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 In this paper, based on the concept of natural orthogonal complement, an algorithm is devised to 
analyze the inverse and forward dynamics and dynamic sensitivity of n-linkage planar serial robots. The 
first goal is to derive the governing dynamic equations of a planar serial robot systematically, more 
precisely, number of the linkages, mass, moment of inertia and the length of the linkages are the inputs 
of the algorithm and the output will be the dynamics equations of the robot. As a comparison study, a 
planar serial mechanism, namely dynamic modeling of 6R serial revolute manipulator is investigated 
and the results of the proposed algorithm are compared with other methods, i.e, Adams software and 
MatODE. In the next step, in order to develop a dynamic sensitivity analysis scheme, Sobol and EFAST 
methods are employed. By use of the dynamic equations of the robots, the sensitivity of the actuating 
torques to the design parameters such as mass and length of the linkages is analyzed. Dynamic 
sensitivity of three planar serial robots, namely 2R-PSM, 3R-PSM and 6R-PSM is studied in two 
different configurations such as singular and isotropic. Finally, the effects of various angular velocities 
on the sensitivity of actuated torques to the design parameters are investigated. The obtained results 
reveal that the tolerance of uncertainty in the design parameters of robot affects the actuating torques 
significantly and also the Sobol’s method predicts the sensitivity of the robot more precisely. 
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Fig. 1 3D Schematic representation of an nR-PSM 
1   nR-PSM 

Fig. 2 Design parameters and joint variables of an nR-PSM 
2 nR-PSM 
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1 6R-PSM 

Table 1 Design parameters and initial conditions of 6R-PSM 
  I (kg.m2) m (kg) l (m) 0 (º)  (º/s)  (N.m) 

1 10-3×2.54 0.484 0.25 0.0 0.0 2.000 
2 10-3×2.54 0.484 0.25 0.0 0.0 0.300 
3 10-3×1.31 0.387 0.20 0.0 0.0 0.100 
4 10-3×1.31 0.387 0.20 0.0 0.0 0.030 
5 10-4×5.61 0.290 0.15 0.0 0.0 0.030 
6 10-4×5.61 0.290 0.15 0.0 0.0 0.001 

  

 
Fig. 3 Total mechanical energy of the 6R-PSM over the simulation time 

3 6R-PSM   

2 
  6R-PSM 

Table 2 Mean, RMS and SD of error values in comparison of 
simulation results of 6R-PSM 

  )  RMS (deg) SD (deg) 

1 
1 6.25 × 10-6 9.98 × 10-6 7.79 × 10-6 
2 0.0082 0.0209 0.0193 

2 1 4.36 × 10-6 6.76 × 10-6 5.17 × 10-6 
2 0.0042 0.0374 0.0371 

3 1 1.70 × 10-4 2.58 × 10-4 1.95 × 10-4 
2 0.0054 0.0373 0.0369 

4 1 1.73 × 10-4 2.63 × 10-4 1.97 × 10-4 
2 0.0136 0.0529 0.0511 

5 1 4.39 × 10-5 6.65 × 10-5 4.99 × 10-5 
2 0.0047 0.0415 0.0413 

6 1 1.09 × 10-4 2.25 × 10-4 1.97 × 10-4 
2 0.0076 0.0805 0.0801 
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Fig.  4 Different configurations of the 2R-PSM and 3R-PSM robots 
for the dynamic sensitivity analysis 
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4  2R-PSM3R-PSM  6R-PSM )   
Table 4 Results of sensitivity analysis for 2R-PSM, 3R-PSM and 6R-PSM robots for the first tolerance (1mm and 1g) 
l1 (%) l2 (%) l3 (%) l4 (%) l5 (%) l6 (%) m1 (%) m2 (%) m3 (%) m4 (%) m5 (%) m6 (%)    

92.94 
(90.84) 

5.82 
(6.49) - - - - 1.13 

(1.13) 
0.09 

(1.53) - - - - 
 

  
1 

2R-
PRM 

87.66 
(82.93) 

9.22 
(9.62) - - - - 

1.03 
(1.05) 

