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(Tutorial on DH)
(Tutorial on Jacobians and again DH 1)

I (i A(lDtéo to ROS)

(Intro to ROS)

(Tutorial onLagrangiarfrormulation 1)

(Tutorial onLagrangiarfrormulation 2)

(Tutorials on stability and more on control theory)
(Practice tutorial in Lab with Holger)

::: ROS. orq

https://www.ros.org/
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D e Meeting and Consultation

Al e Nicola Francesco

Holger
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Send an email before and pass by AfmiNeunheimerfeld368) 4" and 5" floor.
Lorenzo MasiaRoom5215™" Floor)lorenzo.masia@ziti.urtieidelberg.de
NicolaLotti nicola.lotti@ziti.uniheidelberg.de

Francescdissiroli francesco.missiroli@ziti.wimeidelberg.de
HolgerDieterich holger.dieterich@ziti.unheidelberg.de

RyanAlicea ryan.alicea@ziti.urneidelberg.de
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Examination
Written examination @.5 hours)

15-20 questionson exercises and theory explained and discussed in the clas:
over the semester

3 homeworksto be completed to access the exam




= Master Thesis (min 6 months)

+AaAl0 KSNB (2 1y2¢6 6K W RIJAY T
www.lorenzomasia.com

Research
A RobotAided Rehabilitation
A Soft Wearabl€Exosuits
A Bio-Robotic Design
A Human Machine Interaction
A Control System Engineering
A Virtual Reality & Haptics
A Intelligent Actuators Design

Requested skills (one at least)
A ProgrammingViatLah C, G+
A Mechanical Design CAD
A Clinical Data Analysis
A Statistics



http://www.lorenzomasia.com/
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Woher kommt das Wort ,,Roboter''e

erfunden von Karel Capec
(tschechischer Schriftsteller):

schrieb 1923 das Schauspiel
R.U.R (Rossum's Universal Robots)

.Robota” = Fronarbeit




2\ | UNIVERSITAT
%] | HEIDELBERG
ZUKUNFT
(1]

SEIT 1386

Robota: «hard work»

The term was first introduced by the Czeck playwrigth Karel Kapek in 1920 in
his play drama R.U.R. (Rossumovi univerzalni roboti).

Karel (,.:(1pcl<.
R.U.R.
Rossum’s Universal
Robots
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History of Robots

250 B.C.

Ctesibius of Alexandria
build organs and water
clocks with moveable
figures

1865

John Brainerd created
the Steam Man,
apparently to pull
things.

1885
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1495

Leonardo da Vinci
designed and possible
built the first
humanoid robot.

v
1738
Jacques de Vaucanson
built several

automata: flute player,
drum player and a
duck (could quack, flap
its wings and eat)




UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

History of Robots

v

1948
Grey Walter created

S I AN A EENNEEENEAENEEEEENEEEERREEEunEnnnnnnnnu] his first robots: Elmer
and Elise known as the
turtle robots.

1938

Westinghouse created
ELEKTRO, a human-
like robot that could
walk, talk and smoke.

‘lllll

1963

The Rancho Arm ist
the first computer
controlled artificial
robotic arm.

rerrrssssssasssnnERERE TR R R R R AR RT R, 1954
George Decol designd
the first
programmable robot
Luniversal Automation®

<lllll
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History of Robots

v

1966

Joseph Weizenbaum
wrote the famouse
Eliza program. The
program simulates a
psychoanalist by

reghrasing many of the =
user's questions.

by Victor Scheinman. It| 4
is widly used in
industrial robots.

‘Il'.lll...ll.l-l.llllllIllllIlllllIIlll-l.lll

1969

Victor Scheinman
created the Standford
Arm, which was the
first successful
electrically-powerd,
computer-controlled
robot arm.

1970

SRI International
created Shakey, which
is the first robot
controlled by
artificial intelligence
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History of Robots

\

1996
Honda created P2,
IIIIIIlllllllllllllllIIIIIllllllllllll.llllllllll’ WhiCh WaSthe first

1989
The Mobile Robots
Group at MIT created

Genghis, a walking o ( et \ self-regulating,
robot. bepedal humanoid
robot.

‘Illl.

2010

Robonaut 2 was
launched to the space
station. It is the first
humanoid robot in
space.

