ε 1   =  − 0  . 1    and    ε 2   = 0   . 1   , the results of the kinematic reliability in the x, y and z directions are as shown in Figure 5. The kinematic reliability of the mechanism in the y-direction is observed to be larger than that in the x and z directions corresponding to the given coordinate system and motion trajectory.



For the 12 random variables in Table 2, each random variable takes three level values, and 193 samples are obtained based on the same central point applying Box-Behnken sampling as shown in Appendix B (the same central point data are calculated as one). Meanwhile, according to each group of samples, the 193 corresponding output position errors of the mechanism at t = 0.5 s are calculated using a virtual prototype simulation and are listed in the last column of Appendix B.



According to the data in Appendix B and Equations (4) and (5), the response surface function Y of the output position error of the improved Delta parallel mechanism in the combined direction is obtained. Assuming that the maximum allowable limit of the mechanism is U = 1 mm, the limit state function g(x) is derived according to Equation (26).


  g ( x ) = U − Y .  



(38)







The limit state function g(x) is shown in Appendix Equation (A1). As shown in Figure 6, the frequency histogram of g(x) is obtained using the Monte Carlo method based on Equation (38). The g(x) distribution diagram is shown in Figure 7. The distribution is noted as linear indicating that g(x) has a normal distribution.



In addition, the data    μ g      and        σ   g    are obtained through the Monte Carlo method based on Equation (38).


   μ g  = 128.6927      σ   g  = 40.0166  











Then we can calculate the reliability index β and reliability R from Equations (33) and (34).


  β = 3.216 ,    R  = 0.9994  











From Equations (27), (28) and (31), the mean    μ g    of the limit state function is obtained, with its expression shown in Appendix Equation (A2). From Equations (29), (30) and (32), the variance Dg is obtained, and the function expression is shown in Appendix Equation (A3).



According to Appendix Equation (A2) and Appendix Equation (A3), the values    μ g  = 128.0974   and the          σ   g  = 39.8660   are calculated, which are nearly equal to the data calculated by the Monte Carlo method. Based on the Equations (34)–(37), the calculation results of reliability sensitivity are determined:


       ∂ R   ∂  μ T    = (   ∂ R   ∂  μ 1        ∂ R   ∂  μ 2        ∂ R   ∂  μ 3        ∂ R   ∂  μ 4        ∂ R   ∂  μ 5        ∂ R   ∂  μ 6        ∂ R   ∂  μ 7        ∂ R   ∂  μ 8        ∂ R   ∂  μ 9        ∂ R   ∂  μ  10         ∂ R   ∂  μ  11         ∂ R   ∂  μ  12       )     = ( 0.4114   − 0.1889   − 1.4998   0.7636   1.6337 − 0.6363   0.0015   0.1467       − 0.1288   − 0.0492   0.01084   0.0796 )       ∂ R   ∂  D T    = (   ∂ R   ∂  D 1        ∂ R   ∂  D 2        ∂ R   ∂  D 3        ∂ R   ∂  D 4        ∂ R   ∂  D 5        ∂ R   ∂  D 6        ∂ R   ∂  D 7        ∂ R   ∂  D 8        ∂ R   ∂  D 9        ∂ R   ∂  D  10         ∂ R   ∂  D  11         ∂ R   ∂  D  12       )     = ( − 6.0553   − 6.9927   − 4.5702   − 58.7828   − 107.8470   − 21.2619   − 12.0916       − 2.3411   − 24.7880   − 0.0350   − 0.01708   − 0.04111 )     











It can be obtained from the sensitivity matrix   ∂ R / ∂  μ T    of kinematic reliability to the mean of the random parameter vector:




	1.

	
Increasing the means of   Δ  r  22    ,    Δ  r  32    ,    Δ  a 3   ,    Δ  φ 3      and   Δ  θ  11     will decrease the kinematic reliability of the mechanism, while the increase of the mean of the other errors will increase the kinematic reliability. The reliability of the improved Delta parallel mechanism with respect to the mean of the input errors is more sensitive to the changes in μΔa2, μΔr32, and μΔa1 than to the changes in μΔa3, with the mean sensitivities of the other errors being smaller. The mean sensitivity of the length error of the second driving arm     ∂ R / ∂  μ  Δ  a 2           = 1.6337     is the largest, meaning the reliability could be improved to some extent by controlling the mean of Δa2.




	2.

