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Appendix A 

In this appendix, the functions related to the kinematics of the TA-40 are 

given from the Denavis Hartenberg parameters. The angles of the joints are θ1, θ2, 

θ3, θ4,θ5 and θ6. The robot is shown in Figure A.1 

 

Figure A.1 – Coordinate systems of the TA-40. 

In this appendix the following abbreviations are used: 
c1 = cos(θ1); 
c2 = cos(θ2); 
c3 = cos(θ3); 
c4 = cos(θ4); 
c5 = cos(θ5); 
c6 = cos(θ6); 
s1 = sin(θ1); 
s2 = sin(θ2); 
s3 = sin(θ3); 
s4 = sin(θ4); 
s5 = sin(θ5); 
s6 = sin(θ6); 

 
a1=115; a2=753; a3=188; d4=747; d6=360; 

 

 End-Effector Position 

 
X = d6·(((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5 +(c1·c2·s3+c1·s2·c3)·c5) 
   +d4·(c1·c2·s3+c1·s2·c3)+a3·(c1·c2·c3-c1·s2·s3)+a2·c1·c2 +a1·c1 

 
Y = d6·(((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·s5 +(s1·c2·s3+s1·s2·c3)·c5) 
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   +(s1·c2·s3+s1·s2·c3)·d4+s1·c2·a3·c3-s1·s2·a3·s3 +s1·a2·c2+a1·s1 
 
Z = d6·((s2·c3+c2·s3)·c4·s5 +(s2·s3-c2·c3)·c5) 
   +d4·(s2·s3-c2·c3)+a3·(s2·c3+c2·s3)+a2·s2 

 

Jacobian matrix 

J(1,1) = (((-s1·c2·c3+s1·s2·s3)·c4+c1·s4)·s5-(s1·c2·s3+s1·s2·c3)·c5)·d6 
+(-s1·c2·s3-s1·s2·c3)·d4-s1·c2·a3·c3+s1·s2·a3·s3-s1·a2·c2-a1·s1; 

J(1,2) = ((-c1·c2·s3-c1·s2·c3)·c4·s5-(c1·s2·s3-c1·c2·c3)·c5)·d6 
+(c1·c2·c3-c1·s2·s3)·d4-c1·s2·a3·c3-c1·c2·a3·s3-c1·a2·s2; 

J(1,3) = ((-c1·c2·s3-c1·s2·c3)·c4·s5-(c1·s2·s3-c1·c2·c3)·c5)·d6 
+(c1·c2·c3-c1·s2·s3)·d4-c1·c2·a3·s3-c1·s2·a3·c3; 

J(1,4) = (-(c1·c2·c3-c1·s2·s3)·s4+s1·c4)·s5·d6; 
J(1,5) = (((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·c5+(-c1·c2·s3-c1·s2·c3)·s5)·d6; 
J(1,6) = 0; 
  
J(2,1) = (((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5-(-c1·c2·s3-c1·s2·c3)·c5)·d6 

+(c1·c2·s3+c1·s2·c3)·d4+c1·c2·a3·c3-c1·s2·a3·s3+c1·a2·c2+a1·c1; 
J(2,2) = ((-s1·c2·s3-s1·s2·c3)·c4·s5-(-s1·c2·c3+s1·s2·s3)·c5)·d6 

+(s1·c2·c3-s1·s2·s3)·d4-s1·s2·a3·c3-s1·c2·a3·s3-s1·a2·s2; 
J(2,3) = ((-s1·c2·s3-s1·s2·c3)·c4·s5-(-s1·c2·c3+s1·s2·s3)·c5)·d6 

+(s1·c2·c3-s1·s2·s3)·d4-s1·c2·a3·s3-s1·s2·a3·c3; 
J(2,4) = (-(s1·c2·c3-s1·s2·s3)·s4-c1·c4)·s5·d6; 
J(2,5) = (((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·c5+(-s1·c2·s3-s1·s2·c3)·s5)·d6; 
J(2,6) = 0; 
  
J(3,1) = 0; 
J(3,2) = ((-s2·s3+c2·c3)·c4·s5-(-c2·s3-s2·c3)·c5)·d6 

+(s2·c3+c2·s3)·d4+c2·a3·c3-s2·a3·s3+a2·c2; 
J(3,3) = ((-s2·s3+c2·c3)·c4·s5-(-c2·s3-s2·c3)·c5)·d6 

+(s2·c3+c2·s3)·d4-s2·a3·s3+c2·a3·c3; 
J(3,4) = -(s2·c3+c2·s3)·s4·s5·d6; 
J(3,5) = ((s2·c3+c2·s3)·c4·c5+(-s2·s3+c2·c3)·s5)·d6; 
J(3,6) = 0; 
 

