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The Day of the Mechanical Men—
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In 1960 the first industrial robot was install€g in a manufacturing
plant of General Motors in New Jersey (USA)
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of General Mo ?’lﬂ

New Jersey (USAN

Robotlcs has grown exponentially in the last
50 years and the theories and techniques for

robot control, fabrication and sensing

represent an incredible wealth of knowledge
Robotics technologies are today very solid
and robust, in the accurate, fast, and reliable

control of robot motion
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Let's Celebrate!

Robots in Our Life
for 50 Years

http://www.youtube.com/watch?feature=player detailpage&v=7/k20Zp5aP|Y#1=26s



http://www.youtube.com/watch?feature=player_detailpage&v=7k20Zp5aPjY#t=26s

Industrial Automation:
NSTITUTE birth and development of Robotics

THE BIOROBOTICS
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Definitions of Robotics _ V

A robot is a re-programmable, multi-functional, manipulator designed to move
material, parts, or specialized devices through variable programmed moty)ns for
the performance of a task

Un robot & un manipolatore multifunzionale riprogrammabile progettato per
muovere materiali, componenti, o dispositivi specializzati, attraverso movimenti
variabili programmatl per lo svolgimento del compito

Robotics Industry Association (~ 1980)

Jablonsky J., Posey J. 1985. “Robotics Terminology”, in Handbook of Industrial Robotics, ed. S.
Nof, J. Wiley, New York, pp.1271-1303



Italy in industrial robotics
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from the very beginning
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1973: The origin of Comau dates
back to the COnsorzio MAcchine
Utensili established to gather all
commercial activities of the Turin area
manufacturers involved in the
technological equipment supply of the
Togliattigrad VAZ plant in Russia.

1977: A number of companies merge
INnto a company named Comau
Industriale S.p.A.: MST S.p.A.,
Morando S.p.A., .LM.P. S.p.A., Colubra
Lamsat S.p.A.
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More than 1 million
operational industrial
| robots in the world, with a
= growth rate of 6% per year

B (Source: IFR)

Reliability of industrial
robots:
Mean Time Before Failure =
40,000 hrs
? Efficiency n > 99.99875%
(Source: COMAU)
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PUMA 560
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PUMA 560
* Industrial Robot manipulator with 6 d.o.f Repeatabili Operating Weight

The six degrees of freedom are controlled by ) el
six brushed DC servo motors PUMA 560 =01 mm 1.0 m/s 120 Ib

« Each motor is provided with a 500-1000
count 3 channel encoder and a potentiometer

P.I. Corke and B. Armstrong-Helouvry. A search for consensus among model parameters reported for the
Puma 560 Robot. Proc. IEEE Conf. Robotics and Automation, 1994 pp. 1608-1613
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Link
parameters

l

Joint angles . . . End-effector
> Direct kinematics > -
(d4,.--9,) position and
orientation
. | £
Link X =(p, )!
parameters |
|
| |
. |
Jointangles «——— |nverse kinematics |t====== == !
(qlf"'qn)

Direct kinematics Inverse kinematics
X = K(q) q = K*(x)



Control of one joint motion
THE BIOROBOTICS
i (actuated by one motor)
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Sensor
Actual value

V =K, + K&, +K [ (t)dt

€ =Ua =9
. de,
K, is the proportional gain eq — E

K; is the integrative gain
K, is the derivative gain
e is the error, i.e. the difference between desired and actual value



s Robot control systems
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Robot control in joint space
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Robots outside of factories:
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ROBOTICS IN SERVICE

The Robots of Daw
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Robots outside factories:
THE BIOROBOTICS _ _
INSTITUTE Service Robotics
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Dangerous
environments or
unaccessible to
_human beings

e Unstructured environment
* Perception
e Reactive behaviour




Nt

THE BIOROBOTICS

INSTITUTE
: Scuola Superiore
l H:m(\nn;!
Industrial robotics: Service robotics:
birth and growth of theories birth and growth of theories and
and techniques for robot techniques for robot perception &
control action control

Structured environment Unstructured environment
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DustCart: The first service robot tested with
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citizens 1n Its real use
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Peccmh (P1sa) June August 2010

35 citizens - 402 services - 120Km run - 585Kg of garbage (paper,

= plastic and mixed)
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DustCart: The first service robot tested with
THE BIOROBOTICS . m . .
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Peccloli (P1sa),
June-August 2010

35 citizens - 402 services -
120Km run - 585Kg of garhage
(paper, plastic and mixed)

