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Robotics

Erwin M. Bakker| LIACS Media Lab 14-2 2022

Period: February 7" — May 23" 2022
Time: Monday 16.15 — 18.00
Place: Room 407 - 409

Lecturer:  Erwin M. Bakker ( erwin@liacs.nl )
Assistant:  Hainan Yu (h.yu@liacs.leidenuniv.nl )

NB Register on Brightspace

Schedule:

7-2 Introduction and Overview

14-2 Locomotion and Inverse Kinematics

21-2 Robotics Sensors and Image Processing

28-2 SLAM + SLAM Workshop

7-3 Mobile Robot Challenge Introduction

14-3 Project Proposals I (presentation by students)

21-3 Project Proposals II (presentation by students)

28-3 Robotics Vision

4-4 Robotics Reinforcement Learning

11-4 Robotics Reinforcement Learning Workshop 1T

18-4 No Class (Eastern)

25-4 Project Progress I (presentations by students) .

2-5 Project Progress II (presentations by students) Gradlng (6 ECTS):

95 Mobile Robot Challenge » Presentations and Robotics Project (60% of grade).
16-5 Project Demos I + Class discussions, attendance, workshops and
23-5 Project Demos II

assignments (40% of grade).

Website: http://liacs.leidenuniv.nl/~bakkerem2/robotics/ + It is necessary to be at every class and to complete every
workshop and assignment.
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Overview

* Robotic Actuators

* Configuration Space
+ Rigid Body Motion

+ Forward Kinematics

 Inverse Kinematics

« Link: http://modernrobotics.org

K.M. Lynch, F.C. Park, Modern Robotics: Mechanics,
Planning and Control, Cambridge University Press, 2017
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Robotics Actuators

* Electro motors

* Servo’s

* Stepper Motors

* Brushless motors

* Solenoids

1
0 l 1.50 ms: Neutral ‘
1.25 ms: 0 degrees ‘.

1.75 ms: 180 degrees .’

 Hydraulic, pneumatic actuator’s

5w 000
WSz T
WOS T
Wss T

* Magnetic actuators
* Artificial Muscles
* Etc.

P

sw 00°0
WSz T
WOS°T
WsLT

]

sw 000
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W0s°T
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DC MOtOI’S Pulse Width Modulation

Input Voltage Du?;q;:le /
2 2v
o _H___H___H___H"_‘H‘ ————— 3V average

Duty Cycle
50%

12V
ON | OFF
“F=r--F=r-t-r-1-"r--1-"r---- 6Vaverage
o

Period

12V

o

Duty Cycle
90%
12v

- ===H""H"~~""—-- 10.8Vaverage

e DupTo
‘F )

Nechatrepics.con

o

https://ho ronics.com,/how-it-works/electronics/how-to-make-pwm-de-motor-speed-controller-using-555-timer-ic/
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5V regulator

DC Electro Motors: ke

FWD

Brushed DC (BDC) i”n:ggf'a‘“
motor controller :
Using L298N DC motor A

output

1/500 second

5V
1. DC motor B
] ] 1120 (5%) DC output of output
o — +12V power logic input Motor output
Extenal motor power Motgr direction  enable ENA ENB

supply DC 5V-35V control ports
Common ground (GND) INL 1N 2 IN3 ING

v Loop:

PWM(ENA,128);
DigitalWrite(IN1, HIGH);
DigitalWrite(IN2,LOW);
PWM(ENB,64);

L L DigitalWrite(IN3, HIGH);

10/20 (50%)

o —

5V

18/20 (90%) DigitalWrite(IN4,LOW);

o -
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DC Motor Controllers

Pololu Simple Motor Controllers
» USB, TTL Serial, Analog, RC Control, I2C

Original versions, not recommended for new designs G2 versions,
(included for comparison purposes) released November 2018