	
The increase of the mean of the input errors does not wholly decrease the kinematic reliability of the mechanism, which indicates that the output position errors of the end-effector of the improved Delta parallel mechanism are caused by the coupling errors of each branch, and even the influences of the same kind of errors on kinematic reliability are also different because of the arrangements of the three branches.









It can be obtained from the variance sensitivity matrix   ∂ R / ∂  D T    of kinematic reliability to the variances of the random parameter vector:




	1.

	
The increase in the variances of all the random parameters will decrease the kinematic reliability of the parallel mechanism. Therefore, in order to increase kinematic reliability of the improved Delta parallel mechanism, some effective measures could be taken to minimize the variances of the input errors of all the design variables at a reasonable cost controlled during processing and manufacturing.




	2.

	
We can also learn that the variance reliability of kinematic accuracy of the improved Delta parallel mechanism is more sensitive to Δa2, Δa1, Δφ3 and Δa3 and followed by Δφ1, Δr22, Δr12, Δr32 and Δφ2. The variance sensitivity of the length errors of the second driving arm     ∂ R / ∂  D  Δ  a 2           = 107.847   is the largest, and the average of variance sensitivity of Δai (i = 1, 2, 3) is equal to 62.6326 which is much larger than any other variance sensitivity. The increase in variances of driving arms have the most serious influence on the kinematic reliability. Therefore, the discreteness of length errors of the driving arms should be strictly controlled during machining and assembling to obtain desired kinematic reliability of the improved Delta parallel mechanism.










8. Conclusions


Kinematic reliability is an important index to evaluate repetitive positioning accuracy of mechanisms. Considering the randomness of input errors, kinematic reliability essentially reflects the performance of the mechanisms. This paper defines an index to evaluate the kinematic reliability of the improved Delta parallel mechanism and gives the corresponding calculation procedure. This provides a theoretical basis on kinematic reliability estimation of other parallel mechanisms.



The response surface method is used to calculate the kinematic reliability of the improved Delta parallel mechanism in the combined direction, R = 0.9994. Reliability sensitivity analysis indicates that:




	1.

	
The kinematic reliability of the improved Delta parallel mechanism has the strongest sensitivity to the mean of     Δ  a 2   , followed by   Δ  r  32    ,    Δ  a 1      and   Δ  a 3   ; while the mean sensitivities of other errors are comparatively small.




	2.

	
The mean increase in each input error component does not wholly decrease the reliability of the mechanism, which indicates that the output positioning errors of the end-effector of the parallel mechanisms are caused by the coupling errors of each parallel branch. The increase in the variance of all the random variables reduces the kinematic reliability.




	3.

	
Among all the input errors, the variance sensitivity to the length errors of the driving arms are the largest, which indicates that the increase in variance mostly decreases kinematic reliability of the improved Delta mechanism.
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Appendix A




         g ( x ) = U − Y          = 1 − ( − 120.635 + 5.0391  x 1  − 2.3359  x 2  − 4.7596  x 3  + 9.1189  x 4  + 7.7383  x 5  − 2.5793  x 6           + 1.6013  x 7  + 0.8492  x 8  + 2.3004  x 9  + 0.0026  x 10  + 0.2008  x 11  + 0.4012    x 1   2  − 131.07  x 1   x 2           + 125.99  x 1   x 3  − 46.925  x 1   x 4  + 328.65  x 1   x 5  − 364.72  x 1   x 6  + 46.681  x 1   x 7  − 265.96  x 1   x 8           − 2.6479  x 1   x 9  + 16.9  x 1     x 1   0  − 23.651  x 1     x 1   2  + 69.255  x 2   x 3  − 175.13  x 2   x 4  − 306.43  x 2   x 5           − 143.65  x 2   x 6  − 28.165  x 2   x 7  + 178.06  x 2   x 8  + 30.934  x 2   x 9  − 17.552  x 2   x 10  − 9.3805  x 2   x 11           − 4.3739  x 2   x 12  + 433.69  x 3   x 4  + 149.99  x 3   x 5  + 419.01  x 3   x 6  + 249.47  x 3   x 7  + 90.045  x 3   x 4           + 37.95  x 3   x 9  + 11.296  x 3   x 10  − 0.2883  x 3   x 11  − 13.307  x 3   x 12  − 82.388  x 4   x 5  − 156.17  x 4   x 6           − 424.61  x 4   x 7  − 59.976  x 4   x 8  − 57.136  x 4   x 9  + 23.491  x 4   x 10  + 14.654  x 4   x 11  − 11.348  x 4   x 12           + 105.4  x 5   x 6  − 314.46  x 5   x 7  − 298.98  x 5   x 8  − 343.62  x 5   x 9  + 2.2104  x 5   x 10  − 8.6014  x 5   x 11           − 11.089  x 5   x 12  − 179.12  x 6   x 7  + 38.607  x 6   x 8  + 331.93  x 6   x 9  + 10.428  x 6   x 10  − 1.1493  x 6   x 11           − 4.9602  x 6   x 12  − 12.917  x 7   x 8  − 282.87  x 7   x 9  + 5.7077  x 7   x 10  + 5.445  x 7   x 12  − 105.53  x 8   x 9           + 5.3058  x 8   x 10  − 12.858  x 8   x 12  − 1.7929  x 9   x 10  − 4.8787  x 9   x 11  − 14.826  x 9   x 12  + 1.3803  x 9   x 11           − 0.4147  x 9   x 12  + 1.3803  x 10   x 11  − 0.4147  x 10   x 12  − 1.6479  x 11   x 12  − 41.646  x  1  2  + 43.724  x  2  2           − 18.093  x  3  2  + 154.35  x  4  2  + 214.72  x  5  2  + 78.8  x  6  2  + 54.526  x  7  2  − 18.329  x  8  2  + 95.311  x  9  2           + 0.7195  x  10  2  − 0.8449  x  11  2  + 0.8303  x  12  2   )       