R OBO A v i Comune di / i\ Sc uola Superiore by §
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il R DL R DL T For navigagon insiructions please click here

Vol 18 No. T Marth 200
SSN 1070-5932
hetp:/wwalees racan)

By e Su, ConadoTal
Erva Soadony, Cedlia Ly

Bortira MAzzda, e Pk D attraversament
MARCH 2011 ot

SOl & AN meCewe Tdwn in

Qe ¢

g
o
MO R and

corsia gialla impegnata

dephoy » P ' : || dal transito del robot
Robo i

o}
& Ethics
. Defining Responsibility

to Protect Humankind e 1 whe R . , :

MR CARTIN rF IR

KIS AZNYEIN

o M Ag A a0

et -D R R L R L T For navigason insiructions pleasa click hera



The RoboLaw Project

Programme "Capacities” - Call ID “"FP7-SCIENCE-IN-SOCIETY-2011-1" Topic:
SiS.2011.1.1.1-3 Regulating emerging scientific and technological
developments. EU Financial Contribution: 1.497.966 EUR.
Duration: 24 Months.

1) Scuola Superiore Sant’Anna, Pisa, Italy
2) Tilburg University, the Netherlands

3 ) University of Reading, England (UK)
4 ) University of Humboldt, Germany

“"White Book on Regulating Robotics”,

containing guidelines for the European
Commission in the field of regulating
emerging robotic technologies replying to
the ethical concerns regarding its
applications.
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Definitions of Robotics

A robot Is a re-programmable, multi-functional, manipulator designed to move ma" ‘
parts, or specialized devices through variable programmed motions for the pefEQImE

a task g
Un robot & un manipolatore multifunzionale riprogrammabile progettato per mqu
materiali, componenti, o dispositivi specializzati, attraverso movimenti variabili %
programmatl per lo svolgimento del compito

Robotics Industry Association (~ 1980)
Jablonsky J., Posey J. 1985. “Robotics Terminology”, in Handbook of Industrial Robotics, ed. S. Nof, J. Wiley, NY, pp.1271-1303

Robotics is the intelligent connection of perception to action
Robotica e la connessione intelligente della percezione all’'azione

Michael Brady (~1985)
M. Brady, 1985. “Artificial Intelligence and Robotics”, Artificial Intelligence and Robotics, Vol.26, pp.79-121

A robot is a machine able to extract information from its environment and use knowledge
about its world to move safely in a meaningful and purposeful manner

Un robot e una macchina in grado di estrarre informazioni dallambiente e di usare la
conoscenza sul mondo per muoversi in maniera sicura, significativa e intenzionale

Ronald Arkin (~ 1990) R. Arkin, Behaviour-based Robotics, MIT Press, 1999

Robotics is the science and technology of the design of mechatronic systems capable of
generating and controlling motion and force oy .< 7

Robotica e la scienza e tecnologia della progettazione di sistemi
meccatronici capaci di generare e controllare movimento e forza

Paolo Dario (~ 2000)

A robot is an autonomous system which exists in the physical world,
can sense its environment, and can act on it to achieve some goals

Un robot e un sistema autonomo che esiste nel mondo fisico, percepisce Iamblente e puo
agirvi per raggiungere un dato obiettivo

Maja Mataric (~ 2000) M.Mataric, The Robotics Primer, MIT Press, 2007




" A
The challenge of Artificial Intelllgence (Al)
in the ‘80s

Deep Blue, IBM

m The computer which
defeated the chess world
champion Kasparov



http://upload.wikimedia.org/wikipedia/commons/b/be/Deep_Blue.jpg
http://www.research.ibm.com/deepblue/home/html/b.shtml

»
Embodiment Thesis

m “Many features of cognition are
embodied in that they are deeply
dependent upon characteristics of the
physical body of an agent, such that the
agent's beyond-the-brain body plays a
significant causal role, or a physically

constitutive role, in that agent's cognitive
processing.”

m Intelligence without representation

Rodney A. Brooks, “Intelligence without representation”,
Artificial Intelligence, 1991, 47: 139-159.
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The new challenge:

a humanoid robot soccer team

RoboCup T e T

"By mid-21st century, a team of fully
autonomous humanoid robot soccer players
shall win the soccer game, comply with the

et SCIENTHETC
AMERICAN;

official rule of the FIFA, against the winner of
the most recent World Cup.” Lloe
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"RoboCup The Robot World Cup Initiative". RoboCup. 1995
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meweeen Typical robot components
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A robot is an autonomous system which
exists in the physical world, can sense its

(jhéi?‘ Scuola Superiore : : :
B ) Sant’Anna environment, and can act on it to achieve
some goals
- i ~

Actuators User interface Sensors

Robot

Control { Behaviour control } { Perception




meweeen Typical robot components
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Actuators

Sensors

A robot is an autonomous system which
U exists in the physical world, can sense its
S ) Sant’Anna environment, and can act on it to achieve

some goals
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Robots outside factories...