SMC G2 SMC G2 SMC G2 SMC G2

18v15 24v12 18v25 24v19
Minimum operating voltage: 6.5V 6.5V 6.5V 6.5V
Recommended max
. 1 2 1 2
operating voltage: 24 v(1) 34 v(2) 24 v(1) 34 v(2)
CEREETTEL 18V 18V 28V 18V 28V 18V 8V 18V 28V
battery voltage:
Max continuous current
(no additional cooling): 7A 15A 1z A 25 A 23 A 15 A 12 A 25 A 19 A
USB, TTL serial,
Analog, RC control: v v v v v v v v v
12C control: v v v v
Hardware current limiting: v v v v
v v v '

Reverse voltage protection:

https://www.pololu.com/category/94/pololu-simple-motor-controllers
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16-ch, 12-bit, 40 Hz — 1000 Hz

1.50 ms: Neutral

1
0 1.25 ms: 0 degrees ’
0 1.75 ms: 180 degrees ‘

Sw 00°0
WSZ T
W05 T
WSL T

Sw 00°0
WSZ'T
WOS°T
WSS T

Sw 000
WsZT
WOs°T
WsL°T
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Pulse Width Modulated (PWM) Signal: 50 Hz, i.e. 20ms periods

1

q 1.50 ms: Neutral
o = = =
g & &
5 @ @

1

8 1.25 ms: O degrees ‘.
o [ = o
8 3 5 3
3 A @& @

1

. 1.75 ms: 180 degrees .
e £ e b
8 5 g ¥
3 @& & &

16-ch, 12-bit, 40 Hz — 1000 Hz Note: often trimmed Pulse Width

Universiteit Leiden. Bij ons leer je de wereld kennen

Dynamixel Servo’s ". f

Rﬂéuﬂw" Controller Driver Network Dynamixel
ear

Flexible Construction and Modular Structures

o
100 3 MX-106

80 g MX-64
60 gnx-u
40 - RX-28
g MX-28
2 g AX-12A s“x"s“
- . ——
o ) 70 80 % 100 110 T
Status

SPEED (RPM)

STALL TORQUE @ MAX (KG-CM)
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Performance Comparison

DYNAMIXEL X-Series
Performance Comparison

. XM430-W210

5 u XL430-W250

\ MX-28A

XH430-V210
50
Xi

XH430-V350

No Load Speed (RPM)
&

XH430-W350

00 20 40
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(H430-W210
‘ XM430-W350

‘ XHS40-W150
B Mx-64A
XHS40-V150
. XMS540-W150
@~
XH540-W270

u XH540-V270

XM540-W270

9.8Nm ~ 1kgf.m

60 80 100 120
stall Torque (N.m)

Stepper Motors

Drivers: low-level, high level

eit Leiden. Bjj

Unipolar motor

By Wapcaplet: Teravolt. (Wikipedia)

A
= 0\

Full step operation
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Brushless Motors

Stator Windings
!

Hall Sensors

v Fotor Magnet s

HALL STATES

H1
H2
H3

CoilU

CoilV

CoilW

Driving End of the Shaft

REF

insulated-gate

®

RUN/
STOP
N

FWD/REV
N

PIC18FXX31

bipolar transistor Driver DC+
| PWMS | Q1 Qs
PWM1 RY
PWM4 L
PwMg g
PWMS | PWMS <
IGBT (_le
i
AN\

https://www.digikey.com
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Brushless Motors

1
i |
1 []
1 1
i i

| [ P SN D A U S PO B S|
e oens0r 00111011100 110,010{011;001;101,100{ 110{010,011; 001;
. Electicalyde
)

1 Electrical cycle
abc —— 1l cycle
i One mechanical rotation
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https://www.digikey.com/en/articles/techzone/2016/dec/how-to-power-and-control-brushless-dc-motors
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Flexible Magnetic Actuators

ataxel down

Coils F. Pece et al., MagTics: Flexible and Thin Form

W= Factor Magnetic Actuators for Dynamic and
® ot ... . Wearable Haptic Feedback, UIST 2017, Oct. 22—
§ Swese 4 25, 2017, Québec City, Canada