(A1)






          μ g  = 1 + 120.635 − 5.0391  μ 1  + 2.335  μ 2  + 4.7596  μ 3  − 9.1189  μ 4  − 7.7383  μ 5  + 2.5793  μ 6           − 1.6013  μ 7  − 0.8942  μ 8  − 2.3004  μ 9  − 0.0026  μ 10  − 0.2008  μ 11  − 0.4012  μ 12  + 131.07  μ 1   μ 2           − 125.99  μ 1   μ 3  + 46.925  μ 1   μ 4  − 46.681  μ 1   μ 7  + 265.96  μ 1   μ 8  + 2.6479  μ 1   μ 9  − 16.9  μ 1   μ 10           + 23.651  μ 1   μ 12  − 69.255  μ 2   μ 3  + 175.13  μ 2   μ 4  + 306.43  μ 2   μ 5  + 143.65  μ 2   μ 6  + 28.165  μ 2   μ 7           − 178.06  μ 2   μ 8  − 30.934  μ 2   μ 9  + 17.552  μ 2   μ 10  + 9.3805  μ 2   μ 11  + 4.3739  μ 2   μ 12  − 433.69  μ 3   μ 4           − 149.99  μ 3   μ 5  − 419.01  μ 3   μ 6  − 249.47  μ 3   μ 7  − 92.045  μ 3   μ 8  − 37.95  μ 3   μ 9  − 11.296  μ 3   μ 10           + 0.2883  μ 3   μ 11  + 13.307  μ 3   μ 12  + 82.388  μ 4   μ 5  + 156.17  μ 4   μ 6  + 424.61  μ 4   μ 7  + 59.976  μ 4   μ 8           + 57.136  μ 4   μ 9  − 23.491  μ 4   μ 10  − 14.654  μ 4   μ 11  + 11.348  μ 4   μ 12  − 105.4  μ 5   μ 6  + 314.46  μ 5   μ 7           + 298.98  μ 5   μ 8  + 343.62  μ 5   μ 9  − 2.2104  μ 5   μ 10  + 8.6014  μ 5   μ 11  + 11.089  μ 5   μ 12  + 179.12  μ 6   μ 7           − 38.607  μ 6   μ 8  − 331.93  μ 6   μ 9  − 10.428  μ 6   μ 10  + 1.1493  μ 6   μ 11  + 4.9602  μ 6   μ 12  + 12.917  μ 7   μ 8           + 282.87  μ 7   μ 9  − 5.7077  μ 7   μ 10  − 5.4445  μ 7   μ 12  + 105.53  μ 8   μ 9  − 5.3058  μ 8   μ 10  + 12.858  μ 8   μ 12           + 1.7929  μ 9   μ 10  + 4.8787  μ 9   μ 11  + 14.826  μ 9   μ 12  − 1.3803  μ 10   μ 11  + 0.4147  μ 10   μ 12  + 1.6479  μ 11   μ 12           41.646  (  μ  1  2  +  D 1  )  − 43.724  (  μ  2  2  +  D 2  )  + 18.093  (  μ  3  2  +  D 3  )  − 154.35  (  μ  4  2  +  D 4  )  − 214.72  (  μ  5  2  +  D 5  )           − 78.8  (  μ  6  2  +  D 6  )  − 54.526  (  μ  7  2  +  D 7  )  + 18.329  (  μ  8  2  +  D 8  )  − 95.311  (  μ  9  2  +  D 9  )  − 0.7195  (  μ  10  2  +  D 10  )           + 0.8449  (  μ  11  2  +  D 11  )  − 0.8303  (  μ  12  2  +  D 12  )       



