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Robotika: Prima kinematika otevrenych
kinematickych retézcu

Vladimir Petrik

vladimir.petrik@cvut.cz
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note
Homework, try to solve it today so you can continue. We analysed DoF; tell DoF acronym is used; how many dof planar/spatial? Write: TABC transformations. Dim of T?


Spojeni dvou tuhych téles

- Kolik DoF ma systém dvou rovinnych tuhych téles? . .
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note
righthanded frames; positive angle direction;


Spojeni dvou tuhych téles

- Kolik DoF ma systém dvou rovinnych tuhych téles? (3 + .
3) DoF .

- Kolik stupnili volnosti, kdyz je slepime/spojime dohromady?
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note
righthanded frames; positive angle direction;


Spojeni dvou tuhych téles

- Kolik DoF ma systém dvou rovinnych tuhych téles? (3 +
3) DoF
- Kolik stupnili volnosti, kdyz je slepime/spojime dohromady?
3 DoF
+ Pevny [fixed] kloub
— spojuje dvé pevna télesa dohromady
— odstrani 3 DoF v rovinném pfipadé a 6 DoF v prostorovém pfipadée
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righthanded frames; positive angle direction;
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3) DoF
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3 DoF

+ Pevny [fixed] kloub
— spojuje dvé pevna télesa dohromady
— odstrani 3 DoF v rovinném pfipadé a 6 DoF v prostorovém pfipadée

- Dvere bez pantu, tedy volné téleso v prostoru: kolik DoF?
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note
righthanded frames; positive angle direction;


Spojeni dvou tuhych téles

- Kolik DoF ma systém dvou rovinnych tuhych téles? (3 + .
3) DoF '

- Kolik stupnili volnosti, kdyz je slepime/spojime dohromady?
3 DoF

+ Pevny [fixed] kloub
— spojuje dvé pevna télesa dohromady
— odstrani 3 DoF v rovinném pfipadé a 6 DoF v prostorovém pfipadée

- Dvere bez pantu, tedy volné téleso v prostoru: kolik DoF?
6 DoF, s pantem 1 DoF

- Otocny [revolute] kloub -
— spojuje dvé pevna télesa dohromady
— ma 1 DoF
— odstrani 2 DoF v rovinném pfipadé a 5 DoF v prostorovém pfipadée
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note
righthanded frames; positive angle direction;


Roboticky manipulator

- Tvoren rameny (obvykle tuha télesa)
- Dvé ramena jsou spojena ruznymi klouby

» Pohony dodavaiji kroutici moment/silu, aby zpUsobily pohyby ramena
- K nékterym ramenum je pfipojeno chapadlo
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Roboticky manipulator

- Tvoren rameny (obvykle tuha télesa)
- Dvé ramena jsou spojena ruznymi klouby

» Pohony dodavaiji kroutici moment/silu, aby zpUsobily pohyby ramena
- K nékterym ramenum je pfipojeno chapadlo

-
gl
.-|,,?,
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Posuvny [prismatic] kloub

« Takeé linearni kloub
« Pouze posuvny pohyb, 1 DoF
 Odstranuje 2 DoF v rovinném pripadé a 5 DoF v prostorovém pfipadé

4/24



Typy kloubu

>

% Revolute

: (R)
—

& Prismatic

ﬁ
(P) Universal
(U)

Cylindrical

(C)

Helical .
Spherical
(H) P

()

Omezeni mezi dvéma tuhymi télesy

Typ kloubu DoF  Rovinny Prostorovy
R 1 2 5
P 1 2 5
H 1 - 5
C 2 - 4
U 2 - 4
S 3 - 3
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note
dof system=dof+dofremoved


Otevieny/uzavieny kinematicky retézec

- Otevrené kinematickeé retézce: zadné smycky ve strukture
- Uzavrené kinematické retézce obsahuji smycky

'
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note
13:05; show graph representation;


Otevieny/uzavieny kinematicky retézec

- Otevrené kinematickeé retézce: zadné smycky ve strukture

- Uzavrené kinematické rfetézce obsahuji smyc¢ky

'