Robotics Actuators

* 6D Magnetic Control

* https://www.pi-usa.us

* pimag-6d-magnetic-levitation

Halbach arrangement of magnets

fel=la=Tvi=lh =]

6 Coils

Simple structure: The platform levitates on a magnetic field generated by only
six planar coils in the stator

The Halbach arrangement of the magnets makes it possible, to minimize the eneray required
by the active coils in the stator for carrying the platform, to increase the load carrying
capacity and to reduce thermal load

Universiteit Leiden. Bij ons leer je de wereld kennen
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Artificial Muscles

similarly

Maxwell Stress

Rontgen’s electrode-free elastomer actuators without electromechanical pull-in instability by C.
Keplinger, et al. PNAS March 9, 2010 107 (10) 4505-4510; https://doi.org/10.1073/pnas.0913461107

Rontgen WC (1880) Ueber die durch Electricitdt bewirkten Form—und Volumeninderungen von dielectrischen
Korpern. Ann Phys Chem 11:771—786.

Universiteit Leiden. Bij ons leer je de wereld kennen

Qr Engineering & Applied Science Research Group

Y.ORADO BOULDER

See also TED Talk The artificial muscles that will power robots of the future by
Christoph Keplinger  https://www.youtube.com/watch?v=ER15KmrB8h8

Universiteit Leiden. Bij ons leer je de wereld kennen
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Heat On Normal Speed

00:00:42:01
Weight 220 g
i Numberof fibers : 4

Strain-Programmable Fiber-Based Artificial Muscle
Bioelectronics Lab @MIT

Normal Speed

MIT Artificial Muscles

. ngmbination of two dissimilar polymers into a single
iber

* The polymers have very different thermal expansion
coefficients (as in bimetals)

+ Developed by Mehmet Kanik, Sirma Orgiic, working
with Polina Anikeeva, Yoel Fink, Anantha
Chandrakasan, and C. Cem Tasan, and five others

00:00:21:11

10 mm

http://news.mit.edu/2019/artificial-fiber-muscles-0711
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Spanish Dancer by Micha Heilman and Stella Tsilia

rsiteit Leiden. Bij ons leer je de wereld kennen
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N. Charles, M. Gazzola, and L. Mahadevan, Topology, Geometry, and Mechanics of Strongly
Stretched and Twisted Filaments: Solenoids, Plectonemes, and Artificial Muscle Fibers
PHYSICAL REVIEW LETTERS 123, 208003 (2019)

Link = Tw + Wr

of 9
=6k 6 n=
= =
twist .
3 _ 3 writhe
- one-step twist conversion
5 05 i 13 0

7
multisteps
twist conversion

L‘“\\i

0.5

Twist density

1
da
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TACTILE SENSORS

SPEAKERS (X2) AND 1 I b ——— MICROPHONES po oA
EARLEDS \
INFRARED EMITTER/ B CAMERAS [X2) HeadPitch o HeadYaw
RECEIVER AND EYELEDS N
kﬁé;‘s‘;hmss 6 RShoulderRoll P < ) LShoulderRoll g W
HEAD JOINT S
SHOULDER JOINT RShoulderPitch _' LShoulderPitch
REIbowRoll a e LEIbow Yaw
CHEST BUTTON SONARS X2}
REIbowYaw LEIbowRoll
ELBOW JOINT
RWristYaw LWristYaw

HIP JOINT WRIST JOINT RHand N LHand
\ RHipYawPitch sl « % LHip YawPitch
PREHENSILE /1 [‘ TACTILE SENSORS . A ;
HANDS | {
; &/ RHipPitch LHipPitch
\ RHipRoll LHipRoll
KNEE JOINT RKneePitch § LKneePitch
v
RAnkiePitch LAnklePitch
ANKLE JOINT “ &
RAnkleRoll . “ LAnkleRoll
SENSOR PRESSURE
BUMPERS [X2)

FRONT & REAR

BATTERY

http://doc.aldebaran.com/2-1/family/nao_dcm/actuator_sensor_names.html
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HexapOd . S ° P ° I ° N e by M. Huijben, M. Swenne, R. Voeter, S. Alvarez Rodriguez.