(A2)






          D g  =   5.0391  2   D 1  +   2.3359  2   D 2  +   4.7596  2   D 3  +   9.1189  2   D 4  +   7.7383  2   D 5  +   2.5793  2   D 6           +   1.6013  2   D 7  +   0.8942  2   D 8  +   2.3004  2   D 9  +   0.0026  2   D 10  +   0.2008  2   D 11  +   0.4012  2   D 12           +   131.07  2   (  μ  1  2   D 2  +  μ  2  2   D 1  +  D 1   D 2  )  +   125.99  2   (  μ  1  2   D 3  +  μ  3  2   D 1  +  D 1   D 3  )           +   46.925  2   (  μ  1  2   D 4  +  μ  4  2   D 1  +  D 1   D 4  )  +   328.65  2   (  μ  1  2   D 5  +  μ  5  2   D 1  +  D 1   D 5  )           +   364.72  2   (  μ  1  2   D 6  +  μ  6  2   D 1  +  D 1   D 6  )  +   46.681  2   (  μ  1  2   D 7  +  μ  7  2   D 1  +  D 1   D 7  )           +   265.96  2   (  μ  1  2   D 8  +  μ  8  2   D 1  +  D 1   D 8  )  +   2.6479  2   (  μ  1  2   D 9  +  μ  9  2   D 1  +  D 1   D 9  )           +   16.9  2   (  μ  1  2   D 10  +  μ  10  2   D 1  +  D 1   D 10  )  +   23.651  2   (  μ  1  2   D 12  +  μ  12  2   D 1  +  D 1   D 12  )           +   69.255  2   (  μ  2  2   D 3  +  μ  3  2   D 2  +  D 2   D 3  )  +   175.13  2   (  μ  2  2   D 7  +  μ  4  2   D 2  +  D 2   D 4  )           +   306.43  2   (  μ  2  2   D 5  +  μ  5  2   D 2  +  D 2   D 5  )  +   143.65  2   (  μ  2  2   D 6  +  μ  6  2   D 2  +  D 2   D 6  )           +   28.165  2   (  μ  2  2   D 7  +  μ  7  2   D 2  +  D 2   D 7  )  +   178.06  2   (  μ  2  2   D 8  +  μ  8  2   D 2  +  D 2   D 8  )           +   30.934  2   (  μ  2  2   D 9  +  μ  9  2   D 2  +  D 2   D 9  )  +   17.552  2   (  μ  2  2   D 10  +  μ  10  2   D 2  +  D 2   D 10  )           +   9.3805  2   (  μ  2  2   D 11  +  μ  11  2   D 2  +  D 2   D 11  )  +   4.3739  2   (  μ  2  2   D 12  +  μ  12  2   D 2  +  D 2   D 12  )           +   433.69  2   (  μ  3  2   D 4  +  μ  4  2   D 3  +  D 3   D 4  )  +   149.99  2   (  μ  3  2   D 5  +  μ  5  2   D 3  +  D 3   D 5  )           +   419.01  2   (  μ  3  2   D 6  +  μ  4  2   D 6  +  D 3   D 6  )  +   249.47  2   (  μ  3  2   D 7  +  μ  7  2   D 3  +  D 3   D 7  )           +   92.045  2   (  μ  3  2   D 8  +  μ  8  2   D 3  +  D 3   D 8  )  +   37.95  2   (  μ  3  2   D 9  +  μ  9  2   D 3  +  D 3   D 9  )           +   11.296  2   (  μ  3  2   D 10  +  μ  10  2   D 3  +  D 3   D 10  )  +   0.2883  2   (  μ  3  2   D 11  +  μ  11  2   D 3  +  D 3   D 11  )           +   13.307  2   (  μ  3  2   D 12  +  μ  12  2   D 3  +  D 3   D 12  )  +   82.388  2   (  μ  4  2   D 5  +  μ  5  2   D 4  +  D 4   D 5  )           +   156.17  2   (  μ  4  2   D 6  +  μ  6  2   D 4  +  D 4   D 6  )  + +   424.61  2   (  μ  4  2   D 7  +  μ  7  2   D 4  +  D 4   D 7  )           +   59.976  2   (  μ  4  2   D 8  +  μ  8  2   D 4  +  D 4   D 8  )  +   57.136  2   (  μ  4  2   D 9  +  μ  9  2   D 4  +  D 4   D 9  )           +   