GG ... having to operate In the real world, they need to manage
INSTITUTE

uncertainties and to react to changes in the environment

Scuola Superiore

/] Sant Anna

Biological systems
represent an excellent
source of inspiration

Underwater

e Unstructured environment

* Perception

* Reactive behaviour

« Shared workspace with human
beings




Some examples of biomimetics in action

e VVelcro resulted in 1948 from a Swiss engineer, George de Mestral,
noticing how the hooks of the plant burrs (Arctium lappa) stuck in the
fur of his dog.

: r \




Some examples of biomimetics in action

The Eiffel Tower: the perfect structure of trabecular struts in the head
of the human femur inspired a French engineer at the end of the 19t

Century. He was intended to design the higher structure all the world.
The name of this engineer is Gustave Eiffel.
In 1889 the Tower is completed.




Some examples of biomimetics in action

e the gecko tape and robot: a gecko is the largest animal that can
produce (dry) adhesion to support its weight. The gecko foot
comprises a complex hierarchical structure of lamellae, setae,

branches, and spatula.




Biomimetics: smart solutions from Nature
Nevertheless... Natural selection is not Engineering

Organisms that are capable of surviving are not necessarily optimal for their
technical performance.

They need to survive long enough to reproduce.
Models are never complete or correct: need to interpret with caution.

“Simply copying a biological system is either not feasible
(even a single neuron is too complicated to be synthesized
artificially in every detail) or is of little interest (animals have
to satisfy multiple constraints that do not apply to robots,
'such as keeping their metabolism running and getting rid of
parasites), or the technological solution is superior to the one
found in nature (for example, the biological equivalent of the
wheel has yet to be discovered).

i
4
P

Rather, the goal is to work out principles of biological m
systems and transfer those to robot design.” Rolf Pfeifer

R. Pfeifer, M. Lungarella, F. lida, "Self-Organization, Embodiment, and Biologically Inspired Robotics", Science 318, 1088 (2007)



The two-fold relation between
S robotics and biology
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@%@( Applications
Biomimetic robotics:

« developing robots for real-world applications
« studying biological systems by robotic platforms
Unified approach to the study of living organisms and robots




&~ The ARTS humanoid robet

Total
d.o.f.s: 25
Visual sensors: 2
Proprioceptive sensors: 39
Tactile sensors: 135
Anthropomorphic head &
retina-like vision system

1

7 proprloceptlve senso 4
2 cameras

Anthropomorphic arm
8 d.o.f.s
16 proprioceptive sen

P. Dario, M.C. Carrozza, E. Guglielmelli, C. Laschi, A. Menciassi, S. Micera,
F. Vecchi, “"Robotics as a “"Future and Emerging Technology: biomimetics,
cybernetics and neuro-robotics in European projects”, IEEE Robotics and
Automation Magazine, Vol.12, No.2, June 2005, pp.29-43.

_ Proiect IST-2001-33073
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The bot that plays ball

He looks like a child and plays like a child. But can the iCub robot
reveal how a child learns and thinks? Nicola Nosengo reports.

iulio Sandini cannot help smiling

as his child reaches out a hand and

tries to grasp the red ball that Sandini

keeps waving before his eyes. “He
is getting really good at it,” he says, with the
proud tone of any father. True, most fathers
would expect more from their three-year-old
than the ability to grasp a ball. But Sandini is
indulgent: although the object of his affection
has the wide eyes and rounded cheeks of a little
boy, he is, in fact, a robot.

His name is iCub or, as the team calls him,
iCub Number 1. Together with his brothers
now in laboratories around the world, this little
robot may help researchers to understand how
humans learn and think Graspinga ball is only
afirststep, says Sandini, director of the
robotics and cognitive-sciences
department at the Italian Insti-
tute of Technology (IIT) in
Genova, and head of the
child-robot project since it
started in 2004. Sandini
is confident that iCub
will learn more and
more tricks — until,
inthe end, heiseven
able to communicate
with humans.