Otevreny — sekvencni
struktura

L5

Js
J1 1.1 L2 g
(= <
base link,
LO

J4

/
J2 IR L4
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note
13:05; show graph representation;


Otevieny/uzavieny kinematicky retézec

- Otevrené kinematickeé retézce: zadné smycky ve strukture

- Uzavrené kinematické rfetézce obsahuji smyc¢ky

'

Otevreny — sekvencni
struktura

J§ L5
: |
J1 1.1 L2

;_/
J2 13X 14

base link, J4
LO

Otevreny — stromova
struktura
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note
13:05; show graph representation;


Otevieny/uzavieny kinematicky retézec

- Otevrené kinematickeé retézce: zadné smycky ve strukture

- Uzavrené kinematické rfetézce obsahuji smyc¢ky

'

Otevreny — sekvencni
struktura

J§ L5
: |
J1 1.1 L2

;_/
J2 13X 14

base link, J4
LO

Otevreny — stromova
struktura

Uzavreny
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note
13:05; show graph representation;


Kolik DoF?
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Kolik DoF?

Snadné: 4 DoF

J;

L5

J1 1,1 L2 .
3
J2 .~ 1.4

base link, L3

LO

J4
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Kolik DoF?

Snadné: 4 DoF

J5 L5
. |
J1 1,1 L2
3 /
J2. 13X 14

base link, J4
LO

Snadné: 5 DoF
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Kolik DoF?

Snadné: 4 DoF

J5 L5
. |
J1 1,1 L2
3 /
J2. 13X 14

base link, J4
LO

Snadné: 5 DoF
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Grubleruv vzorec

N
" npp =m(L—1)—= > ¢
1=1
« L je pocCet ramen vCetné zeme
* N je pocet kloub(
- m je DoF tuhého télesa (3 pro rovinné, 6 pro prostorove)
* ¢, poCet omezeni poskytovanych kloubem i
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note
m=3 for planar, 6 for spatial;


Grubleruv vzorec

N N

) nDoF:m<L_1)_;Cz’:m(L_l_N)—i_;fz’

« L je pocCet ramen vCetné zeme

* N je pocet kloub(

- m je DoF tuhého télesa (3 pro rovinné, 6 pro prostorove)
* ¢, poCet omezeni poskytovanych kloubem i

- f, DoF kloubu i
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note
m=3 for planar, 6 for spatial;


Grubleruv vzorec

g =mlL—1) = 3 e =m(L—1-N)+ 3

- L je poCet ramen véetné zeme

* N je pocet kloub(

- m je DoF tuhého télesa (3 pro rovinné, 6 pro prostorove)

* ¢, poCet omezeni poskytovanych kloubem i

- f, DoF kloubu i

* fite=m

- Funguje pro obecné pripady, selhava ale v urc€itych konfiguracich — kdyz omezeni
kloubU nejsou nezavisla
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note
m=3 for planar, 6 for spatial;


Aplikace Grublerova vzorce

N
Npor = M(L—1—N)+ > f;
i=1

m — DoF télesa, L — poCet ramen, N — pocet kloub(, f, — DoF kloubu

@) ©
'
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce

N
Npop = M(L—1—=N)+ > f;
m — DoF télesa, L — poéejt ramen, N — pocet kloubU, f, — DoF kloubu

I\

3b—1—4 1+1414+1)
4DoF
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce

N
Npop = M(L—1—=N)+ > f;
m — DoF télesa, L — poéejt ramen, N — pocet kloubU, f, — DoF kloubu

J5 L5
\)B L_ /
@‘@ . J2 L3 Xy~ L4

base link, J4
LO

36—1—4)+(14+1+1+1)
4 DoF
36—1—5)+(14+1+14+1+0)
= 4 DoF (pokud pfidame pevny
spoj)
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce

N
Npop = M(L—1—=N)+ > f;
m — DoF télesa, L — poéejt ramen, N — pocet kloubU, f, — DoF kloubu

I\

36—-1—4)+(1+1+1+1)
4 DoF

36—1—5)+(14+1+14+1+0)

= 4 DoF (pokud pfidame pevny

Spoj)