1997
A A A A A R L L R R R N R N N R R R RS SE NASA‘S Pathﬂnder
landed in Mars.
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History of Robots

Laws of Robotics by Asimov (1942/1950) ASIMOV

Asimov proposed three “Laws of Robotics” and later added the “zeroth law”

Law 0: A robot may not injure humanity or through inaction, allow humanity to
come to harm

Law 1: Arobot may not injure a human being or through inaction, allow a human
being to come to harm, unless this would violate a higher order law

Law 2: A robot must obey orders given to it by human beings, except where such
orders would conflict with a higher order law

conflict with a higher order law

THE ROBOT SERIES

[, ROBOT
: | N

Source: https://1f420.deviantart.com



=  Application in robotics
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It is a multidisciplinary domain. The different branches occupied in the development of Robotics ¢

J A Mechanical EngineeringDeals with the machinery & structure of the Robots.
A Electrical EngineeringDeals with the controlling & intelligence (sensing) of Robots.
A Computer EngineeringDeals with the movement development and observation of Robots.

N\
¥

N @obot is an actuated mechanism programmable in two or
more axes with a degree of autonomy, moving within Its
environment, to perform intendedt a s k s 0
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Definition of Robotics

The word “robot” was coined by the Czech novelist Karel Capek in 1920 play titled Rassum’s Universal Robots (R.U.R.). “Robot” in
Czech is a word for worker or servant.

A robot is a reprogrammable, multifunctional manipulator designed to move material, parts, tools or specialized

devices through variable programmed motions for the performance of a variety of tasks.
[Robot Institute of America, 1979]

THE
ROBOTICS
INSTITUTE

"automatically controlled, reprogrammable, multipurpose manipulator, programmable in three or more axes, which
can be either fixed in place or mobile for use in industrial automation applications"

[I1SO 8373:2012 definition of industrial robots]

Scientific and engineering field of the design, construction and application of robots, that under automatic
m control performs operations such as handling and locomotion.

[IFToMM]
|F ToMM
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RIA (Robotic Institute of America)

NA r o bpragrammabla multifunctional mechanism designed to move

material, part or tools, or specialized devices through variable programmed

motion for the perfomance of a vari ety of




Main structure
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A sensors used to perceive the surrounding environment;
A actuators, e.g. servomotors, to interact with the environment;
A a control structure i.e. the brain of the robot;

A the mechanical structure of the robot itself.

CONTROL

>

ACTUATORS

SENSORS




Classification according to the working environment

UNIVERSITAT

2| | HEIDELBERG
7/ | ZUKUNFT

SEIT 1386

Robotics can be divided into industrial and advanced.

Industrial robotics is located in a structured environment whose geometrical or physical characteristics are mostly
known a priori. Three main working areas can be identified: material handling, manipulation and measurements.

Advanced robotics operates in unstructured environments, whose geometrical or physical characteristics would not
be known a priori. It can be further divided into field robotics, i.e. the working environment is not safe, and service

robotics, i.e. its scope is to improve quality of life
ROBOTICS

INDUSTRIAL ADVANCED

MATERIAL HANDLING

FIELD SERVICE

MANIPULATION |~ roBoTics | roBoTICS

IMEASURMENTS



\ __ https://www.staubli.com/de/robotik/
") | HEIDELaERG

| HEIDELB http://new.abb.com/products/robotics/de
> e http://www.kuka-robotics.com

Definition of an Classical Industrial Robot

An industrial robot is a multipurpose manipulator that
is automatically controlled:

« Three or more axes
* (Re)programmable:
« Translations and Rotations
* Movement pattern
» Possibly sensor guided
» Can be equipped with different end-effectors for
industrial applications:
« Gripper
« Tools
« Sensors

S

Industrial Robots


https://www.staubli.com/de/robotik/
http://new.abb.com/products/robotics/de
http://www.kuka-robotics.com/

https://avenue.cllmcmaster.ca WWW.POPpU larmechanics.com
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https://www.theengineer.co.uk http://www.engineering.com
http://itelemedicine.com Wwwenqlneerlnqcom

Advanced Robotics

+ Extreme Environments

» Medical Robotics

+ Home Cleaning

- Agriculture

+ Lawn Mowing

» Food Industry

» Mine Exploration

» De-Mining

» Civil and Naval Construction
» Automatic Refueling

» Public Ground Guide

- Fire Fighting

» Inspection and Surveillance
- Emergency Rescue
+ Entertainment

» Humanoids



https://avenue.cllmcmaster.ca/
http://www.tuvie.com/
http://www.popularmechanics.com/
https://www.theengineer.co.uk/
http://itelemedicine.com/
http://itelemedicine.com/
https://www.wsj.com/
http://www.engineering.com/
http://www.engineering.com/
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World Robotics Market