S.P.ILN. - Spider Python INator

Marcel Huijben (s1780107)
Martijn Swenne (s1923889)
Sebastiaan Alvarez Rodriguez (s1810979)
Robin Voetter (s1835130)

How to move to a goal?

Problem: How to move to a goal?

 Grasp, Walk, Stand, Dance, Follow, etc.

Solution:
1. Program step by step

- Computer Numerical Control (CNC), Automation.
2. Inverse kinematics:

- take end-points and move them to designated points.

3. Tracing movements
- by specialist, human, etc.
4. Learn the right movements

- Reinforcement Learning, give a reward when the movement
resembles the designated movement.

https://pybullet.org/wordpress/

Universiteit Leiden. Bij ons leer je de wereld kennen
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Configuration Space

Robot Question: Where am I?

Answer:

The robot’s configuration: a specification of the
positions of all points of a robot.

Here we assume:
Robot links and bodies are rigid and of known shape

=>

only a few variables needed to describe it’s configuration. KM, Lynch, F.C. Park, Modern Robotics: Mechanics

Planning and Control, Cambridge University Press, 2017

Universiteit Leiden. Bij ons leer je de wereld kennen

Configuration Space

Degrees of Freedom of a Rigid Body:

the smallest number of real-valued coordinates needed to represent its configuration

Universiteit Leiden. Bij ons leer je de wereld kennen
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Configuration Space

In the plane:
Assume a coin (heads) with 3 points A, B, C on it.

In the plane A,B,C have 6 degrees of freedom: (x,,y4) , (xp,Yg) , (xc;y) (6 variables ) B
A coin is rigid => 3 extra constraints on distances: d,p, d,¢, dgc ( 3 constraints )

These are fixed, wherever the location of the coin.

1. The coin and hence A can be placed everywhere => (x,,y,) free to choose.

2. B can only be placed under the constraint that its distance to A would be equal to d .
=> freedom to turn the coin around A with angle ¢, => (x4, y4, ¢, ) are free to choose.
3. Cshould be placed at distance d,¢, dgc from A and B, respectively

=> only 1 possibility, hence no degree of freedom added.
Degrees of Freedom (DOF) of a Coin

= sum of freedoms of the points — number of independent constraints

= number of variables — number of independent equations

Universiteit Leiden. Bij ons leer je de wereld kennen

Configuration Space

[1] Definition 2.1.

The configuration of a robot is a complete specification
of the position of every point of the robot.

The minimum number n of real-valued coordinates
needed to represent the configuration is the number of
degrees of freedom (dof) of the robot.

The n-dimensional space containing all possible
configurations of the robot is called the Configuration
Space (C-space).

The configuration of a robot is represented by a point in
its C-space.

Universiteit Leiden. Bij ons leer je de wereld kennen

Closed-chain robot: Stewart-Gough platform. [1]
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Degrees of Freedom of a Robot

* Arigid body in 3D Space p :
has 6 DOF (s (5

% Revolute I Cylindrical

: (R) (©)
— .

% Prismatic <O

(P) Universal
U)

* A joint can be seen to put Helical

constraints on the rigid (H) Spherical
bodies it connects (S)

« It also allows freedom to
move relative to the body it
is attached to.