“We wanted to create
a robot with sufficient
movement capabilities to
replicate the learning process
areal child goes through” as it
develops from a dependent,
speechless newborn

into awalking, talking being, Sandini says. So
he and his colleagues have not only given iCub
the hands, limbs and height of a toddler, they
have also tried to give him the brain of one —a
computer that runs algorithms
allowing iCub to learn and
develop as he interacts with his
surroundings.
Ina child, says Luciano Fadiga,
a neurophysiologist at Italy’s
University of Ferrara who is part
of the team that developed iCub,
those interactions are essential
for shaping the rapidly growing
brain. Before children can grasp a moving ball,
for example, they must learn to coordinate head
and eye movements to keep the ballin
their visual field; use visual clues
to predict the ball’s trajectory
and guide their hand; and
close their fingers on
the ball with the right
angle and strength.
¥ None of these abilities
| is there at birth, and
children cannot grasp
appropriately until
they reach around
one year ofage. “Many
theories try to explain
what happens in the
brain as it learns all this
stuff]” says Fadiga, “and
the only way to test them
isto see what works best in
an artificial system.”

“Thisis not a car you
just buy and start
to drive around;

we're in totally new
ground.”
— Paul Verschure

blishers Limited. All rights reserved

Such testing is certainly not new. Cognitive
scientists have been using computer models
to simulate mental processes since the 1950s,
including algorithms that mimic learning. But
many of these simulations have
focused on the high-level, con-
scious reasoning used to solve
logical puzzles, play chess or
make medical diagnoses. And
many others — notably ‘neural
network’ models — have simu-
lated neurons. But Sandiniand
Fadiga are among the many
researchers who have come to
think that both types of simulations leave out
something essential: the body.

“There is ever-growing evidence from
neuroscience that visuo-motor processing,
and manipulation in particular, are crucial for
higher cognitive development, including social
behaviour and language,” Sandini says.

It was thisline of thinking that led Sandini and
his co-workers to their central hypothesis — that
the best way to model the human mind would be
to create a humanoid robot that is controlled by
realistic learning algorithms, then let it explore
the world as a child would. They gathered
together scientists from 11 European universi-
ties and research institutions to form the Robot-
Cub project, and began work with €8.5 million
(US$12 million) in funding from the European
Union. The IIT is the project’s leading partner,
and it is here that iCubs are born.

Form and function

Researchers can already choose from a list of
robots that includes Khepera, a simple and
affordable wheeled robot built by a Swiss
consortium and used to study locomotion,
and humanoid robots such as HRP-2, PINO
and ASIMO, all built in Japan. But Sandini’s
ambition was to create a humanoid robot that
combined unprecedented mechanical versatil-
ity with open-source software, so that research-
ers could change both the hardware and the
algorithms as needed.

“We started from the hand, and built
the rest of the robot around it,” Sandini
says. With seven degrees of free-
dom in the arm and nine in the
hand, and its mechanical shoul-
ders, elbows, wrists and fingers

more uses than just
he robot look good
tional pictures, says
In the future, some
lan to try iCub with
tho are autistic, testing
ions to his expressions
ments”.

{lumber 1 was never
be an only son. After
robot became opera-
»consortium issued an
or proposals to conduct
'nts. The six winners,
ran independent panel

.by the consortium and the European
tve received their own iCub for free.
mne else can order one for the cost of
3 it, some €180,000-200,000. “Tt was
2 deal with the European Union that
| provide a number of robots to inter-
ips,’ Sandini says. This way, the team
reate a de facto standard in robotics,
g data exchanee. “There is a desper-

Giulio Sandini
(left) and Giorgio
Metta gradually
pieced together
arobotwithan
unprecedented
level of
dexterity and
coordination.




The WABIAN humanoid robot as a Robotic Human Simulator

Copyright (C) 2009 Atsuo Takanishi Lab,,
Waseda University, Japan All Rights Reserved

Wabian humanoid robot,
Waseda University, Tokyo, Japan

Anthropomorphic kinematic model

.. {

4 A !
Copyright(C) 2007 Takanishs Lab, Waseda Usiv,

2-DOF model for the waist mechanism
allowing knee stretch walking

Copyr ight (C) 2005
‘.-'fu’ﬂ."w'f,']. iJDf\rafflry

WABIAN testing the Walking Aid Robot
for Elderly developed by HITACHI
(WABOT-HOUSE Project, Gifu Prefecture)

Height mm 1500

Weight kg 64 (with batteries)
Degrees of Freedom

(DOF)