2.08 
(6.40) - - - -  

              
0.09 

(0.47) 
98.04 

(91.95) - - - - 
0.1 

(0.43) 
1.77 

(7.14) - - - - 
 

   
2 0.09 

(0.40) 
98.06 

(92.15) - - - - 
0.1 

(0.43) 
1.75 

(7.01) - - - -  

               
89.90 

(85.16) 
8.56 

(11.26) 
0.05 

(0.71) - - - 0.36 
(0.88) 

0.78 
(1.12) 

0.32 
(0.87) - - - 

 
  1 

3R-
PRM 

69.14 
(62.76) 

20.1 
(22.74) 

1.53 
(3.40) - - - 0.28 

(0.91) 
2.71 

(3.35) 
6.27 

(6.84) - - -  

 
  

           
0.15 

(0.69) 
91.40 

(92.09) 
0.44 

(11.6) - - - 0.00 
(0.67) 

1.47 
(1.35) 

6.53 
(4.04) - - - 

 
  2 

0.00 
(0.66) 

83.00 
(81.41) 

6.68 
(9.34) - - - 0.00 

(0.69) 
1.36 

(1.36) 
8.93 

(6.54) - - -  

              
0.00 

(0.67) 
0.00 

(0.68) 
93.27 

(90.36) - - - 0.00 
(0.61) 

0.00 
(0.62) 

6.72 
(7.06) - - - 

 
  3 

13.79 
(17.15) 

41.40 
(54.68) 

42.51 
(35.36) - - - 0.00 

(0.64) 
0.00 

(0.66) 
2.25 

(1.52) - - -  

               
34.12 

(24.57) 
26.70 

(19.36) 
17.38 

(21.91) 
9.89 

(7.67) 
4.34 

(1.20) 
0.46 

(0.71) 
0.01 

(0.64) 
0.19 

(5.68) 
0.58 

(14.76) 
1.14 

(0.84) 
2.04 

(1.56) 
3.08 

(1.11) 

 

1 

6R-
PRM 

             
0.00 

(0.70) 
42.20 

(36.19) 
27.72 

(43.81) 
15.70 

(10.00) 
6.83 

(2.43) 
0.72 

(0.80) 
0.00 

(0.70) 
0.03 

(0.75) 
0.34 

(1.05) 
0.96 

(1.00) 
2.02 

(1.08) 
3.38 

(1.50) 2 

             
0.00 

(4.39) 
0.02 

(1.11) 
49.45 

(46.40) 
29.41 

(25.33) 
12.91 
(5.93) 

1.35 
(1.55) 

0.00 
(1.06) 

0.00 
(5.56) 

0.07 
(1.26) 

0.67 
(1.44) 

2.03 
(1.86) 

4.04 
(4.11) 3 

             
0.00 

(1.09) 
0.01 

(1.46) 
0.02 

(1.11) 
60.35 

(42.31) 
29.49 

(24.33) 
3.14 

(3.47) 
0.00 

(1.16) 
0.00 

(1.11) 
0.00 

(1.13) 
0.18 

 (1.25) 
1.78 

(2.51) 
5.01 

(19.10) 4 

             
0.00 

(1.11) 
0.01 

(1.14) 
0.01 

(1.21) 
0.03 

(1.10) 
83.73 

(62.94) 
9.70 

(18.13) 
0.00 

(1.19) 
0.00 

(1.15) 
0.00 

(1.11) 
0.00 

(1.13) 
0.64 

(3.13) 
5.84 

(7.65) 5 

             
0.00 

(1.11) 
0.01 

(1.14) 
0.01 

(1.17) 
0.03 

(1.13) 
0.05 

(1.13) 
93.57 

(81.73) 
0.00 

(1.13) 
0.00 

(1.20) 
0.00 

(1.13) 
0.00 

(1.15) 
0.00 

(1.13) 
6.33 

(6.83) 6 
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5  2R-PSM3R-PSM  6R-PSM )   
Table 5 Results of sensitivity analysis for 2R-PSM, 3R-PSM and 6R-PSM robots for the first tolerance (1mm and 1g) 
l1 (%) l2 (%) l3 (%) l4 (%) l5 (%) l6 (%) m1 (%) m2 (%) m3 (%) m4 (%) m5 (%) m6 (%)    