J1 11

base link,
LO

36—1—5)+(1+1+14+1+41)

= 5 DoF
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce

Npor :m(L_ 1 —

N)+ 3 f,

m — DoF télesa, L — poéejt ramen, N — pocet kloubU, f, — DoF kloubu

I\

3—1—-4)+(1+1+1+1)

4 DoF
36—1—5)+(14+1+14+1+0)
= 4 DoF (pokud pfidame pevny

spoj)

JL 11 e
E!...‘K”ﬁg...b
J2 L4

base link, b
LO

36—1—5)+(1+1+14+1+41)
= 5 DoF

34—1-4)+(1+14+141)=

1 DoF
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce

N
Npor = M(L—1—N)+ > f;
i=1

m — DoF télesa, L — poCet ramen, N — pocet kloub(, f, — DoF kloubu

@) ©
'

36—1—-4)+(1+1+1+1) =
4 DoF

36—1—5)+(14+1+14+1+0)

= 4 DoF (pokud pfidame pevny
Spoj)

E!lllI;”Eg
J2 L4

base link, b
LO

36—1—5)+(1+1+14+1+41)
= 5 DoF

34—1—-4)+(1+14+141)=
1 DoF
356—-1—5)4+(1+14+1+1+40)
= 1 DoF (jsou-li dvé zemé spojeny
pevnym kloubem)
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note
show fixed joint alternative for the first;


Aplikace Grublerova vzorce
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Aplikace Grublerova vzorce

34—1—-4)+(1+1414+1)=
1 DoF

10/24



Aplikace Grublerova vzorce

34—1—-4)+(1+1414+1)=
1 DoF

3(8 —1—9) + (9) = 3 DoF
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Aplikace Grublerova vzorce

34—1—-4)+(1+1414+1)=
1 DoF

3(8 —1—9) + (9) = 3 DoF

3(5—1—6)+ (6) = 0 DoF
Selhani: 1 DoF Grliblerav vzorec
vyzaduje nezavisla omezeni
kloubu.
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Aplikace Grublerova vzorce

/2
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note
13:30; DoF indicates complexity of the system; is there reason for 4Dof robot in space? is there reason for >6Dof?


Aplikace Grublerova vzorce

/2

6(5—1—4)+(1+1+1+1)=4DoF
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note
13:30; DoF indicates complexity of the system; is there reason for 4Dof robot in space? is there reason for >6Dof?


Kinematické ulohy

- Pfima kinematika [Forward kinematics / FK]
— vypocet polohy/orientace chapadla z kloubovych souradnic
- faura—Te.
- g € RY, kde N je pocet kloub(
- T, € SE(2)/SE(3)
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Kinematické ulohy

- Pfima kinematika [Forward kinematics / FK]
— vypocet polohy/orientace chapadla z kloubovych souradnic
- Ju:q— T,
- g € RY, kde N je pocet kloub(
- T, € SE(2)/SE(3)
* Inverzni kinematika (IK)
— vypocet kloubovych souradnic z polohy/orientace chapadla
— Jic  Tee 7 q
- q € RY, kde N je pocet kloubd
- T,, € SE(2)/SE(3)
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Prima kinematika
Cil: spocitat FK, tzn. z,y, 0 z g = (64, 0,, 93)T

PocCatek s.s. {0} je umistén v ose rotace prvniho kloubu.
13/24



Regeni

- Trigonometrické reSeni:
x = Lycosf; + L,cos(0; +65)+ Lgcos(0, + 05 + 65)
y = L,sinf; + L,sin(0; + 65) + Ly sin(6; + 0, + 65)
=0, +0,+ 05

IIII v /7

— obtiznéjsi vypocitat pro prostorové manipulatory

14/ 24



Regeni

- Trigonometrické reSeni:
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=10, +05+0,
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- Re&eni zaloZené na transformacich:
Tos = R(0,)T, (L1 )R(05)T, (Ly) R(05)T, (L), R € SE(2),T, € SE(2)

— systematictéjsi resSeni
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Regeni