23.491  2   (  μ  4  2   D 10  +  μ  10  2   D 4  +  D 4   D 10  )  +   14.654  2   (  μ  4  2   D 11  +  μ  11  2   D 4  +  D 4   D 11  )           +   11.348  2   (  μ  4  2   D 12  +  μ  12  2   D 4  +  D 4   D 12  )  +   105.4  2   (  μ  5  2   D 6  +  μ  6  2   D 5  +  D 5   D 6  )           +   314.46  2   (  μ  5  2   D 7  +  μ  7  2   D 5  +  D 5   D 7  )  +   298.98  2   (  μ  5  2   D 8  +  μ  8  2   D 5  +  D 5   D 8  )           +   343.62  2   (  μ  5  2   D 9  +  μ  9  2   D 5  +  D 5   D 9  )  +   2.2104  2   (  μ  5  2   D 10  +  μ  10  2   D 5  +  D 5   D 10  )           +   8.6014  2   (  μ  5  2   D 11  +  μ  11  2   D 5  +  D 5   D 11  )  +   11.089  2   (  μ  5  2   D 12  +  μ  12  2   D 5  +  D 5   D 12  )           +   179.12  2   (  μ  6  2   D 7  +  μ  7  2   D 6  +  D 6   D 7  )  +   38.607  2   (  μ  6  2   D 8  +  μ  8  2   D 6  +  D 6   D 8  )           +   331.93  2   (  μ  6  2   D 9  +  μ  9  2   D 6  +  D 6   D 9  )  +   10.428  2   (  μ  6  2   D 10  +  μ  10  2   D 6  +  D 6   D 10  )           +   1.1493  2   (  μ  6  2   D 11  +  μ  11  2   D 6  +  D 6   D 11  )  +   4.9602  2   (  μ  6  2   D 12  +  μ  12  2   D 6  +  D 6   D 12  )           +   12.917  2   (  μ  7  2   D 8  +  μ  8  2   D 7  +  D 7   D 8  )  +   282.87  2   (  μ  7  2   D 9  +  μ  9  2   D 7  +  D 7   D 9  )           +   5.7077  2   (  μ  7  2   D 10  +  μ  10  2   D 7  +  D 7   D 10  )  +   5.4445  2   (  μ  7  2   D 12  +  μ  12  2   D 7  +  D 7   D 12  )           +   105.53  2   (  μ  8  2   D 9  +  μ  9  2   D 8  +  D 8   D 9  )  +   5.3058  2   (  μ  8  2   D 10  +  μ  10  2   D 8  +  D 8   D 10  )           +   12.858  2   (  μ  8  2   D 12  +  μ  12  2   D 8  +  D 8   D 12  )  +   1.7929  2   (  μ  9  2   D 10  +  μ  10  2   D 9  +  D 9   D 10  )           +   4.8787  2   (  μ  9  2   D 11  +  μ  11  2   D 9  +  D 9   D 11  )  +   14.826  2   (  μ  9  2   D 12  +  μ  12  2   D 9  +  D 9   D 12  )           +   1.3803  2   (  μ  10  2   D 11  +  μ  11  2   D 10  +  D 10   D 11  )  +   0.4147  2   (  μ  10  2   D 12  +  μ  12  2   D 10  +  D 10   D 12  )           +   1.6479  2   (  μ  11  2   D 12  +  μ  12  2   D 11  +  D 11   D 12  )  +   41.646  2   ( 4  μ  1  2   D 1  + 2  D 1  )           +   43.724  2   ( 4  μ  2  2   D 2  + 2  D 2  )  +   18.093  2   ( 4  μ  3  2   D 3  + 2  D 3  )  +   154.35  2   ( 4  μ  4  2   D 4  + 2  D 4  )           +   214.72  2   ( 4  μ  5  2   D 5  + 2  D 5  )  +   78.8  2   ( 4  μ  6  2   D 6  + 2  D 6  )  +   54.526  2   ( 4  μ  7  2   D 7  + 2  D 7  )           +   18.329  2   ( 4  μ  8  2   D 8  + 2  D 8  )  +   95.311  2   ( 4  μ  9  2   D 9  + 2  D 9  )  +   0.7195  2   ( 4  μ  10  2   D 10  + 2  D 10  )           +   0.8449  2   ( 4  μ  11  2   D 11  + 2  D 11  )  +   0.8303  2   ( 4  μ  12  2   D 12  + 2  D 12  )       