Universiteit Leiden. Bij ons leer je de wereld kennen

Degrees of Freedom | = =y
Of a RObOt $ Prismatic

-ﬁ
L;)
* Arigid body in 3D Space has 6 DOF " @j U“K%mal
X

Cylindrical

(©

Helical

(H)

Spherical

(S)

Constraints ¢ | Constraints ¢

between two between two

Joint type | dof f planar oD spatial 3D

rigid bodies rigid bodies
+ A joint can be seen to put constraints on the Revolute (R) 1 2 5
rigid bodies it connects Prismatic (P) 1 ) 5
« It also allows freedom to move relative to the Helical (H) 1 N/A 5
body it is attached to. Cylindrical (C) 2 N/A 4
Universal (U) 2 N/A 4
Spherical (S) 3 N/A 3

Universiteit Leiden. Bij ons leer je de wereld kennen
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Planar Mechanism DOF = 4

Degrees of Freedom of a Robot

Proposition (Griibler's formula)
Consider a mechanism consisting of
* N links, where ground (!) is also regarded as a link

End
Effector

N = 5 links
J = 4 joints

f;=1,foralli
¢;=2, for all i

+ J number of joints Base
+ m number of degrees of freedom of a rigid body

(m = 3 for planar mechanisms and m = 6 for spatial mechanisms)
« f; the number of freedoms provided by joint i
* ¢; the number of constraints provided by joint i, where f; + ¢; = m for all i.
Then Griibler's formula for the number of degrees of freedom of the robot is

J
i=1

N

i=1

This formula holds only if all joint constraints are independent. If they are not independent then the formula provides a lower
bound on the number of degrees of freedom.

Universiteit Leiden. Bij ons leer je de wereld kennen

Joint reactions in rigid body mechanisms with dependent constraints

Marek Wojtyra*

Warsaw University of Technology, Institute of Aeronautics and Applied Mechanics, ul. Nowowiejska 24, 00-665 Warsaw, Poland

E* G*
¥,
J J
B dof:m(N—l)—Zci:m(N—l—])+ fi
¢ X, i=1 i=1
Joint 2 . w Joini 4 Joint 5
\!omtj’

Mochanism and Machine Theory 4 (2008) 22552278

. 7, Contents |ists ilable at Sci et
Joint6 " 2
oin e Mechanism and Machine Theory
Fig. 1. Planar mechanism. SEV journal homepage: www.elsevier.com/locate/mechmt

Universiteit Leiden. Bij ons leer je de wereld kennen
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stationary

Links
1 > 5
% Revolute l Cylindrical
3 : (R) (©)
3 & Prismatic <>
(P) Universal
()
N
6 Helical Spherical
&) — )

mobile

Figure 2.8: The Delta robot.

e Links:1+3+3+6+3+1=17
» Joints: 21: 9x R(1 dof) and 12 x S(3 dof)

Example 2.7 (Delta robot). The Delta robot of Figure 2.8 consists of two

platforms — the lower one mobile, the upper one stationary — connected by
three legs. Each leg contains a parallelogram closed chain and consists of three ° m=6
revolute joints, four spherical joints, and five links. Adding the two platforms,
there are N = 17 links and J = 21 joints (nine revolute and 12 spherical). By
Griibler’s formula, u /
dof =m(N —1) — Zci=m(N—1—])+Zf,
dof = 6(17 —1—21) +9(1) + 12(3) = 15. i=1 i=1

Universiteit Leiden. Bij ons leer je de wereld kennen

system topology sample representation
Systems
and their : : yt(’“”’ v)
° .
Y
TOpOlOgleS point on a plane E? R?
latitude
90°
Note: S'x St = T2 (not S?) A A
v longitude
. —180° 90 180°
Coordinates can be: spherical pendulum 52 [—180°,180°) » [~90°, 90°]
s
Explicit Coordinates o
* Euclidean x,y)
* Polar (r,0) % N A
+ Combined x,y) x (1, g 0
(x,y) x (r, @) ¢ > =,
Implicit Coordinates 2R robot arm T?=5"x 5" 0, 27.‘2; x [0, 27)
o {(x,y,2) | x2+y>+7z2=1} o N
S [Jr——
——(= — i = g
X
rotating sliding knob E! x St R! x [0,27)

Universiteit Leiden. Bij ons leer je de wereld kennen
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C-Space (Configuration Space)

How to describe a rigid body’s position and orientation in C-Space?