Worldwide annual supply of industrial robots
2001 - 2019*

2017-2019:+13%
450 per year on average

400

350

300

250

200

'000 of units

150

100

a0

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016* 2017* 2018* 2019*

*forecast Source: IFR World Robotics 2016
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World Robotics Market

Estimated worldwide operational stock of industrial robots
at year-end by main industries 2013 - 2015

+10%
Automotive

Electrical/electronics

Metal

Chemical and plastics

Food

others

nol specihed by induslnes

0 100 200 300 400 500 600 700

‘000 of units
Source IFR World Rohotics 2016
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World Robotics Market

Figure 2.9 Number of multipurpose industrial robots (all types)
[ per 10,000 employees|in the manufacturing industry (ISIC rev.4: C) 2015
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400 —
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World Robotics Market

Global Industrial Robots Install Base

® Fanue

® Yaskawa

® Asp

2 Kawnsaki

® Nachi

®

® Denso
Fpson

® Coman

® Omron / Adepe

® Unnenal

China

Japan

United States

Rep. of Korea

Germany

=]

2014: 75% of world supply goes to 5 markets

Annual Supply of industrial robots
largest markets 2010-2014

I

10,000 20,000

+17%

+11%

+14%

30,000
units

40,000

+56%

®2014

» 2013

82012

2011

«2010
50.000 60,000

Source: IFR World Robotics 2015
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http://www.bmwblog.com
https://www.technologyreview.com
https://www.roboticsbusinessreview.co

Robots: Requirements and Application Scenario

Why do we need robots?

* 4D Environments

Dangerous
Dirty
Difficult
Dull

* 4A Tasks

Automation
Augmentation

Autonomous

Assistance

BMW

Phoenix
Robotic exoskeleton ($40,000 )

Yumi, ABB
The world's first truly collaborative

Kva, Amazon
Logistic Robots
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Industrial: The traditional industrial robot consists of a manipulator arm designed to perform repetitive

tasks. An example is the Unimate, the grandfather of all factory robots. This category includes also systems like
Amazon's warehouse robots and collaborative factory robots that can operate alongside human workers.




unersiir https://www.youtube.com/watch?v=hxsWeVdQ
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Origin and evolution toward industrial robot: The first industry robot

with respect to the ancestors, robot manipulators must...

. George Devol and Joseph Engelberger
o Flexibility of use » (Unimation. Inc.)

o Adaptabllity to a priori unknown conditions

o Accuracy in positioning June 13, 1961 G. C. DEVOL. JR 2,908237
o Repeatability of operation S

Filed Dwa. 10, 1954

sl

Programmed Article Transfer
Patent Number: 2,988,237
(Applied, 1954; Issued, 1961)

The first Unimate was installed at a GM
plant in Trenton, New Jersey (1961)



e Anatomy of an industrial robot
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Feedback

% Y
@
8 |z
§ § - To end effector
§ 3
5 § From end effector
a %
'u Commands End
o ooao \ effector

Manipulator

Means for
programming
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Origin and evolution toward industrial robot: Milestones of Robot Manipulators

Programmable

ASEA, IRB6 Universal Machine
(1973) for Assembly
(PUMA)
The first fully electric, (1978)
microprocessor
controlled 6 revolute joints with
human-like
dexterity
Demaurex,
Hirata AR-300 Switzerland
(1978) (1992)
The first Delta robot
First SCARA : LR
cobiot packaging application

to Roland
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Industrial applications

» Typical industrial applications
1) Arc welding

2) Spot welding

3) Material handling

4) Machine Tending

5) Spray painting and coating

6) Picking, Packing, and Palletizing

7) Assembly

8) Laser cutting, welding, and Polishing
9) Gluing, sealing, spraying materials

10) Other Processes (Inspection, waterjet)




https://www.youtube.com/watch?v=fH4VwTgfyrQ&t=140s

10

most popular
applications for
Industrial.robots
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Industrial applications: The construction of a KUKA KR 500 R2830

Main Components of KUKA robot

system:
1. Robot
1) Arm

2) Electrical installations

3) Rotating column

4) Base frame

5) Counterbalancing system
6) In-line wrist ~ A
7) Link arm :

of robot axes -1
2. Connecting cables % A

3. Robot controller

Example of a KUKA
robot system

4. smartPAD teach pendant Source: https://www.kuka.com/

Others: L

1. Software : SR ey I § : oy ,
2. Options, accessories : SO N <

Principal
components

KR 500 working envelope , side view & top view
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KUKA

KR AGILUS sixx

Payload [kg]: 3 - 10;
Reach [mm]: 706,7 — 1101,

KUKA
KR5

Payload [kg]: 5;
Reach [mm]: 1412;




How I1s made an industrial robot

https://www.youtube.com/watch?v=mADNIV1yCSo
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End-effector

Definition End-effector:
Device that attaches to the wrist of the robot arm and enables the general-purpose robot to perform a specific task

« The end-effector means the last link (or end) of the robot
* In a wider sense, an end-effector can be seen as the part of a robot that interacts with the environment

» (That does not refer to the wheels of mobile robot or the feet of a humanoid robot which are not end effectors — they are part
of the robot’s mobility)

What could the robot do without End-effector?