- Trigonometrické reSeni:
x = Lycosf; + L,cos(0; +65)+ Lgcos(0, + 05 + 65)
y = L,sinf; + L,sin(0; + 65) + Ly sin(6; + 0, + 65)
=10, +05+0,
— obtiznéjsi vypocitat pro prostorové manipulatory
- Re&eni zaloZené na transformacich:
Tos = R(0,)T, (L1 )R(05)T, (Ly) R(05)T, (L), R € SE(2),T, € SE(2)
— systematictéjsi resSeni
— jak ziskat z,y, oz T = T,?
- z="Ty;, y="Ty, ¢=atan2(Ty,T5,)
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Pfima kinematika pro prostorového robota

7
o
XOL 91
I L
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04 “b
0 {b}
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note
13:45


Pfima kinematika pro prostorového robota
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Pfima kinematika pro prostorového robota

{0}

o G
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(= L
— J

: T94
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14
0 I.V_.-l/ Y¥b
. %, ¢+ {b}
Zo !

: | 7
(?1 {2
TOb =7

16/ 24


note
Tell me the transformation?


Pfima kinematika pro prostorového robota

. O \17192 A &
~ (S S
(o L
— J
: T94
1 zb
14 .
0 I.V_I-l/ Yb
cr ¢ {b}
{0} {20 o
o _yoo
El 'I {2

Top = T,(lo) R (6,)T,, (1) R.(02)T, (I3) R (05)T,(—6,)

Yy
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note
Tell me the transformation?


Konfiguracéni prostor a prostor ukolu

 Konfiguracni prostor pro 2 DoF robota
— kazdy bod odpovida jedné konfiguraci

Configuration space

17 /24


note
line in cspace is circular motion for robot;


Konfiguracni prostor a prostor ukolu

 Konfiguracni prostor pro 2 DoF robota

kazdy bod odpovida jedné konfiguraci

« Prostor ukolu

prostor, ve kterém Ize pfirozené vyjadfit ukol
robota (nezavisly na robotovi)

bod v prostoru uloh Ize dosahnout nékolika
konfiguracemi

napfr. manipulace prostorovym objektem,
prostor ukoll je SE(3)

napf. kresleni na papit, prostor Ukoll je R?

Configuration space
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note
line in cspace is circular motion for robot;


Pracovni prostor robota

+ Mnozina poloh, kterych mUze chapadlo robota dosahnout
- Zalezi na strukture robota
- Orientace chapadla je ¢asto ignorovana (ale zalezi na uloze)

(5
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note
14:00;


URDF

Universal Robot Description Format

XML soubor, ktery popisuje kinematiku, geometrii a dynamiku robot(
Pouziva se v robotickém operac¢nim systému (ROS)

Omezeno na oteviené kinematicke retézce (véetné stromovych struktur)
Robot je popsan pomoci:

— Ramen (tuha télesa)

— KloubU (spojuje dvé ramena)
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URDF - Ramena

<robot name="robot">
<link name="1link">

<inertial>
</inertial>
<visual>
</visual>
<collision>
</collision>

</link>
</robot>

* Proc¢ potrebujeme vizualni i kolizni
geometrii?

Link origin
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URDF - Ramena

<robot name="robot"> * Pro€ potrebujeme vizualni i kolizni
<link name="1link"> N
<inertial> geometrii?
<origin xyz="0 0 0.5" rpy="0 0 0"/> )
<mass value="1"/> - RPY: Roll Pitch Yaw
<inertia ixx="100" ixy="0" ixz="0" .
</inertial>
<visual>
</viédél>
Link origin
<collision>
</coiiision>
</link>
</robot>
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URDF - Ramena

<robot name="robot"> » Pro€ potfebujeme vizualni i kolizni

<link name="1link">

<inertial> geometrii?