34.79 
(20.91) 

2.07 
(1.46) - - - - 39.95 

(24.98) 
23.19 

(52.65) - - - - 
 

  
1 

2R-
PRM 

22.46 
(9.10) 

2.23 
(1.20) - - - - 

24.85 
(10.86) 

50.47 
(78.84) - - - -  

              
0.01 

(0.46) 
38.48 

(12.29) - - - - 
0.00 

(0.46) 
61.51 

(86.79) - - - - 
 

   
2 0.00 

(0.46) 
38.87 

(12.45) - - - - 
0.00 

(0.46) 
61.13 

(86.64) - - - -  

               
36.28 

(37.12) 
3.44 

(2.34) 
0.02 

(0.56) - - - 15.04 
(17.16) 

31.75 
(31.44) 

13.47 
(11.39) - - - 

 
  1 

3R-
PRM 

7.22 
(6.80) 

1.97 
(1.62) 

0.15 
(0.65) - - - 2.80 

(2.91) 
26.60 

(38.06) 
61.27 

(49.96) - - -  

              
0.02 
(0.65 

10.73 
(10.82) 

0.05 
(0.68) - - - 0.00 

(0.64) 
16.46 

(16.07) 
72.75 

(71.15) - - - 
 

  2 
0.00 

(0.64) 
7.90 

(7.99) 
0.60 

(1.14) - - - 0.00 
(0.65) 

12.09 
(12.52) 

79.41 
(77.06) - - -  

              
4.36 
(4.25 

13.03 
(14.88) 

13.28 
(13.62) - - - 0.00 

(0.67) 
0.00 

(0.68) 
69.33 

(65.90) - - - 
 

  3 
0.00 

(0.62) 
0.00 

(0.62) 
12.75 

(12.40) - - - 0.00 
(0.61) 

0.00 
(0.62) 

87.24 
(85.12) - - -  

               
4.92 

(15.96) 
3.55 

(3.22) 
2.22 

(10.00) 
1.24 

(2.89) 
0.54 

(1.32) 
0.06 

(1.17) 
0.22 

(1.28) 
2.41 

(2.29) 
7.27 

(6.97) 
14.16 
(5.44) 

25.30 
(32.76) 

38.11 
(16.70) 

 

1 

6R-
PRM 

             
0.00 

(1.68) 
5.98 

(9.08) 
3.71 

(11.26) 
2.06 

(4.18) 
0.89 

(2.01) 
0.09 

(1.58) 
0.00 

(1.60) 
0.46 

(1.78) 
4.48 

(6.01) 
12.38 
(7.19) 

26.23 
(27.17) 

43.71 
(26.38) 2 

             
0.00 

(1.55) 
0.00 

(1.40) 
7.04 

(15.27) 
3.88 

(4.73) 
1.66 

(2.17) 
0.17 

(1.40) 
0.00 

(1.37) 
0.00 

(1.34) 
0.97 

(2.67) 
8.68 

(5.48) 
26.07 

(28.01) 
51.51 

(34.61) 3 

             
0.00 

(1.21) 
0.00 

(1.15) 
0.00 

(1.14) 
8.90 

(7.90) 
3.79 

(3.51) 
0.39 

(1.32) 
0.00 

(1.16) 
0.00 

(1.10) 
0.00 

(1.16) 
2.29 

(2.08) 
22.26 

(19.86) 
62.36 

(58.41) 4 

\ 
            

0.00 
(1.09) 

0.00 
(1.05) 

0.00 
(1.08) 

0.01 
(1.04) 

12.56 
(7.48) 

1.29 
(2.49) 

0.00 
(1.14) 

0.00 
(1.04) 

0.00 
(1.06) 

0.00 
(1.06) 

8.55 
(11.51) 

77.59 
(69.94) 5 
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Table 6 Classification of Sensitivities of different robots and 
configurations in Tables 4 and 5  

   M (%) L (%) 

2R-PSM 1  
2 

  [M]2×2 [L]2×2 

3R-PSM 
1  
2 
3 

  [M]3×3 [L]3×3 

6R-PSM 

1  
2 
3 
4 
5 
6 

  [M]6×6 [L]6×6 
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