Two types:

Grippers to grasp and manipulate objects (e.g. parts) during work
cycle

Tools to perform a process, e.g., spot welding, spray, painting, 3D
Printing, milling, cutting, measure
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End-effector applications

https://www.youtube.com/watch?v=5UkB7CbY2Uc

Milling/Drilling

Specifications:
Flexible Process, high Degree of Freedom,
large work-pieces

Requirements:

« Precise trajectories required

« Positioning and orienting the milling tool
« Higher Degree of Freedom Robots

Problems:
Lack of robot stiffness depending on the
robot positioning in the Cartesian space

Solutions:
« Using free degree of freedom to optimize the
stiffness over the desired milling path
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End-effector applications

https://www.youtube.com/watch?v=7k20Zp5aP}Y

Laser cutting

Specifications:
Flexible laser orientation

Requirements:
Precise trajectories required
Positioning and orienting the laser
Higher Degree of Freedom Robots

Challenges:
High accuracy required (use free Degree of
Freedom for Optimization)
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End-effector applications

https://www.youtube.com/watch?v=kzGxT4wd8

Grasping

Specifications:
- Adaptive gripper position

Requirements:

« Reliable gripping of components

- Adaption to unknown object positions

- Sensitive Gripping process for different
objects

Challenges:

« |dentification of reliable object position and
grasping pose

- Feedback about successful gripping
operation

« Economic Pick and Place speed



https://www.youtube.com/watch?v=xqRbHCCdF
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End-Effector Sensors

AppliedRobotics awims JR3 SROBOTIQ

it A Lot el Ty mnosiingees

« Force-torque Sensors
+ Installed between the robot and the tool that interacts with the part
«  Measure the force and torque that the robot applies to the part through
the tool
- Collision Sensors
«  To prevent damaging the robotic tooling and the parts being processed
« Can disengage or send a message to the robot to stop at any moment
when a collision is detected
- Vision Sensors
+  Video camera (2D), detecting movement to localization of a part
« 3D vision system with 2 cameras at different angles or laser scanner
- Safety Sensors
Industrial robots in collaborative mode
«  Slow the robot down once a worker is in a vertain area and stop once the
worker is too close

- Measurement probes
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Tool Changer

Nttps://www.youtu

he.com/watc

N?v=EMvvB/OEo

Nttps://www.youtu

Nttps://www.youtu

ne.com/watc

he.com/watc

N?v=9Wof8QO3w

N?v=x]vzhvMTdTc

Automatic tool changer for flexible, multi-tool applications which use only one robot.

Sehr schneller Werkzeugwechsel mit hoher Prazision
Very quick tool-change with high precision

https://www.youtube.com/watch?v=kDi&ofDn4w


https://www.youtube.com/watch?v=EMvvB-_V0Eo
https://www.youtube.com/watch?v=xjvzhvMTdTc

https://www.youtube.com/watch?va1x6aWPs8
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Industrial applications: How to use industrial robot

Industrial robot animation: Programming methods

Programming a robot
| l

Online-Programming  Offline-Programming

|l |l
Play-back Teach-in

These are the way to program a robotic
system for specific tasks.




https://www.youtube.com/watch?v=neWc5191dQ
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Top Industrial Robots

--o'l"l\ﬁfﬂi.~*“~..~ - R ‘

~ y — . —
‘_'_- -— — - =~ —




— Human Robot Collaboration
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https://www.youtube.com/watch?v=XVGfBgOhagw




2| | UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Classification of Robotic Structures

« Kinematic Topology Classification

Serial kinematic topology < Parallel kinematic topology

&2

* Drives and links are connected serially * Several serial link & joint chains with one drive each are
* All drives and links must be actuated by the preceeding drives connected in parallel between the ground frame (base) and the
TCP
» There is only one kinematic chain from the ground frame (base)
to the TCP * The drives are attached directly to the base and do not undergo
any motion

* There is at least one closed kinematic chain
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