Leg 6X2

Foot 1 X 2 (passive)
Waist 2

Trunk 2

Arm X2

Hand 3X2

Neck 3

Total 41

Copyright (C) 2007
lakanishi Laboratory

WABIAN simulating the pathological
walking of post-stroke patients
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LN  Experimental results on the DEXTER robotic
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Application to the robot head: A7y
THE BIOROBOTICS s AL )
control of gaze fixation point |

Axis 5, Right Eye Yawq 1 ¥ ¢ ' JAxis 6, Left Eye Yaw

‘-Q,r' ‘

= Eye Pitch Axis:
+47°, 600°/s

= Eye R/L Yaw Axis:
+45°, 1000°/s

= Yaw: +100°, 170°/s
= Roll; +30°, 25°/s

= Upper Pitch: +30°,
120°/s

= Lower Pitch: +25°, 20°/s

Axis 4,- - -
Eye Pitch

Axis 3, -~ ~
Upper Pitch

Axis 0,’ i
Lower Pitch

“Axis 1, Roll

Control module that receives in input a target gaze
position and provides in output a command sequence to

reach It
T Motor Command
Target Gaze Fixation
J {30, ...,J6)}

Point Position R f? R HEAD
(Xo Yo Z) -




Application of the same approach to
| different robotic systems
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™ simulator 2D =10l

Load File |
Filename

Distance [mm]

I 240,43867

Run
Trial

Murm Step Murm Trial
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e Hide

G. Asuni, Leoni F., Starita A., Guglielmelli E., Dario P., “A Neuro-controller for Robot
Arms Based on Biologically-Inspired Visuo-Motor Coordination Neural Models”,
The 1st International IEEE EMBS Conference on Neural Engineering, 20 - 22
March, 2003, Capri Island, Italy.

E.Guglielmelli G. Asuni, F. Leoni, A. Starita, P. Dario, “A Neuro-controller for Robot

Arms Based on Biologically-Inspired Visuo-Motor Co-ordination Neural Models”,
IEEE Handbook of Neural Engineering, M. Akay (Ed.), IEEE Press, 2007.

G. Asuni, G. Teti, C. Laschi, E. Guglielmelli, P. Dario, “A Robotic Head Neuro-
controller on Biologically-Inspired Neural Models”, IEEE International Conference
on Robotics and Automation April 18-22, 2005, Barcelona, Spain
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Robotic implementation of gaze control,
Integrating different eye movements
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O

A unified model of eye movements 7 v

. . ROBOT AN
implemented on the iCub robot O - fetp

Biorobotics Institute

Autonomous Robots



o Why bioinspiration in robotics?
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Today, more functionality means

more complexity, energy,
computation,

less controllability, efficiency,
robustness, safety




Lessons from Nature:

THE BIOROBOTICS

A simplification mechanisms
’ \ Scuola Superiore
o/ Sant Anna

In robotics, we need simplification mechanisms f

and new materials, fabrication technologies and ene-

Studying natural organisms and
understanding what makes them so
smart and efficient
._ Studying tasks that only living
% | organisms can do, and how they do

. it

www.ghulmil.com



Simplexity

Simplexity comprises a collection of
solutions that can be observed in living
organisms which, despite the complexity of
the world in which they live, allows them to
act and project the consequences of their
actions into the future
It is not a matter of simplified model
adoption, but rather an approach to using
simplifying principles.
Biological systems can use:

Multiple reference frames

Anticipation and prediction

Inhibition to select and adapt

Redundancy

Biomechanics and internal models

Synergies

Laws of motion

Emotion

University Press.
U. Alon (2207), “Simplicity in Biology,” Nature, 446 (7135) : 497




Simplexity

Simplexity comprises a collection of
solutions that can be observed in living
organisms which, despite the complexity of
the world in which they live, allows them to
act and project the consequences of their
actions into the future

It is not a matter of simplified model
adoption, but rather an approach to using
simplifying principles.

In robots, the concept of a unified
inertial reference frame, together with
gaze control, can represent one of the
basic design principles for simplifying
the control of complex kinematic
(human-like) structures

University Press.
U. Alon (2207), “Simplicity in Biology,” Nature, 446 (7135) : 497




Delays in the human nervous
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“In motor control delays arise Iin sensory transduction, central processing, and in
the motor output. [...] These delays combine to give an unavoidable feedback

d within the negative feed ontrol loop, and can lie between about
30ms jor a spinal reflex up t@ 200-300 ms jor a visually guided response.”