 

Identification Jacobian Matrix 

This matrix has three lines and forty two columns. 
J(1,1) = 1; 
J(2.1) = 0; 
J(3.1) = 0; 
  
J(1.2) = 0; 
J(2.2) = 1; 
J(3.2) = 0; 
  
J(1.3) = 0; 
J(2.3) = 0; 
J(3.3) = 1; 
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J(1.4) = s2·a3·c3+a2·s2+c2·a3·s3+(s2·s3-c2·c3)·d4  
+((s2·c3+c2·s3)·c4·s5-(-s2·s3+c2·c3)·c5)·d6; 

J(2.4) = 0; 
J(3.4) = c1·s2·a3·s3-a1·c1-c1·a2·c2-c1·c2·a3·c3+(-c1·c2·s3-c1·s2·c3)·d4 

  +(((-c1·c2·c3+c1·s2·s3)·c4-s1·s4)·s5-(c1·c2·s3+c1·s2·c3)·c5)·d6; 
  
J(1.5) = -s1·c2·a3·c3+s1·s2·a3·s3-a1·s1-s1·a2·c2+(-s1·c2·s3-s1·s2·c3)·d4 

+(((-s1·c2·c3+s1·s2·s3)·c4+c1·s4)·s5-(s1·c2·s3+s1·s2·c3)·c5)·d6; 
J(2.5) = c1·c2·a3·c3-c1·s2·a3·s3+a1·c1+c1·a2·c2 +(c1·c2·s3+c1·s2·c3)·d4 

+(((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5+(c1·c2·s3+c1·s2·c3)·c5)·d6; 
J(3.5) = 0; 
  
J(1.6) = 0; 
J(2.6) = -a2·s2-s2·a3·c3-c2·a3·s3+(-s2·s3+c2·c3)·d4 

 +((-s2·c3-c2·s3)·c4·s5-(s2·s3-c2·c3)·c5)·d6; 
J(3.6) = a1·s1-s1·s2·a3·s3+s1·a2·c2+s1·c2·a3·c3 +(s1·c2·s3+s1·s2·c3)·d4 

+(((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·s5+(s1·c2·s3+s1·s2·c3)·c5)·d6; 
  
J(1.7) = c1; 
J(2.7) = s1; 
J(3.7) = 0; 
  
J(1.8) = 0; 
J(2.8) = 0; 
J(3.8) = 1; 
  
J(1.9) = s1; 
J(2.9) = -c1; 
J(3.9) = 0; 
  
J(1.10) = -s1·c2·a3·c3+s1·s2·a3·s3-s1·a2·c2-(s1·c2·s3+s1·s2·c3)·d4 

  +(((-s1·c2·c3+s1·s2·s3)·c4+c1·s4)·s5-(s1·c2·s3+s1·s2·c3)·c5)·d6; 
J(2.10) = c1·c2·a3·c3-c1·s2·a3·s3+c1·a2·c2+(c1·c2·s3+c1·s2·c3)·d4 

  +(((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5+(c1·c2·s3+c1·s2·c3)·c5)·d6; 
J(3.10) = 0; 
  
J(1.11) = -c1·s2·a3·c3-c1·a2·s2-c1·c2·a3·s3+(-c1·s2·s3+c1·c2·c3)·d4 

  +((-c1·s2·c3-c1·c2·s3)·c4·s5-(c1·s2·s3-c1·c2·c3)·c5)·d6; 
J(2.11) = -s1·a2·s2-s1·s2·a3·c3-s1·c2·a3·s3+(-s1·s2·s3+s1·c2·c3)·d4 

  +((-s1·s2·c3-s1·c2·s3)·c4·s5-(s1·s2·s3-s1·c2·c3)·c5)·d6; 
J(3.11) = -s2·a3·s3+a2·c2+c2·a3·c3+(c2·s3+s2·c3)·d4+((c2·c3-s2·s3)·c4·s5 

  +(c2·s3+s2·c3)·c5)·d6; 
  
J(1.12) = s1·s2·a3·c3+s1·a2·s2+s1·c2·a3·s3+(s1·s2·s3-s1·c2·c3)·d4 

  +((s1·s2·c3+s1·c2·s3)·c4·s5-(-s1·s2·s3+s1·c2·c3)·c5)·d6; 
J(2.12) = -c1·a2·s2-c1·s2·a3·c3-c1·c2·a3·s3+(-c1·s2·s3+c1·c2·c3)·d4 

