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Goal of the lecture

The lecture treats aspects of robotic manipulation and human-robot interaction starting from the theoretical
basis over implementation in simulation up to hands-on validation on the KUKA-DLR light-weight robot. At the
end of the lecture, the students should have gained not only theoretical knowledge but also first practical
experience with compliant, torque-controlled robots and their programming. Half of the lecture will be dedicated
In block units to implementations in simulation and to hands-on experiments.

Recommended lectures:
 "Robotics", Prof. Burschka
 "Sensor-based Robotic Manipulation and Locomotion”, Prof. Albu-Schéaffer
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Contents of the lecture

 Robot modelling and parameter identification
* Position control

 Torque control

o Cartesian impedance control

e Collision detection

» Reactive path generation

« State machines for task programming
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Organization

e 4 ETCS credits

Lecture consists of:
» Theoretical part (5 lectures)
» Simulation part (3 sessions)
» Practical part (5 sessions)

Examination:
» Simulation results
» Experimental results
» Oral presentation of results (20 minutes group presentation)

Material: slides, hand-out material, Simulink models, java scripts
Excursion to DLR (date will be announced)
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Exercises

 All information available on the lecture website:
http://www.in.tum.de/index.php?id=xxiii-teaching (just google it!)

» 4 exercise slots:
» Tuesdays, 9-12 + 13-16 and Wednesdays 9-12 + 13-16

Doodle poll for assigning fixed slots after next lecture
» FCFS according to TUMonline registration

Simulation exercises in room 03.13.008
Robot exercises in Garching-Hochbrtick, Parkring 13, lab of Prof. Burschka
Requirements: own notebooks with Matlab Simulink (free for TUM students)
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http://www.in.tum.de/index.php?id=xxiii-teaching

DLR.de ¢ Chart 6 > Robot Programming and Control for Human Interaction ¢ Dr.-Ing. Alexander Dietrich > 26.04.2017

Foreknowledge you should bring along for this lecture
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Basics of robotics — in a nutshell

This material should be known from ,Robotics” or ,Sensor-Based Robotic Manipulation and Locomotion®

Homogeneous transformations

R
le3 1 4x4

Translation vector  p € R®

Rotation matrix R3X3

RTR=1 - orthogonal
det(R) =1 - right-handed coordinate system

Forward kinematics
ol T (@) =0T (@), T2 (0)- -+ T () na T (0y)
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Cartesian impedance control

m <%

Pz

D wWo T

o

o

Translation vector

Representation of orientation

o

f = MAZ + DAz + Ky Ax

X € R®

Translational velocity

,velocity*
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Representation of orientations

Roll-Pitch-Yaw

9_005—1(&1”22”33 —1j HkH =1
Angle-axis representation B 2 :
ot Singular for

32 7123

=25in9{r13—f31] 0 =nr!
f21—h2
: .. : . 0 - . 0

Quaternions (Euler parameters) not minimal, singularity-free, global A= [ﬂo,/ll,/’tz,ﬂg]= [COS? k sin E}
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Jacobian matrices

For velocities, there is a singularity-free representation of TCP
the rotational velocity, leading to the favorite representation =
of the TCP velocity.

BZe
- 3
. Translation vector P € R

. 3
W Angular velocity vector @ € R

The Jacobian matrix defines the relation between joint
velocity and Cartesian velocity

do .0

x=J(q)q
OX
J(q) = a(qq) Depending on the representation of x and the coordinate frame in which
It is represented, there exist a multitude of Jacobian matrix versions!
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Basic Jacobian matrix

y Tij{Ri’j pi,j}
! 0 1

For serial manipulators with revolute joints, the basic Jacobian matrix is:

RJ',lzl>< PLn+1r o ,Rj’nZnX Pn,n+1 Zi . axis of joint i

Ji(aq)=
J Rj,lzl’ ’Rj’nzn

Zir Pi nta

For serial manipulators with translational joints, the basic Jacobian matrix is:

Rj1z1, = Rj,nZn
0, ---.0

Jj(q)=

For the derivation, see [Spong, Khalil, Murray]
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Joint dynamics

-
1. Force f eR

My Torque me R®

The transposed Jacobian matrix defines the relation
between Cartesian and joint torques

r=J"(q)f
1@ =0

The joint-space dynamics are

M(g)§+c(gq,9)+9(q) =7 M(q) - Inertia matrix

c(d,q) - Vector of centripetal and Coriolis torques
g(q) - Vector of gravity torques

m <%
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Today: Introduction and motivations for the lecture

What has been done with the LWR?
What is currently done with the LWR?
What is planned for the future?

m <%
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Human-robot interaction

Science-fiction literature suggests coexistence of humans and
robots already for a long time...