R.C. Miall, D.J. Weir, D.M. Wolpert, J.F. Stein, "Is the cerebellum a Smith predictor?”,
Journal of Motor Behavior, vol. 25, no. 3, pp. 203-216, 1993

TS 7 TRk TNl 7\

“Fast and coordinated arm movements cannot be executed under pure feedback
control because biological feedback loops are both too slow and have small gains”

M. Kawato, Internal models for motor control and trajectory planning. Current Opinion
in Neurobiology, 9, 718-727(1999). Elsevier Science Ltd.




Predictive sensory-motor coordination

In humans, perception Is not just the Interpretation of sensory

signals, but a prediction of consequences of actions

Perception can be defined as a simulated action (Berthoz, 2002):
perceptual activity is not confined to the interpretation of sensory
Information but it anticipates the conseguences of action, so It IS an
iInternal simulation of action.

Each time it Is engaged In an action, the brain constructs
hypotheses about the state of a variegated group of sensory
parameters throughout the movement.
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The retinal slip (target velocity onto the retina) reaches zero after the algorithm
convergence.
When the target is unexpectedly stopped, the system continues to follow the target
for a short period.



Punching a moving target - robot experiments
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The prediction is iterated ahead 0.5 seconds
As the predicted target is inside the arm workspace, the robot executes
a movement to punch the ball in the predicted position

In collaboration with Istituto Superior Tecnico, Lisbon, Portugal



Embodied Intelligence or Morphological
et Computation: the modern view of
sl superioreATtificial Intelligence
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Modern approach

Classical approach The focus iIs on interaction with the
The focus is on the brain and central environment. Cognition is emergent from
processing system-environment interaction

Rolf Pfeifer and Josh C. Bongard, How the body shapes the way we think: a new
view of intelligence, The MIT Press, Cambridge, MA, 2007
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Il comportamento adattivo non e dato solo da
controllo e calcolo, ma emerge dall’interazione |
complessa e dinamica tra la morfologia del
corpo, il controllo senso-motorio e I'ambiente.
Molti compiti risultano piu semplici tenendo in
considerazione 'Embodied Intelligence.
“Mechanical Intelligence”

“Morphological Computation”

how the body shapes
the way we think

a new view of intelligence

La natura della mente umana e largamente

determinata dalla forma del corpo

Rolf Pfeifer and J. C. Bongard, How the body shapes the way we think: a
new view of intelligence, The MIT Press, Cambridge, MA, 2007
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Mor hological computation
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Rolf Pfeifer and Josh C. Bongard, How the body shapes the way we
think: a new view of intelligence, The MIT Press, Cambridge, MA,
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Morphological Computation / Embodied Intelligence (examples)

As any transformation of information can be named as computing, Morphological
Computation endows all those behaviours where computing is mediated by the
mechanical properties of the physical body

The arrangement

of the motor, perceptive and
processing units

The shape The mechanical properties

as body structure, specifies the allow emergent behaviors and highly
behavioral response of the agent adaptive interaction with the environment




Batoids and embodied intelligence

and amplitude), in different environments

= A lumped parameters model of a compliant wing was developed, and
optimized to evolve optimal swimming in different enviroment by means
of evolutionary algorithms (genetic algorithms)

= Optimization target: Strouhal number (describes vortices dynamics, linked
to swimming efficiency)

Batoid fishes (rays, skates) can be source of inspiration for robotics:

= Marine robotics: Smaller species are agile and quick, bigger ones are able
to cruise for long distances still preserving high manoeuvrability -
development of ROVs, UAVs S 6.0= 9

Radial direction

= Soft robotics: Cartilagineous body, largely underactuated
(pectoral muscles = passive propagation of the motion)

= Embodied intelligence: rich behavior emerges from the interaction of a
complex morphology with the environment in presence of simple control

Cacucciolo, V., Corucci, F., Cianchetti, M., & Laschi, C. (2014). Evolving Optimal Swimming in Different Fluids:
A Study Inspired by batoid Fishes. In Biomimetic and Biohybrid Systems (pp. 23-34). Springer International
Publishing.



Batoids and embodied intelligence

 Emergence of oscillatory phenomena
(undulation, oscillation) observed in the
animal is demonstrated

« Adaptation to different fluids

« Evolved frequency and amplitude
consistent with some species

Water Tetrachloroethylene
p=1000kg -m~3 p=1622kg -m=3

Cacucciolo, V., Corucci, F., Cianchetti, M., & Laschi, C. (2014). Evolving Optimal Swimming

In Different Fluids:A Study Inspired by batoid Fishes. In Biomimetic and Biohybrid
Systems (pp. 23-34). Springer International Publishing.