(A3)
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	Sampling Point
	Level
	Δr12/mm
	Level
	Δr22/mm
	Level
	Δr32/mm
	Level
	Δα12/mm
	Level
	Δα22/mm
	Level
	Δα32/mm
	Level
	Δφ12/mm
	Level
	Δφ22/mm
	Level
	Δφ32/mm
	Level
	Δθ12/mm
	Level
	Δθ22/mm
	Level
	Δθ32/mm
	Type
	Response Value



	1
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P2
	0.06
	P2
	0.06
	P2
	0.06
	P2
	0.1
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	Central
	0.6490



	2
	P3
	0.0433
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8003



	3
	P3
	0.0433
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4538



	4
	P3
	0.0433
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4324



	5
	P3
	0.0433
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8253



	6
	P3
	0.0433
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.1332



	7
	P3
	0.0433
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.1734



	8
	P3
	0.0433
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3909



	9
	P3
	0.0433
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8314



	10
	P1
	−0.0033
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8304



	11
	P1
	−0.0033
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.0605



	12
	P1
	−0.0033
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3993



	13
	P1
	−0.0033
	P3
	0.0433
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5269



	14
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.0835



	15
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P3
	0.0756
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4168



	16
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4359



	17
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.02
	P2
	0.06
	P1
	0.0444
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4468



	18
	P2
	0.02
	P3
	0.0433
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3063



	19
	P2
	0.02
	P3
	0.0433
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5085



	20
	P2
	0.02
	P3
	0.0433
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5108



	21
	P2
	0.02
	P3
	0.0433
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8176



	22
	P2
	0.02
	P3
	0.0433
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.7948



	23
	P2
	0.02
	P3
	0.0433
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.6443



	24
	P2
	0.02
	P3
	0.0433
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3786



	25
	P2
	0.02
	P3
	0.0433
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8116



	26
	P2
	0.02
	P1
	−0.0033
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5328



	27
	P2
	0.02
	P1
	−0.0033
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3507



	28
	P2
	0.02
	P1
	−0.0033
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.9390



	29
	P2
	0.02
	P1
	−0.0033
	P3
	0.0433
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.8759



	30
	P2
	0.02
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5502



	31
	P2
	0.02
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.6569



	32
	P2
	0.02
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.6280



	33
	P2
	0.02
	P1
	−0.0033
	P1
	−0.0033
	P2
	0.06
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.2920



	34
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4317



	35
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.0155



	36
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.1672



	37
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.1062



	38
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3724



	39
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.1981



	40
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4897



	41
	P2
	0.02
	P2
	0.02
	P3
	0.0433
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3395



	42
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.9516



	43
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.9203



	44
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.0527



	45
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P3
	0.0756
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.6225



	46
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.5870



	47
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P3
	0.1233
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.2077



	48
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P3
	0.1233
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.3012



	49
	P2
	0.02
	P2
	0.02
	P1
	−0.0033
	P1
	0.0444
	P2
	0.06
	P2
	0.06
	P1
	0.0767
	P2
	0.1
	P1
	0.0767
	P2
	0.03
	P2
	0.03
	P2
	0.03
	
	0.4709



	50
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P3
	0.3026
	P2
	0.03
	P2
	0.03
	
	0.2305



	51
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P1
	−0.2426
	P2
	0.03
	P2
	0.03
	
	0.8443



	52
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P3
	0.3026
	P2
	0.03
	P2
	0.03
	
	0.1948



	53
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P1
	−0.2426
	P2
	0.03
	P2
	0.03
	