Until recently, robotics reality looked very differently...

e F/ AW : /i 'I / . .;
R T R T

Isaac Asimov - The Caves Of Steel,
pages 1/7-179, 1942
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The ,Lion‘s Cage”

» Separation of robots from humans
o Structured environments
 Limited sensory feedback and flexibility
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DLR's motivations: robonauts and rovonauts in earth orbit, on planets,
and moons...
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... but also terrestrial applications
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Compliant Light-Weight-Robots (LWR)

r\ Technology transfer

Three generations of DLR LWRs

1995 1999 2003 2006-2012 2013

Basic research # Product development
DLR
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, Soft Robotics” - a paradigmatic change Safety

from large, stiff robots with extremely high positioning accuracy
to sensitive, compliant, safe systems with lightweight structure.

Programmable Damping:
Low Damping Z=0.01%:=

Programmable stiffness and damping

LU LU G T
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Evolution in the automotive industry: From handwork to human-robot cooperation

+ High flexibilit * High productivity + Human-robot cooperation
L g't d orod yt. " - Little flexibility + Learning by demonstration
Imied prodhetviy LAl + Force-sensitive robots

volatile markets

=ie

Productivity

1970 1980 1990 2000 2010 2020 2030
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Human-robot cooperation is industrial reality
(most visible innovation at the Hannover Messe 2015!)

KUKA is pioneer in human-robot-cooperation
(technology transfer from DLR)

ABB makes Gomtec a R&D center
for human-robot cooperation
(Bernd Gombert formerly at DLR-RM)

2006-2012 2013 | I '
Human-robot cooperation by Bosch
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Evolution of the arm since 2003

Technology —
transfer

/ to Medtronic ,xj |

DLR medical robots
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Mechatronic joint design

Which signals/interfaces are relevant
for the controller design?

« Motor-side position sensor

» Link-side position sensor
« Joint torque sensor

m <%

K

- Torque Sensor

~With digitaTinte

rface

- Link Position Sensor

HarmonicDrive
Gear Unit

Cross Roller Bearing
Power Converter Unit
Joint- and Motorcontroller Board
Power Supply
“*ﬁ'ﬁ—
)]

DLR RoboDrive with
Safety Brake an

Position Sensor

Carbon Fibre
robot link
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Production assistance: teaching by demonstration
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Vibration damping

Vibration damping OFF Vibration damping ON

Robot reaches the dynamics and positioning accuracy of an industrial robotic arm
(according to KUKA ISO tests)

mm <%
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First application of the technology in the automotive industry

Sensor-based assemby
with the LWR

Technology transfer of bi-manual manipulation
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Gear box assembly at Daimler

Special gripper from former solutions

* Production started in 2009: first 24/7 application with the LWR
* More than 600.000 gear boxes mounted in Mercedes cars
» Production without fences, humans can interact directly with the robots

m <%
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Factory automation of the future

Mobile manipulators Production assistant

[KIVA Systems]
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Vision- and impedance-based assembly

Problem statement:

“Automatically find and program the optimal strategy!”
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The basic idea behind it

4 N

Dates. Inbefricte B T Hite
i dann Puegestrategie steifigkeitsgeregelt abfahren -
352 Serseifenesslogos()
353 PTP NLogoPAPAS:{x 0, ¥ 0, £ =20, a 0, b 0, c 0):rocdff 100%

354 WAIT SEC 0.3 e -]
ass
356 @ Platz schon belegre
357 IF ((%POS_ACT.Z - XLogoPAPAS.Z) > 35) THEN
358 : uruecksichen
359 TP ¥LogoPAPAS: (x 0, y 0, ¢ =50, a 0, b 0, ¢ O}:coeDff
360 inscreed[2] = TRUE
361 dose = TRUE
38T ELSE 4
L] LIN XLogoPAPAS: (x =S, y =4, = =30, a 0, b O,  0):(x 0, y 0, = 0,
384 LIN XLogoPAPAS:(x =S5, § =4, 2 =1, a0, b0, ¢ O):(=x 0, y 0, 20, &
) LIN XLogoPAPAS: (% 10, ¥ -4, 2 2, a0, b 0, ¢ 0)iix 0, YO, 2 0, &
— 6 LIN ¥LogoPAPAS:(x 10, ¥ 0, 22, a0, b 0, ¢ 0)i(x 0, ¥ 0, =0, &4 0
W7 WAIT HEC O 7
368 LIN §FOS_ACT:(x 0, ¥ 0, £ 20, a 0, b 0, ¢ 0)]
363 LIN §POS_ACT:(x =10, ¥y 0, z 20, a 0, b @, c O) _|L| (]
a| | O
MRCHAIPROGRAMIDEMOSILOGOS FUESEN S Ln 363, Col 48
7

C.| Zek Ho Abs. Meldung
i, 12422 200 K5 Akt ric)

Jlm

s AR z w2 :
o | Bewgrn | Logk | Leam el | swswmati | Tewhip | maviGaton |

\ KRL code /

1

Online-data:

 Position estimation

» Workspace limitations

* Robot configuration
\ » Additional sensor data j

Geometrical model
(from image processing / CAD)

4 N

Additional information:
» Tolerance

» Material properties

* Robot and camera accuracy
» Additional constraints

Assembly Planning Toolbox

KRL: knowledge representation language

" ‘ LA R S
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The ,Region of Attraction” (ROA)