   +((-c1·s2·c3-c1·c2·s3)·c4·s5-(c1·s2·s3-c1·c2·c3)·c5)·d6; 
J(3.12) = -s4·s5·d6; 
  
J(1.13) = c1·c2; 
J(2.13) = s1·c2; 
J(3.13) = s2; 
  
J(1.14) = -c1·s2; 
J(2.14) = -s1·s2; 
J(3.14) = c2; 
  
J(1.15) = s1; 
J(2.15) = -c1; 
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J(3.15) = 0; 
  
J(1.16) = -s1·a3·c3-s1·s3·d4+((-s1·c3·c4+c1·c2·s4)·s5-s1·s3·c5)·d6; 
J(2.16) = c1·a3·c3+c1·s3·d4+((c1·c3·c4+s1·c2·s4)·s5+c1·s3·c5)·d6; 
J(3.16) = s2·s4·s5·d6; 
  
J(1.17) = -c1·s2·a3·c3-c1·c2·a3·s3+(-c1·s2·s3+c1·c2·c3)·d4 

  +((-c1·s2·c3-c1·c2·s3)·c4·s5-(c1·s2·s3-c1·c2·c3)·c5)·d6; 
 

J(2.17) = -s1·s2·a3·c3-s1·c2·a3·s3+(-s1·s2·s3+s1·c2·c3)·d4 
  +((-s1·s2·c3-s1·c2·s3)·c4·s5-(s1·s2·s3-s1·c2·c3)·c5)·d6; 

 
J(3.17) = -s2·a3·s3+c2·a3·c3+(c2·s3+s2·c3)·d4+((c2·c3-s2·s3)·c4·s5 

  +(c2·s3+s2·c3)·c5)·d6; 
  
J(1.18) = s1·a3·s3-s1·c3·d4+((s1·s3·c4+c1·s2·s4)·s5-s1·c3·c5)·d6; 
J(2.18) = -c1·a3·s3+c1·c3·d4+((-c1·s3·c4+s1·s2·s4)·s5+c1·c3·c5)·d6; 
J(3.18) = -c2·s4·s5·d6; 
  
J(1.19) = c1·c2·c3-c1·s2·s3; 
J(2.19) = s1·c2·c3-s1·s2·s3; 
J(3.19) = s2·c3+c2·s3; 
  
J(1.20) = s1; 
J(2.20) = -c1; 
J(3.20) = 0; 
  
J(1.21) = c1·c2·s3+c1·s2·c3; 
J(2.21) = s1·c2·s3+s1·s2·c3; 
J(3.21) = s2·s3-c2·c3; 
  
J(1.22) = (c1·c2·c3-c1·s2·s3)·d4+((-c1·c2·s3-c1·s2·c3)·c4·s5 

  +(c1·c2·c3-c1·s2·s3)·c5)·d6; 
J(2.22) = (s1·c2·c3-s1·s2·s3)·d4+((-s1·c2·s3-s1·s2·c3)·c4·s5 

  +(s1·c2·c3-s1·s2·s3)·c5)·d6; 
J(3.22) = (s2·c3+c2·s3)·d4+((-s2·s3+c2·c3)·c4·s5+(s2·c3+c2·s3)·c5)·d6; 
  
J(1.23) = (s1·c4+(-c1·c2·c3+c1·s2·s3)·s4)·s5·d6; 
J(2.23) = (-c1·c4+(-s1·c2·c3+s1·s2·s3)·s4)·s5·d6; 
J(3.23) = (-s2·c3-c2·s3)·s4·s5·d6; 
  
J(1.24) = -s1·d4+((c1·c2·s3+c1·s2·c3)·s4·s5-s1·c5)·d6; 
J(2.24) = c1·d4+((s1·c2·s3+s1·s2·c3)·s4·s5+c1·c5)·d6; 
J(3.24) = (s2·s3-c2·c3)·s4·s5·d6; 
  
J(1.25) = (c1·c2·c3-c1·s2·s3)·c4+s1·s4; 
J(2.25) = (s1·c2·c3-s1·s2·s3)·c4-c1·s4; 
J(3.25) = (s2·c3+c2·s3)·c4; 
  
J(1.26) = -c1·c2·s3-c1·s2·c3; 
J(2.26) = -s1·c2·s3-s1·s2·c3; 
J(3.26) = -s2·s3+c2·c3; 
  
J(1.27) = (-c1·c2·c3+c1·s2·s3)·s4+s1·c4; 
J(2.27) = (-s1·c2·c3+s1·s2·s3)·s4-c1·c4; 
J(3.27) = (-s2·c3-c2·s3)·s4; 
  
