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Forward Kinematics vs Inverse Kinematics
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3D Kinematic Joints

A

Rigid (no motion) Prismatic Revolute Cylindrical

Parallel Cylinders Spherical Planar Edge Slider

e

Cylindrical Slider Point Slider Spherical Slider | Crossed Cylinder
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Manipulator Kinematics

Jointj 41 = Denavit-Hartenberg (DH) Notation
o
Jointy zi. e Standardizes kinematic notations

o Coordinate frames for spatial linkages

o  Solving kinematic motion

e Four parameters
o  Link twist: @
o Link length: a
o Link offset: d

o Jointangle: 6
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DH Notation

Axisi—1

angle(Zi-1 , Zi)x,_,

distance(Zi—1 , Zi)x,_,

distance(Xj—1 ., Xj)z

angle(Xi-1, Xi)z,
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DH Notation: Example 1

i o. a. d. o.
i-1 -1 i i
1 0 0 0 e,
2
3
aj-1 = angle(Zi-1, Zi)x,_,
aj—1 = distance(Z;—1 , Zj)x,_,

d,' = distance(X,-_l : Xi)Z,'

o
Il

angle(Xi-1, Xi)z,
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DH Notation: Example 1

i a. a. d. o.

i-1 i-1 i i
1 0 0 0 61
2 0 L1 0 92
3 0 L2 0 93

aj-1 = angle(Zj-1, Zi)x,_,

aj—1 = distance(Z;—1 , Zj)x,_,

d,' = distance(X,-_l ‘ Xi)Z,'

o
Il

angle(Xi-1, Xi)z,
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DH Notation: Example 2

A=l = ang/e(Z,-_l, Z,’)x,._1

aj—1 = distance(Zj—y . Zj)x,_,

d,' = distance(X,_l ; Xi)Z,‘

6, = angle(Xi—1, Xi)z,

| ;4 a d; o,
1 0 0 0 e,
2 .71,’/2 0 d2 0

3 0 0 L, o,
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DH Notation: Example 3

ai—1 = angle(Zi—1, Zi)x,_, i a. a di 91.
ai_y = distance(Z;_y , Z)x, , 1 0 0 0 o,
d; = distance(Xi_1 . X)z, 2 | ;2 0 L, -ml2+e,
6; = angle(Xi-1, Xi)z, 3 0 L, 0 e,
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How to Transform: From {i} To {i-1}

Axisi—1

1. Translate d.along Z.

3. Translate a,  along X,
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2. Rotate 6,. around Z,.

4. Rotate e, around X_
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How to Transform: From {i} To {i-1}

Axisi—1 Axis i

1. Translate d.along Z. 2. Rotate @.around Z,

3. Translate a, jalong X, , 4. Rotate «,_, around X
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How to Transform: From {i} To {i-1}

Axisi—1

1. Translate d.along Z.

3. Translate a,  along X,
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2. Rotate 6,. around Z,.

4. Rotate e, around X_
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How to Transform: From {i} To {i-1}

Axisi—1 Axis i

1. Translate d.along Z. 2. Rotate @.around Z,

3. Translate a,  along X_ , | 4. Rotate «,_, around X
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Derivation: From {i} To {i-1}

Axis i~ 1 Axis i 1. Translate d.along Z.

2. Rotate 8.around Z,
3. Translate a,  along X,

4. Rotate e, _, around X__,

R
/ f‘lT = Rotatex, ,(aj—1) X Translatex, ,(ai—1) X Rotz,(0;) x Translatez,(d;)
1 0 0 0 1 0 0 a_1 ce; —-S6; 0 O 1 000
_ 0 Ca,~_1 —Sa,-_1 0 % 010 0 . 59, CO, 0 0 58 01 0 O
0 Saj_; Caj_; O 001 O 0 0 10 0 0 1 d
0 0 0 1 0 00 1 0 0O 01 0 00 1
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Derivation: From {i} To {i-1}

Axisi—1

1. Translate d.along Z.
2. Rotate 8.around Z,
3. Translate a,  along X,

4. Rotate e, _, around X__,

, ~1T = Rotatex, ,(aj_1) x Translatex, ,(ai_1) X Rotz,(6;) x Translatez,(d;)
CG,‘ —59,' 0 dj—1
Ca,-_1 . 59,' Ca/_l . C9,‘ —Sa,-_1 —d,' . Sa,-_1
Sa,-_l - 59,’ Sa,~_1 . C9,‘ Ca,'_1 d,' . Ca;_l
0 0 0 1
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aj-1 = angle(Zi-1 , Zi)x;_,

aj—y = distance(Zj—1 . Zi)x,_,

—yy

d.