Embodied Intelligence or
Morphological Computation:

the modern view of Artificial Intelligence

Any cognitive activity arises from the The foc e vironment.

interaction between the body, the brain and Cognition is emergent from system-environment
interaction

the environment.

Adaptive behaviour is not just control and
computation, but it emerges from the
complex and dynamic interaction between
the morphology of the body, sensory-motor
control, and environment.

Many tasks become much easier if

morphological computation is taken into
account.

=> A new soft bodyware is needed

— Rolf Pfeifer and Josh C. Bongard, How the body shapes the way we
think: a new view of intelligence, The MIT Press, Cambridge, MA, 2007




The octopus as a model for
o embodied intelligence

The Octopus vulgaris is a paradigm of the tight relation between the morphology of
the body and the behaviour and the development of intelligence

THE BIOROBOTICS
INSTITUTE

ebaumsworld.com
Camoufflage

Probing the environment Unscrewing a jar cap Self-cleaning






The octopus embodied intelligence
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OCTOPUS IP
(2009-2013)

Novel Design Principles and
Technologies for a New
Generation of High
Dexterity Soft-bodied
Robots Inspired by the
Morphology and Behaviour
of the Octopus

;Ili
STHTH FRARCWOT]
PRICK: RAMBT

E U—funded Project # 231608
ICT-FET Proactive:
ICT-2007.8.5 “Embodied
Intelligence”

Total grant: 7.6 M€

C. Laschi, B. Mazzolai, M. Cianchetti, L. Margheri, M. Follador, P. Dario, “A Soft Robot Arm Inspired by the Octopus”,
Advanced Robotics (Special Issue on Soft Robotics), Vol.26, No.7, 2012.

M. Calisti, M. Giorelli, G. Levy, B. Mazzolai, B. Hochner, C. Laschi, P. Dario, “An octopus-bioinspired solution to
movement and manipulation for soft robots”, Bioinspiration & Biomimetics, Vol.6, No.3, 2011, 10 pp.

C. Laschi, B. Mazzolai, V. Mattoli, M. Cianchetti, P. Dario, “Design of a biomimetic robotic octopus arm”,
Bioinspiration&Biomimetics, Vol.4, No.1, 2009.

Image: London Science Museum/Jennie Hills



The octopus muscular hydrostat

onstant volume
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First prototype of
soft robot arm
Inspired to an

octopus

= .:‘Ra‘!_
T

Cianchetti, M., Arienti, A., Follador, M., Mazzolai, 'B., Dario, P., Laschi, C.
“Design concept and validation of a robotic arm inspired by the octopus’,
Materials Science and Engineering C, Vol.31, 2011, pp.1230-1239.

Image: Massimo Brega
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Robotics muscolar hydrostat

Sensore di Allungamento

Molla
. Stretch Sensor
Spring / Pelle

Gualna Intrecclata
Braided Sheath

Contact Sensor



Octopus-like robot arm

Design and development of a
soft robotic octopus arm
exploiting embodied intelligence

M. Cianchetti, M. Follador, B. Mazzolai, P. Dario, C. Laschi



file:///C:/Users/Cecilia/Documents/Presentazioni/Videos/Octopus/ICRA12_0417_VI_fi.mp4

OCTOPUS robot

,' Cable driven
' artificial muscles

MANIPULATION ARMS

« Wide range of grasping capabilities « Speed: typical 1.9 cm/s - max: 5 cm/s
 Max force: 10.8 N  CoT:. 2.9
Cianchetti M., Calisti M., Margheri L., Kuba M., Laschi C., “Bioinspired locomotion " ‘
and grasping in water: the soft eight-arm OCTOPUS robot" , Bioinspiration & QO -@ (=
N

. . . . 4
Biomimetics, in press S [N



Multi-arm Robotic
OCTOPUS T

Locomotion 1nvestigation

M. Calisti, M. Giorelli, G. Levy, B. Mazzolai, B.

Hochner, C. Laschi, P. Dario, “An octopus-
THE BIOROBOTIC o o . .
INSTITUTE bioinspired solution to movement and
< manipulation for soft robots”, Bioinspiration &
i Biomimetics, Vol.6, No.3, 2011, 10 pp.



file:///C:/Users/Cecilia/Documents/Progetti/OCTOPUS/OCTOPUS Third Review Meeting Pontedera MAR12/Video_delivCrawl_Resized.avi