</inertials - RPY: Roll Pitch Yaw
<visual> R = Rz (yaW)Ry (pltCh)Rm (I‘OH)
<origin xyz="0 0 0" rpy="0 0 0"/>
<geometry>
<box size="1 1 1"/>
</geometry>
<material name="Cyan">
<color rgba="0 1.0 1.0 1.0"/> Link origin
</material>
</visual>

<collision>

</collision>
</link>
</robot>
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URDF - Ramena

<robot name="robot"> * Pro¢ potrebujeme vizualni i kolizni
<link name="1link"> .
<inertial> geometrii?
</ine.:|."‘.cia1> - RPY: Roll Pitch Yaw
<visual> R = Rz (yaW)Ry (pitCh)Rm (I‘OH)
</viédél>
<collision>
<origin xyz="0 0 0" rpy="0 0 0"/>
<geometry> Link origin
<cylinder radius="1" length="0.5"/>
</geometry>
</collision>
</link>
</robot>
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="jO" type="fixed">
<origin xyz="0 0 1" rpy="0 0 0"/>
<parent link="10"/>
<child link="11"/>

</joint>
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="j0O" type="revolute">

<origin xyz="0 0 1" rpy="0 0 0"/>

<parent link="10"/>

<child link="11"/>

<axis xyz="0 0 1"/>

<limit effort="30" velocity="1.0" lower="-3.14" upper="3.14" /
>
</joint>
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="j0O" type="revolute">

<origin xyz="0 0 1" rpy="0 0 0"/>

<parent link="10"/>

<child link="11"/>

<axis xyz="0 0 1"/>

<limit effort="30" velocity="1.0" lower="-3.14" upper="3.14" /
>
</joint>

« Muze byt horni limit mensi nez n?
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="j0O" type="revolute">

<origin xyz="0 0 1" rpy="0 0 0"/>

<parent link="10"/>

<child link="11"/>

<axis xyz="1 0 0"/>

<limit effort="30" velocity="1.0" lower="-3.14" upper="3.14" /
>
</joint>

« Muze byt horni limit mensi nez n?
« Muze byt horni limit vétsi nez «?
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="joint@" type="prismatic">

<origin xyz="0 0 1" rpy="0 0 0"/>

<parent link="10"/>

<child link="11"/>

<axis xyz="0 1 0"/>

<limit effort="30" velocity="1.0" lower="-1.0" upper="1.0" />
</joint>

« MUze byt horni limit mensi nez =?
« MUze byt horni limit vétsi nez «?
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URDF - Klouby

<link name="10"></link> <!-- sphere -->
<link name="11"></link> <!-- box -->

<joint name="joint@" type="prismatic">

<origin xyz="0 0 1" rpy="0 0 0"/>

<parent link="10"/>

<child link="11"/>

<axis xyz="0 1 0"/>

<limit effort="30" velocity="1.0" lower="-1.0" upper="1.0" />
</joint>

« MUze byt horni limit mensi nez =?
« MUze byt horni limit vétsi nez «?
- DalSi typy kloubU: continuous, planar, floating
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URDF priklad

base link, 7
LO

parent: Jl's parent link, L0
child: J1’s child link, L1
origin: the r—y—z and roll-pitch-yaw coords
of the L1 frame relative to the
L0 frame when J1 is zero
12 axis:  the r—y—2 unit vector along the
rotation axis in the L1 frame

@ L5’s mass

mass:
\ origin: the z vy z and roll pitch-vaw coords
of a frame at the center of

mass of L5, relative to the L5 frame
inertia: six unique entries of inertia
matrix in the origin frame

22 /24



Shrnuti

 Roboticky manipulator (klouby, ramena, chapadlo)

» Typy kloubUl (DoF, omezeni)

- Otevreny/uzavreny kinematicky retézec

- Grubler(Qv vzorec

« Pfima/inverzni kinematika

- Konfiguraéni prostor / Ukolovy prostor / Pracovni prostor
- URDF
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Cviceni

* Implementujte FK pro rovinny manipulator

y [m]

2.0
1.5

1.0 4

0.5
0.0
—0.5 4

=1.0 4
-1.5 4

-2.0

T T T T T T T
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
x [m]
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Cviceni

* Implementujte FK pro rovinny manipulator
- Vytvorte si svlj vlastni model v URDF

2.0

1.5

1.0 4

0.5 - - =
0.0 — ——
70.5 ,

=1.0 4

y [m]

-1.51

_2.0 T T T T T T T
-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
x [m]
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