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o E#HZ(Kinematics) : HHEF L ERG > R BLEF|EAE
;78 M
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X a—dv
dt Cdt
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2% vdv = ads
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X a—dv
dt Cdt
2

2% vdv = ads
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Fo b R (€) 2R & B 4%

& a= dv
dt dt
2

=z X vdv = ads
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+ Newton’s 2nd Law ZF ma




o EFHZ(Kinematics) : st EHRERY » REBELP| A AE
;78 M

Fo b R (€) 2R & B 4%

& a= dv
dt dt
2

=z X vdv = ads

o]ﬁﬂ

a %7 2 (Dynamics) : 313 1/ 71 45 o de] £ A EH)
+ Newton’s 2nd Law ZF ma

+ Work & energy T, +Vi+ U, =T, +V,




o E#HZ(Kinematics) : HAHEHERE > R BLFEAE
ey ' N
fo 551 (1) 20 4 B 44

dat dt
2

d
— Vi =.dds
dt? %

o]ﬁﬂ

a %7 2 (Dynamics) : 313 1/ 71 45 o de] £ A EH)
+ Newton’s 2nd Law ZF ma

+ Work & energy T, +Vi+ U, =T, +V,

¢ Impulse & momentum szdt =G, — Gq
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a Joint

+ H-{Arevolute 2 prismaticayjointE %5 1 DOF

o B Ajoint¥ 45 ¥ axis i 47rotation sk translation
Link 3
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+ H-{Arevolute 2 prismaticayjointE %5 1 DOF

o HBABjointY 45 7 axis i fTrotation s translation
a Link <R o

o iEEjointsey 424 > A H|#2(rigid body)
o HWF 3\

Link O: 34% » R ) 89474+

Link 1: feLink O48i% - % — 1877 &) 8947

Link 2: 2 —48 ] &) &9 4214+
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Link twist
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Revolute jOint (Cf[‘, a;, di! 91)
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0 #A2 link (0)

Frame {0} coincides with frame {1}

Revolute joint 6, arbitrary




0 #A2 link (0)

Frame {0} coincides with frame {1}

Revolute joint 6, arbitrary

Prismatic joint d, arbitrary

Axis 0
Link O — Immobile base







o Last link (n)

-, < 4 =1 = P
B Fu A;'zul 5] 77 12

Revolute joint

Prismatic joint

Axis n-1
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o Common perpendiculars
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Frames {0} and {n}
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0, =0 (Xo// X;)
Ao, A1, A2, 6}53:0 (ﬁﬁ%—zﬁ*ﬁﬁ.’q}"f?)
a0, a1 — 0




0, =0 (Xo// X;)
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6 1r 92, 93, d4 ,37] B ¥ [—] i’fl

0, =0 (X%, // Xq)
Ao, 1, A, U3 = 0 (Fﬁ%—zﬁ*ﬁﬁ._‘?”f{r>
ay, a; =0




o SCARA# 35
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For Joint 1:
ap =0 (£, Z, are concurrent)
ao=0 (4 /] Zy)
For Joint 2:
Fra_rpft_l Y X a1 =0 (Z,/]Z)
0, =0 (X // %)

dq

6,,d, are varying parameters
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a Joint space < Cartesian space

Forward Kinematics

7 "\

WP QlfQZf ...,Q”

Cartesian space Joint space

NS

Inverse Kinematics
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a Joint space < Cartesian space

Forward Kinematics

7 "\

WP QlfQZf ...,Q”

Cartesian space Joint space

NS

Inverse Kinematics

o Actuator space < joint space

o B L HKF) B fojointey A AL




a Joint space < Cartesian space

Forward Kinematics

7 "\

WP QlfQZf ...,Q”

Cartesian space Joint space

NS

Inverse Kinematics

o Actuator space < joint space

o B L HKF) B fojointey A AL
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Rotation

Hip joint
Leg-wheel center

Active rotational motion

Ackermann steering

Rotation

Active rotational motion

Active translational motion

1‘\

Leg-wheel center

Half-circle leg
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o Kinematic mapping
+ Input: Motor speeds
+ Output: Leg-wheel motion § r

In polar coordinate

Rotation

<——  Translation




o IREDESE. XPEEMIESE

o Kinematic mapping

¢ Input: Motor speeds

« Output: Leg-wheel motion ¢ r

In polar coordinate

Pulleys Square sleeve




o IREDESE. XPEEMIESE

o Kinematic mapping

¢ Input: Motor speeds

« Output: Leg-wheel motion ¢ r

In polar coordinate
9] 1 0} 4
4 2 4 éz

(p: is the radius of pinion gear)

Joint space E =

Pulleys Square sleeve
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a1 K A F e E 0 L el & A

Ui_1: BEX_ FH & > Zi_FeZ M ey 38k (a; > 0)
O;: RZ; ek > Xi_FoX; Bty % A

di: WEZ;H ey > X Ao X i oy 36 8k

Axis i-1
Link i-1




) mirzét - DHS#EIME (Craighias)

P =TT
=Tg, (@i-1)Tg,(a;-1)T2,(0:)T2,(d;)
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sO;sa;_1 cOisa;_1 cCcaj_q cai_1d;

0 0
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Joint i+1
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Q 0;: 2 FaE o X FoX e kA

o d;: BEZ,_Fh o Xi_ FeX R ey IE Ak

0 a;r WEX G 0 Zi_FoZ; ey EEsE (a; > 0)
0 a; RX;F e E 0 ZiFeZi ek A

Joint i-1 Joint i
Link i

” Joint i+1
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Joint i+1
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Craig DH

3P = {Lg, 0,0}
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Craig DH
o Joint axes