Pulsed-jet swimming in cephalopods

How does a cephalopod swim?

biological mantle robotic mantle

(a)

(b). Al (d)
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THE BIOROBOTICS

SRE Giorgio Serchi F., Arienti A. and Laschi C. (2013) “Biomimetic Vortex Propulsion: Toward the New

¢ o Paradigm of Soft Unmanned Underwater Vehicles”, IEEE/ASME Transactions on Mechatronics,
18(2), pp- 484-493



Mantle and
siphon
morphologies
and frequency
of the pulsed
jet optimize
oropulsion,
producing ring
vortexes (in
green)

THE BIOROBOTICS

Mo Giorgio Serchi F., Arienti A. and Laschi C. (2013) “Biomimetic Vortex Propulsion: Toward the New
' Paradigm of Soft Unmanned Underwater Vehicles”, IEEE/ASME Transactions on Mechatronics,

18(2), pp- 484-493




&

Sw1mm1ng aana

'

lkmg



First PoseiDRONE

F. Giorgio Serchi, et al, 2013 OCEANS
M. Giorelli et al, 2013 OCEANS
THE BIOROBOTICS A. Arienti et al, 2013 OCEANS

INSTITUTE

“uolsMiCalisti et al, 2013 SoftRob



file:///C:/Users/Cecilia/Documents/Presentazioni/Videos/PoseiDRONE/PoseiDRONE_Demo in Mare.m2v
file:///C:/Users/Cecilia/Documents/Presentazioni/Videos/PoseiDRONE/PoseiDRONE_Demo in Mare.m2v

Self-stabilized locomotion:

complex design for simple control

= Octopus pushing-based locomotion strategy
= Just one motor per leg, soft silicone limbs

= Complex, dynamic, self-stabilized behaviors emerge
from a simple open-loop actuation

- Embodied intelligence

Evolutionary design:

= From carefully hand-designed solutions to the
systematic production of embodied solutions

= Adaptation to the environment, exploitation of the
complex dynamical coupling between body and
environment

= Possibility to discover and suggest elaborate
solutions, beyond the skills and creativity of human
designers (human-competitive design)

Morpho-functional robot:

= Possibility to control slight morphological changes
to achieve a diversity of behaviors

(a) Legged module

Silicone leg :

\_( ,




Self-stabilized locomotion

= Evolutionary algorithms are applied to discover
interesting morphologies capable of highly dynamic
gaits

- Elaborated behaviors are produced, featuring a highly
dynamic coupling with the environment

=1t is possible to switch among different gaits by
controlling slight morphological changes

= e.g. by changing just one morphological parameter, the

X X
speed and the direction of the locomotion can be -
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Calisti, M., Corucci, F., & Laschi, C (2014). Underwater legged locomotion of a bio-inspired robot (unpublished)
Calisti, M., Corucci, F., Arienti, A., & Laschi, C. (2014). Bipedal Walking of an Octopus-Inspired Robot. In Biomimetic and Biohybrid 3
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Robot mechanics and kinematics
Robot sensors

Robot control

Robot vision

Architectures for behaviour control
Robot navigation techniques

Bioinspired senses
Humanoid robotics
Neurocontrollers

EC

/

~

{ Actuators ] [ User interface J [ Sensors ]

Robot

{ Control H Behaviour control H Perception J

Embodied intelligence & soft robotics

Evolutionary algorithms in robotics
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e (Classes till the end of April
 Hands-on projects till the end of May, at the
BioRobotics Institute

 Exam = project presentation + Oral exam
* Mark = average of the two marks

* Written test at the end of classes (early/mid-May),
which may replace the oral exam, if the student
accepts the mark obtained.



THE BIOROBOTICS Exam
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* Presentation of the project work, with slides and/or demos,
15 to 20 minutes
 Optional written test, 1 date at the end of the course, before

the oral sessions
e Oral test, if the student does not choose the written test or if

the students does not accept the written test mark

i F . I E \ Projeli:t
mar
Inal Exam mark
i Students’ projectN Flnal
Verification of proficiency st average . mark
presentation (18_30)

Proficiency

Written R Oral

(1, at the end of (according to the mark

(18-30)

the course, before B official oral session
the oral sessions) schedule)
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Please send an email to:
cecilia.laschi@santannapisa.it

with subject: Robotics Course

Course materials:
http://didawiki.cli.di.unipi.it/doku.php/magistraleinformatica/rob/start