Fixed reference frame {s}
Reference fame attached to body {b}

In R3 described by a 4x4 matrix with 10 constraints s
(constraints, e.g.: unit-length, orthogonal) : /
Note: a point in R3xS2xS! :

Matrix can be used to:

1. Translate or rotate a vector or a frame

2. Change the representation of a vector or a frame in the plane R?xS!?

- for example from relative to {s} to relative to {b}

Universiteit Leiden. Bij ons leer je de wereld kennen

C-Spaces

C-space of a rigid body in the plane = R2xS! as configuration can be denoted

as (x,y,0), i.e., location (x,y) in R? and angle 6 in S*

o>
C-space of a Prismatic-Revolute (PR) robot arm is equal to R'xS* é%\%\a Revolute

(R)

—
Prismatic

C-space of a 3R robot arm is S'xS'xS'= T3 (P)

C-space of a 2R robot arm is S’xS* = T2

C-space of a planar mobile robot with a 2R robot arm “'.\:'f';"l

is R2xS1xT2 = R2xT?

&) @C ﬁf:ggt

Cylindrical
(C)

Universal
(U)

Spherical
s)

C-space of a rigid body in space is R3xS?xS!?

Universiteit Leiden. Bij ons leer je de wereld kennen
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Task Space and Work Space =

o
e
N NS
(a) ()
/ B \

The SCARA robot is an RRRP gpen chain that is
widely used for tabletop pickand-place tasks.
The end-effector configuration is completely
Figure 2.12: Examples of workspaces for various robots: (a) a planar 2R open described by (x, y, z, @)

chain; (b) a planar 3R open chain; (c) a spherical 2R open chain; (d) a 3R orienting
mechanism

= task space R3x S’ and
= workspace as the reachable points in (x, y, z), since all
orientations ¢ can be achieved at all reachable points.

The workspace is a specification of the configurations
that the end-effector of the robot can reach.

Universiteit Leiden. Bij ons leer je de wereld kennen

Rigid Body Motion

Rigid-body position and orientation (x, y, z, ¢, 8, y) € R3xS?xS!

ositive
l?otation C—D
* Can also be described by 4x4 matrix with 10 constraints. |
« In general 4x4 matrices can be used for
- Location

- Translation + rotation of a vector or frame

- Transformation of coordinates between frames

« Velocity of a rigid body: (0x/dt, dy/ot, dz/0t, d¢/dt, 6/dt, dy/dt)
i.e., changes in location and orientation per unit of time

Exponential coordinates:
Every rigid-body configuration can be achieved by:

. tS,tarting in the fixed home frame and integrating a constant twist for a specified
ime.

. Pilll‘ection of a screw axis and scalar to indicate how far the screw axis must be
ollowe

Similarly in the plane

Universiteit Leiden. Bij ons leer je de wereld kennen
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Rigid Body Motions in the Plane

Body 4 Xy, Translation

A = iu + ﬂrn.--
N N0 P = PaXs T Py¥s

A b Rotation o
/P/' tb} X, = cosfx,+ E‘lrj-'sib'r:-:!
=

) ¥, = —sinfl% +cosfy..
{s} s

Fixed reference frame

Figure 3.3: The body frame {b} is expressed in the fixed-frame coordinates {s} by the
vector p and the directions of the unit axes %y, and ¥,,. In this example, p = (2,1) and

f = 60°, so %, = (cos@,sin®) = (0.5,1/v/2) and ¥, = (—sinf, cos@) = (—1/»./5.0.5].