	0.2259



	54
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P1
	0.0444
	P2
	0.06
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P3
	0.3026
	P2
	0.03
	P2
	0.03
	
	0.1707



	55
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P1
	0.0444
	P2
	0.06
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P1
	−0.2426
	P2
	0.03
	P2
	0.03
	
	0.2277



	56
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P1
	0.0444
	P2
	0.06
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P3
	0.3026
	P2
	0.03
	P2
	0.03
	
	0.4357



	57
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P3
	0.0756
	P1
	0.0444
	P2
	0.06
	P2
	0.1
	P1
	0.0767
	P2
	0.1
	P1
	−0.2426
	P2
	0.03
	P2
	0.03
	
	0.3111



	58
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P3
	0.1233
	P2
	0.1
	P3
	0.3026
	P2
	0.03
	P2
	0.03
	
	0.9234



	59
	P2
	0.02
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P3
	0.0756
	P2
	0.06
	P2
	0.1
	P3
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	190
	P1
	−0.0033
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P3
	0.3026
	
	0.1499



	191
	P1
	−0.0033
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P2
	0.06
	P3
	0.0756
	P2
	0.1
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P1
	−0.2426
	
	0.6596



	192
	P1
	−0.0033
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P3
	0.3026
	
	0.5186



	193
	P1
	−0.0033
	P2
	0.02
	P2
	0.02
	P1
	0.0444
	P2
	0.06
	P1
	0.0444
	P2
	0.1
	P2
	0.1
	P2
	0.1
	P2
	0.03
	P2
	0.03
	P1
	−0.2426
	
	0.9730
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Figure 1. Box-Behnke samples of three variables. 






Figure 1. Box-Behnke samples of three variables.
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Figure 2. Kinematic sketch of the improved Delta mechanism. 






Figure 2. Kinematic sketch of the improved Delta mechanism.



[image: Applsci 11 09002 g002]







[image: Applsci 11 09002 g003 550] 





Figure 3. Kinematic sketch of each branch. 
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Figure 4. Change of the rotation angle    θ   i 1      of three driving arms. 
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Figure 5. Calculation results of kinematic reliability. 






Figure 5. Calculation results of kinematic reliability.
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Figure 6. Frequency distribution histogram of g(x). 
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Figure 7. Normal distribution test of g(x). 
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Table 1. Equivalent link parameters of improved Delta mechanism.






Table 1. Equivalent link parameters of improved Delta mechanism.





	Equivalent Link
	Local Coordinate
	    Variable    θ i     
	Transformation Matrix
	Variation Range





	1
	      ( xyz )   1    
	    θ   i 1      
	     0   T 1     = Rot ( y , α   i     ) Trans ( x , r   1   ) Rot ( z ,  −  θ   i 1    )   
	    20 ° – 160 °    



	2
	      ( xyz )   2    
	    θ   i 2      
	     1   T 2     = Trans ( x , a ) Rot ( z ,   θ     i 1     ) Rot ( z ,    −  θ   i 2    )   
	    20 ° – 160 °    



	3
	      ( xyz )   3    
	    θ   i 3      
	     2   T 3     = Rot ( y , θ     i 3    )   
	    ± 40 °    



	4
	      ( xyz )   4    
	-
	     3   T 4   = Trans ( x , c ) Rot ( y ,  −  θ   i 3       ) Rot ( z , θ     i 2    )   
	-



	5
	      ( xyz )   5    
	-
	     4   T 5   = Trans ( x ,  −  r 2   ) Rot ( y ,  −  α i  )     
	-







Note:       Trans ( x , r   1  )   represents the homogeneous transform matrix for translating    r 1    units vector along the x-axis of the local coordinate system;      Rot ( y , α   i  )   represents the homogeneous transformation matrix of rotating the    α i    angle about the y-axis of the local coordinate system; the others follow the same rule. Three identical branches correspond to i = 1, 2, and 3, respectively.
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Table 2. Mean and standard deviation of original input errors.






Table 2. Mean and standard deviation of original input errors.





	Original Input Errors (i = 1, 2, 3)
	Mean μ
	Standard Deviation σ





	Radius error of moving platform     Δ  r   i 2     /mm
	0.02
	0.01



	Length error of driving arm     Δ  a i   /mm
	0.06
	0.0067



	Clearance error of revolute pair     Δ  φ i   /mm
	0.10
	0.01



	Driving error at any time     Δ  θ   i 1     /rad
	0.03
	0.1173
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