3P = {Lg, 0,0}




Craig DH
o Joint axes

o Common perpendiculars 3p =1, 0,0}




Craig DH
Joint axes

Common perpendiculars  3p = (., 0,0

Z;

Xi




- Craig DH
o Joint axes

o Common perpendiculars 3p =1, 0,0}

EIZI'




_ ~ Craig DH
o Transformation matrices

SP = {L5, 0,0}
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Standard DH




o Joint axes




_ Standard DH
a Joint axes

o Common perpendiculars
X3

EIZI'




_ Standard DH
Joint axes

Common perpendiculars

X3




_ Standard DH
Joint axes

Common perpendiculars
X3

Zi

Xj

~~

Yi

Frames {0} and {n}




_ Standard DH
a Joint axes

o Common perpendiculars
X3

EIZI'




_ _ Standard DH
o [ransformation matrices

3P —
Il GasiEL] Y

Ll Sin[tl]
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~sin[tl+t2+t3] 0|LlCos[tl] +L2 Cos
Cos[tl+t2+t3] O|LlSin[tl] +L2 Sj

0 - |_,I

0 ] 1

-Sin[tl+t2+t3] O[(LlCos[tl] +L2Cos[tl +t2] +L3Cos[tl +t2+t3] )
Cos[tl+t2+t3] 0|LlSin[tl] +L2Sin[tl +t2] +L3Sin[tl +t2+t3]

0 ] 0

0




-Sin[tl1+t2+t3] O[(Ll1Cos[tl] +L2Cos[tl+t2])
Cos[tl+t2+t3] O|Ll1Sin[tl] +L2Sin[tl+t2]

0 il 0

0 0 |

3T.Tg,([L3,0,0])

lcos[tl+t2+t3] -8in[tl+t2+t3] O|LlCos[tl] +L2Cos[tl+t2] +L3Cos[tl+t2+t3] )
Sin[tl+t2+t3] Cos[tl+t2+t3] O|LlSin[tl] +L2Sin[tl+t2] +L3Sin[tl+t2+t3]

0 0 1 0

0 0 0 1

orp + Standard
3 _
[Cos[tl+t2+t3] -Sin[tl+t2+t3] 0| Ll1Cos[tl] +L2Cos[tl +t2] +L3 Cos[tl +t2 +t3] )
in[tl+t2+t3] Cos[tl+t2+t3] O0|LlSin[tl] +L2Sin[tl+t2] +L3Sin[tl +t2+t3]

0 0 1 0

0 0
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WAIST ROTATION 320°

From www.iisartonline.org

John J. Craig, “Introduction to Robotics,” 3" ed., Pearson Prentice Hall, 2005, pp. 79
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o Transformation matrices

_Cgl —5'91 0
s6; c¢c6; O

0 0 1
L 0 0 0

i 092 —592 0
0 0 1
—-s6, —c6, 0
0 0 0

-ng —593 0 az-
s6; 63 0 O
0 0 1 d,
L0 0 0 1.




o Combining transformation matrices -1
i —CsSg —Sg 0]

of = §TgT =




$l: PUMA 560

o Combining transformation matrices -1

o =TT =

=

CSCG _CSS6
Se Es
S5C6 —S5S56

L B 0

C4CcCg — S4.5¢
ScCeg
_546566 - C4S6
0

—Sk 0
0

0
Cg 0
i} T

—C4xCcSg — 54C¢
—S556
S4-CSS6 - C4C6

0




o Combining transformation matrices -1

o =TT =

§l: PUMA 560

(€5Cq
Se
S5C¢

—C5S¢
Ce
—S556

0
Cs

0
0
0

L B 0

[ €4€cCs — SaS¢
S5C¢
_S4CSC6 - C4S6

0 1.

—C4xCcSg — 54C¢
—S556
S4-CSS6 - C4C6

[ Cp3

0

L 0

—893

0

—S23

0

— a3

0




1T = 3731 =




]
1
== Py
1
Pz

1

= C23[C4C5C¢ — S4S¢]|-S2355S6
= —84C5C — C4S¢

—523[€4C5C¢ — S4S¢]-C23S5C
= —Cp3lcaCsS6 +54C6] + 5235556
S4C5Sg — C4Cq

= S23[C4C5S¢ + S4C6|+C2355S6
— —C€23C455 — S23Cs
= 8455
33 = S23C4S5 — C23Cs
= QCy + A3Cy3 — dyS;3
—Q3S33 — ApSy—04Co3
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o Combining transformation matrices -3

(711 Ti2 T13  Dx
T2 123 Dy

31 T32 7133 Py
0 0 0 1.




(711

Ur'__OTéT__ TZl

P = -

' 31 132 133 Dy
0 0 1

C1[C23(C4C5Ce — S455) — S2355C5]+ S1(S4C5C6 + C4S6)
S1[€23(C4C5C6 — S4S6) — S2355C6] — €1(S4C5C6 + C4S¢)

—S23(€4C5C6 — S4S6)~C2355Ce
C1lca3(—C4C55¢ — S4Ce)+5S235556] + 51(CaCg — S4C5S6)
11823 (—€4C5Sg — S4C6)+52355S6] — €1(C4Ce — S4C5S6)
—S23(—C4C5S6 — 54C¢)+C235556
—C1(C23C4S5+523C5)~ 515455
—51(€23C4S5+523C5)+C154S5
— 5230455 — C23C5
Px = C1la3¢; + a3cy3 — dySy3] — dssy
Py = S1]A3C; + A3C33 — dySy3]+dscy
Pz = —03Sz3 — Q383 — d4Cy3