Universiteit Leiden. Bij ons leer je de wereld kennen

Rigid Body Motions in the Plane ©;cliveto s

Previously: p= [ Pz ]

. . Py
P =pzXs + PyYs- |
) ) o ] p_ cosfl —sind
Xy, = cosflx, +sinfy,, AXb - sinfl  cosé
¥V, = —sinfx +cosfy,.

) I

j‘yb q i

X ) _| % _ cos1p  —siny
Y =[] e-l ]

{c} relative to {b}

Ty sinyy  cos
VA D | —"{e}
T ,
e Yie

{c} relative to {s}

p | Te ) R_ co;@ 7'51119‘)
Ty sma@  cosQ

Figure 3.4: The frame {b} in {s} is given by (P, p), and the frame {c} in {b} is given Note and verify:

— fol
by (@Q.g). From these we can derive the frame {c} in {s}, described by (R,r). The R = PQ, convert Q to {s}-frame
numerical values of the vectors p, g, and r and the coordinate-axis directions of the | I' = Pq+p, convert ¢ to {sj-frame
three frames are evident from the grid of unit squares.

and add p

Universiteit Leiden. Bij ons leer je de wereld kennen
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Forward Kinematics

The forward kinematics of 3R Planar Open Chain can be
written as a product of four homogeneous transformation

matrices: T,, = T,,T,,T,,T,,, where

cosfy —sinfy 0 0 cosfy —sinfy; 0 L,
T — sinfy eosfy 0 0 Ty — sinfl; cosfy 0 0
= 0 0 10 2= 0 0 1 0
0 0 0 1] 0 0 0 1
[00583 —sinfly 0 L, | r 00 Lﬂ
sin @ cosfls 0 0 010 0
T o o 10| Tu=105 091 ol ©5
0 0 0 1 | Lo 00 1J
Home position M:
{0}
10 0 Li+Ly+1I,
01 0 0 é
M= 001 0
000 1

R p|_ |t rer taa p2
SHIE

Tir T2 Tz P

r e Tag P —l
R S A
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Rigid Body Motions in the Plane

p AT e igid body such that {d} coincides with {d
v v Move rigid body such that {d} coincides with {d’}.
2 [ pe e o | cosé —sing
_ /Pr+p pP= [py } P=k f]= { sinff  cosd }
\ 1 A 4
\ \ "‘l - 5 g 7 > . 5
\ / {h,d} >§\ {d'} Then {c’} described by (R’,r"):
"\ \ - - Js o R = PR,
'Y / ,
_:/r/ \ — \,L\ r' = Py'+p,
{s.d} {s.d}
(a) (b) \ : SCREW MOTION
The a rotation (1) followed by a
(P,’ p) can be u?ed, to . . . nslation(2) can also be expressed as
Displace an elliptical rigid body {d} coinciding with {s} to
{d’} coinciding with {b}: Rotation P followed by translation p a rotatioiaf the rigid>bady about

Universiteit Leiden. Bij ons leer je de wereld kennen

{c} described by (R,r)
_ | e | cos¢ —sing
ri{?‘y]' Ri{sin@'n cos ¢ }

a fixed point s by an angle
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Rigid Body Motions in the Plane

. _ | T | cos¢ —sing
Note: SCREW MOTION o r= { v ] . R= { sing  cosd }
The above rotation followed by a

translation can also be expressed as a
rotation of the rigid-body about a fixed

{c} described by (R,r)

Y

Move rigid body such that {d} coincides with {d’}.

point s by an angle 8 | b [ Do } Pl ] = { c;.sg —511199 }
g L . Py b sin cos
(B.S.'s,) . where (s, s,) =(0,2) _ )
i : e {c} Then {c’} described by (R’,r"):
In the {s}-frame rotate 1 rad/sec with 1rad/se _ PR
speed (v,,v,) = (2, 0) is denoted as: T -‘i "_ . ’
S= (o Vy V) =(1,2,0) ' v,.vy) = (2)0) r' = Pr +p,

Following the screw-axis for an angle
0 = n/2 gives the displacement we want:

SO = (n/2, =, 0)
Note:
These are called the exponential coordinates - distance = vt ) . .
for the planar rigid-body displacement. - distance along quarter circle with radius 2 equals 7.
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Forward Kinematics: Product of Exponentials

PoE parameters also known as
Euler-Rodrigues parameters.