J(1.28) = ((c1·c2·c3-c1·s2·s3)·s4-s1·c4)·s5·d6; 
J(2.28) = ((s1·c2·c3-s1·s2·s3)·s4+c1·c4)·s5·d6; 
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J(3.28) = (s2·c3+c2·s3)·s4·s5·d6; 
  
J(1.29) = ((-c1·c2·s3-c1·s2·c3)·s5+((c1·c2·c3-c1·s2·s3)·c4-s1·s4)·c5)·d6; 
J(2.29) = ((-s1·c2·s3-s1·s2·c3)·s5+((s1·c2·c3-s1·s2·s3)·c4+c1·s4)·c5)·d6; 
J(3.29) = ((-s2·s3+c2·c3)·s5+(s2·c3+c2·s3)·c4·c5)·d6; 
  
J(1.30) = -((-c1·c2·c3+c1·s2·s3)·s4+s1·c4)·c5·d6; 
J(2.30) = -((-s1·c2·c3+s1·s2·s3)·s4-c1·c4)·c5·d6; 
J(3.30) = -(-s2·c3-c2·s3)·s4·c5·d6; 
  
J(1.31) = ((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·c5-(c1·c2·s3+c1·s2·c3)·s5; 
J(2.31) = ((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·c5-(s1·c2·s3+s1·s2·c3)·s5; 
J(3.31) = (s2·c3+c2·s3)·c4·c5+(-s2·s3+c2·c3)·s5; 
  
J(1.32) = -(c1·c2·c3-c1·s2·s3)·s4+s1·c4; 
J(2.32) = -(s1·c2·c3-s1·s2·s3)·s4-c1·c4; 
J(3.32) = -(s2·c3+c2·s3)·s4; 
  
J(1.33) = ((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5+(c1·c2·s3+c1·s2·c3)·c5; 
J(2.33) = ((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·s5+(s1·c2·s3+s1·s2·c3)·c5; 
J(3.33) = (s2·c3+c2·s3)·c4·s5+(s2·s3-c2·c3)·c5; 
  
J(1.34) = (((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·c5-(c1·c2·s3+c1·s2·c3)·s5)·d6; 
J(2.34) = (((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·c5-(s1·c2·s3+s1·s2·c3)·s5)·d6; 
J(3.34) = ((s2·c3+c2·s3)·c4·c5+(c2·c3-s2·s3)·s5)·d6; 
  
J(1.35) = 0; 
J(2.35) = 0; 
J(3.35) = 0; 
  
J(1.36) = ((c1·c2·c3-c1·s2·s3)·s4-s1·c4)·d6; 
J(2.36) = ((s1·c2·c3-s1·s2·s3)·s4+c1·c4)·d6; 
J(3.36) = (s2·c3+c2·s3)·s4·d6; 
  
J(1.37) = (((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·c5-(c1·c2·s3+c1·s2·c3)·s5)·c6 

  +(-(c1·c2·c3-c1·s2·s3)·s4+s1·c4)·s6; 
J(2.37) = (((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·c5-(s1·c2·s3+s1·s2·c3)·s5)·c6 

  +(-(s1·c2·c3-s1·s2·s3)·s4-c1·c4)·s6; 
J(3.37) = ((s2·c3+c2·s3)·c4·c5+(-s2·s3+c2·c3)·s5)·c6-(s2·c3+c2·s3)·s4·s6; 
  
J(1.38) = (-((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·c5 

 +(c1·c2·s3+c1·s2·c3)·s5)·s6+(-(c1·c2·c3- c1·s2·s3)·s4+s1·c4)·c6; 
J(2.38) = (-((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·c5+(s1·c2·s3+s1·s2·c3)·s5)·s6 

   +(-(s1·c2·c3-s1·s2·s3)·s4-c1·c4)·c6; 
J(3.38) = (-(s2·c3+c2·s3)·c4·c5-(-s2·s3+c2·c3)·s5)·s6-(s2·c3+c2·s3)·s4·c6; 
  
J(1.39) = ((c1·c2·c3-c1·s2·s3)·c4+s1·s4)·s5+(c1·c2·s3+c1·s2·c3)·c5; 
J(2.39) = ((s1·c2·c3-s1·s2·s3)·c4-c1·s4)·s5+(s1·c2·s3+s1·s2·c3)·c5; 
J(3.39) = (s2·c3+c2·s3)·c4·s5+(s2·s3-c2·c3)·c5; 
 
J(1.40) = 0; 
J(2.40) = 0; 
J(3.40) = 0; 
J(1.41) = 0; 
J(2.41) = 0; 
J(3.41) = 0; 
J(1.42) = 0; 
J(2.42) = 0; 
J(3.42) = 0; 
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