/

ei
S,

Department of Electrical
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distance(X;—1 . Xji)z,

angle(Xj-1, Xi)z,




aj-1 = angle(Zi-1 , Zi)x;_,

aj—y = distance(Zj—1 . Zi)x,_,

—yy

d.

i-1 i
0 0
-7t/2 0
0 d, =

Department of Electrical
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distance(X;—1 . Xji)z,

angle(Xj-1, Xi)z,




aj-1 = angle(Zi-1, Zi)x,., | di = distance(X;_1 ., Xi)z
ai_1 = distance(Z;_1 , Z)x,_, 6; = angle(Xi-1, Xi)z
I @ a4 o/ 0,

1 0 0 0 e,

2| oy O 0 e,

3 0 a, d, e,

Y 77, % 4 ©

5| /s 0 0 o,
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ai-1 = angle(Zi-1 ., Zi)x,_, di = distance(Xj_1 ., Xj)z
ai_1 = distance(Z;_1 , Z)x,_, 6; = angle(Xi-1, Xi)z
Ioey,ay g, o,
1 0 0 0 e,
2 ;2 0 0 ©, || e Find'Tfori=1:6
5 o N N o, | ®WhatisiT?
4 -1/ a, d, 0,
5 o/ 0 0 o,
6 oy O 0 e,
1o
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A=l = ang/e(Z,-_l, Z,’)x,._1

aj—1 = distance(Zj—y . Zj)x,_,

d,' — distance(X,_l : Xi)Zi

6, = angle(Xi—1, Xi)z,

Say: 91 = 7/3 and 93 = /6 i ai-1 ai-1 di Hi
d,=0.5 andL,=1
1 0 0 0 61
e Find f‘lT fori=123
2 7T/2 0 d2 0
e What is 1T ?
o What is 2T ? 3 0 0 L, o,
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Finding All Ts

f‘lT = Rotatex, ,(aj_1) X Translatex, ,(aj—1) x Rotz,(6;) x Translatez,(d;)
CG,’ —59,' 0 dji—1
Ca,-_1 . 59, Ca,-_1 . CG, —Sa,~_1 —d,' . Sa,-_1
Sa,-_1 . 59,' Sa,-_1 . C6,~ Ca,-_1 d,' . Ca,‘_l

0 0 0 1
0, —sb 0 0 05 -0.866 0 0
op_ [s61 b 0 0| @=D 0866 05 0 0
) 1 0 0 10 0 0 10
I a, a, d 6 0 0 01 0 0 01
10 0 O 10 0 O
I 0 0 5, ip_ [0 0 —1 —d| (=05 [0 0 —1 —05
2| o 0 d 0 701 0 0 01 0 O
Ttl2 2 00 0 1 00 0 1
3 0 0 L (=) cb3 —sb63 0 O 086 —-05 0 O
2 3 oy _ |63 <63 0 0 (@=p=1| 05 0866 0 0
Say: ©, =7/3 and ©, = 7/6 3" = 1o 0 1 L, v 0 0 1 1
_ _ 0O 0 0 1 0 0 01
d,=0.5 andL,=1
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Finding ',Tand ? T

10 0 0 10 0 0
= lo 0o —1]-dy|| @=05) [0 0 -1 -05
2T=101 o o “ lo1 0 o0
00 0 1 00 0 1 R Rt
1 0 0[O
63 —s3 0 O 0.866 —05 0 0 2T=1T"= 8 01 (1) 005
21 s63 c635 0 O (93=%_)$L2=1 05 0866 0 O — -
30T 10 0 1 Ly 0 0 11 0 0 0 1]
0 0 0 1 0 0 01
0866 —-05 0 0 What is 3T ?

0 0 —=1 —1.5
0.5 0866 O 0
0 0 0 1
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TurtleBot Kinematics

X=r-cosf
y =r-Ssinf
cosf O y
= |sin6 O0f - lw]
- O 1_

(G} x

23

UNIVERSITY of

EEL 4930/5934: Autonomous Robots UF | FLORIDA