T2

O

* The contact point with maximum ROA provides maximum robustness w.r.t.
sensor and mode uncertainties

 Alocal Lyapunov-based convergence analysis is possible based on the
impedance-controlled robot and the contour geometry

m <%
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Experiments

DLR




DLR.de ¢ Chart 33 > Robot Programming and Control for Human Interaction ¢ Dr.-Ing. Alexander Dietrich > 26.04.2017

Comparison with human performance

41 test persons (35 children of 5-7 years of age, 6 adults)

45 """" ST o T R S S T
o m . [=m Robot

| | | | : : B Adults
3B S Il Children| -

P1 P2 P33 pa ps P PT P8

robot adults children
Avg. 132s 39s 94s
Min. 130s 22s 40s
Max. 138s 53s 220s
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Direct comparison: human & robot
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Further applications: virtual assembly verification

2 LWRs as force-reflecting devices

Advantages:

+ to train experts (e.g. technicians)

+ to check whether assembly is
practical/possible or not

m %
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How dangerous is the robot?

First collision experiments with standardized methods to evaluate the injury potential and related safety measures.

HIC35-Level of the LWRIII

Very high
A
20% AIS> 3 1000 30 +
High 25 T °
HICs, :20 +
Medinm 15
2 ;10 -
Low § :
) = - S5+ [
5%AIS>3| & 650 .
z : [ ] :
: 0 le—+® : | —
0 05 10 15 20 25
TCP-Velocity [m/s]
Very low

....
.t
art”
PR
....
aett
avt”
as* "

For all evaluated criteria, the LWR has proven to be in the lower quarter of the green, uncritical area.
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No Collision Detection

|mp.u_'t l"‘.\'pcrimcnh

I lt"ltl

Velocity: 2.0 m/s
Detection: None
Strategy: None

I11. Impact Experiments LWRIII - Human
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In cooperation with the medical faculty of the TUM

An ,Injury Handbook of Robotics®

Given with Er_el.ssure
- Tool geometry fo1

- Robot weight
- Contacted body part

* Which injury will occur at which velocity?

« How fast can the robot move to remain safe LS B0 1-"610C.it‘.~'"
to humans? e ==\ 1 1 0 Iﬂ/q
— Safety certification of commercial

robots
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Disturbance observer for collision detection

Robot

ext
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Disturbance observer for collision detection and friction compensation

Robot

ext
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Intuitive robot interfaces and hands-on programming interfaces

Integration of soft robotics features into
a consistent, unified user interface concept

How to make the large variety of
control modes intuitively
manageable for non-specialists?

(X-Box — KINECT mainly for human detection and interaction)

m <%
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Study on fully automated manufacturing workflow

Automatic generation of robot programs starting from CAD applications ;\W[ / E
robotics

e Mass customization
« Highly variable, rapidly changing product families (towards lot size 1)

(N
L

CAD Automatic Automatic robot Robot
design assembly program generation program execution
planning
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Study on fully automated manufacturing workflow

| v SR [ P,
| Demonstration of ‘Gssembly:tatk
_ ‘_ﬁ‘fiﬁ,

o
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,Industry 4.0“: shared data for the automatic manufacturing workflow

\
| Manufacturer

' Knowledge base

Parts/components/assemblies

* Geometry
e Tolerances

e Mass |

* Material \
o Supplier 4,

* Price

* Availability

Robot/workecell

*  Workspace
e Accuracy

Software

e  Primitive skills

e Tools
e Price
* Availability

L g

Manipulation skill library
Task-to-skill mapping
Skill parameterization
Assembly planner
Grasp planner
Motion planner

Robot
L Manufacturer
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Reactive behavior and planning in low-dimensional space
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Reactive behavior




DLR.de ¢ Chart47 > Robot Programming and Control for Human Interaction ¢ Dr.-Ing. Alexander Dietrich > 26.04.2017

Combining compliant control and Al

Reasoning Level

Object Storage

B D B i i

Symbolic Reasoning

]
i Eh i e b e e I
aren *

Control Level

Whole-Body
Controller

Robot

Hybrid Reasoning
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Telemanipulation with time delay

« Passivity observer and passivity control concepts for
handling variable time delay
« Effective operation up to 0.8s delay

Projects on the International Space Station ISS
Kontur 2 (2015)
METERON (2015-2017)
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Telepresence from the ISS

18. Dezember 2015

00:15:19

» Astronauts can see, talk and interact physically with people and things on the planet surface and in orbit.
» With a good internet connection, we can operate robotic avatars on any point on earth
I"" #mn R

g5
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Tele-manipulation with brain interface or EMG signals

The future of teleoperation:

- Shared autonomy

- Natural interfaces (EMG, brain)
Hand pose and forces as well as arm

movements can be well detected from EMG.

Calibration through incremental machine
learning techniques.
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Tele-manipulation with brain interface or EMG signals
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Thank you for your attention!
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