There are many other representations:

- for example Denavit-Hartenberg
(1955) representation is very
popular, but can be cumbersome

In velocity kinematics Jacobians are
used.

e :Srl—l]yrl—le[srl]ynjf

e:Sn—Q:en -2 E[Sn—l]é‘ln— 1 e[‘su]ﬂn ﬂI

Figure 4.2: Tlustration of the PoE formula for an n-link spatial open chain.

Universiteit Leiden. Bij ons leer je de wereld kennen
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Inverse Kinematics which angles 0,, and 0, will lead to location (x,y)?

Law of cosines gives:
L% + L% — 2L LycosfB =z +4°

, hence
L‘E + LZ _ :E‘E o yE
a —1 1 2
Lo p=cos (T)

,and similarly

(@ + IR -1
¥ = COSs R —————a
2L, \/x2 + 92

Workspace

(@)
/2

(a) A workspace, and lefty and righty (b) Geometric solution.

configurations.

y= atan2(y,x)

Answer:
. . - . h=v—a, Oo=m—f3
Figure 6.1: Inverse kinematics of a 2R planar open chain.

In general: IK-Solvers, Newton-Raphson, etc.
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Inverse Kinematics

How would you solve this?

Which angles 6,, 6, and 6, will lead to location (x,y)?

Universiteit Leiden. Bij ons leer je de wereld kennen
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Real Time
Physics Modelling

https://pybullet.org/wordpress/

Fig. 1: The simulated and the real Minitaurs learned to gallop
using deep reinforcement learning.

pybullet KUKA
grasp training

Using Tensorflow
OpenAl gym

Baselines
DeepQNetworks (DQNSs)

» @ noo/or

Universiteit Leiden. B leer je de wereld kennen

Period: February 7" — May 23" 2022
Time: Monday 16.15 — 18.00
Place: Room 407 - 409

Lecturer:  Erwin M. Bakker ( erwin@liacs.nl )
Assistant: Hainan Yu (h.yu@liacs.leidenuniv.nl )

NB Register on Brightspace

Schedule:

7-2 Introduction and Overview

14-2 Locomotion and Inverse Kinematics

21-2 Robotics Sensors and Image Processing

28-2 SLAM + SLAM Workshop

7-3 Mobile Robot Challenge Introduction

14-3 Project Proposals I (presentation by students)

21-3 Project Proposals II (presentation by students)

28-3 Robotics Vision

4-4 Robotics Reinforcement Learning

11-4 Robotics Reinforcement Learning Workshop 1T

18-4 No Class (Eastern)

25-4 Project Progress I (presentations by students) .

2-5 Project Progress II (presentations by students) Gradlng (6 ECTS):

95 Mobile Robot Challenge » Presentations and Robotics Project (60% of grade).
16-5 Project Demos I + Class discussions, attendance, workshops and
23-5 Project Demos II

assignments (40% of grade).

Website: http://liacs.leidenuniv.nl/~bakkerem2/robotics/ + It is necessary to be at every class and to complete every
workshop and assignment.

Universiteit Leiden. Bij ons leer je de wereld kennen
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Robotics Homework I1

Visit http://modernrobotics.org and obtain the pdf of the book.
Read Chapters 1 and 2, and answer the following exercises: TBA

The exercises of Homework II will be available on Tuesday (15-2) on

BrightSpace
and
https://liacs.leidenuniv.nl/~bakkerem2 /robotics/

Universiteit Leiden. Bij ons leer je de wereld kennen
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