
Master in BionicsEngineering
UniversityƻŦ tƛǎŀ ŀƴŘ {Ŏǳƻƭŀ {ǳǇŜǊƛƻǊŜ {ŀƴǘΩ!ƴƴŀ

Introduction to 
bioinspiredrobotics

Cecilia Laschi
The BioRoboticsInstitute
{Ŏǳƻƭŀ {ǳǇŜǊƛƻǊŜ {ŀƴǘΩ!ƴƴŀ
cecilia.laschi@santannapisa.it

Human and AnimalModelsfor BioRobotics



Lessonsfrom Nature
Bioinspirationin robotics



Nevertheless... ΧƴŀǘǳǊŀƭ ǎŜƭŜŎǘƛƻƴ ƛǎ ƴƻǘ ŜƴƎƛƴŜŜǊƛƴƎ

Theyneedto survivelongenoughto reproduce.
Models are never complete or correct: need to interpret with caution.

άSimplycopyinga biologicalsystemis either not feasible(even
a singleneuron is too complicatedto be synthesizedartificially
in every detail) or is of little interest (animalshave to satisfy
multiple constraints that do not apply to robots, such as
keepingtheir metabolismrunningand getting rid of parasites),
or the technologicalsolution is superior to the one found in
nature (for example,the biologicalequivalentof the wheelhas
yet to bediscovered).

Rather, the goal is to work out principles of biological
systemsandtransferthoseto robot design.έRolfPfeifer

Extractkey
principles

R. Pfeifer, M. Lungarella, F. Iida, "Self-Organization, Embodiment, and BiologicallyInspiredRobotics", 
Science318, 1088 (2007)

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

Bioinspiration



Lessonsfrom Nature: 
simplifyingprinciples

In robotics, we needsimplifyingprinciplesfor control and behavior

Too complex?
Rathertoo simple?

Studying living organisms and 
understanding what makes their 
behaviorso smart and efficient 



Simplexity

Simplexity comprisesa collection of solutions that can be observedin living
organismswhich,despitethe complexityof the world in whichthey live,allows
them to act andproject the consequencesof their actionsinto the future.
It is not a matter of simplified model adoption, but rather an approachto
usingsimplifyingprinciples.
Biologicalsystemscanuse:

Multiple referenceframes
Anticipationandprediction
Inhibition to selectandadapt
Redundancy
Biomechanicsandinternalmodels
Synergies
Lawsof motion
Emotion

A. Berthoz (2012), Simplexity: Simplifying principles for a Complex World. Yale 

University Press. 

U. Alon (2207), ñSimplicity in Biologyò, Nature, 446(7135):497

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



Model of fast gaze-shift control Collicular
mapping

(red point: 
stimulus

coordinates)

Mapping from the retina to the 
Superior Colliculus (SC)

C. Laschi, F. Patanè, E.S. Maini, L. Manfredi, G. Teti, L. Zollo, E. GuglielmelliΣ tΦ 5ŀǊƛƻΣ ά!ƴ !ƴǘƘǊƻǇƻƳƻǊǇƘƛŎ 
wƻōƻǘƛŎ IŜŀŘ ŦƻǊ LƴǾŜǎǘƛƎŀǘƛƴƎ DŀȊŜ /ƻƴǘǊƻƭέΣ Advanced Robotics, Vol.22, No.1, 2008, pp.57-89.

A. Berthoz(2012), Simplexity: Simplifyingprinciplesfor a ComplexWorld. Yale UniversityPress. 
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Summaryof bioinspiredapproachesto 
robotics(in this courseΧύ

Robot mechanics
and kinematics

Robot control

Robot vision

Robot behaviour

Robot sensors

EmbodiedIntelligence, 
Soft Robotics

Neurocontrollers

Predictivebehaviour

Vestibularsystem

Robot navigation Bioinspirednavigation, 
Soft locomotion

Bioinspiredvision
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Embodied Intelligence: the modern 
view of Artificial Intelligence

Classicalapproach
The focus ison the brainand 

centralprocessing

Modern approach
The focus ison interactionwith the 

environment. Cognitionisemergentfrom
system-environmentinteraction

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



Propertiesof complete agents

1. They are subject to the laws of physics (energy dissipation, 
friction, gravity).

2. They generate sensory stimulation through motion and 
generally through interaction with the real world.

3. They affect the environment through behavior.
4. They are complex dynamical systems which, when they 

interact with the environment, have attractor states.
5. They perform morphological computation.
These properties are simply unavoidable consequences of 
embodiment. 
These are also the properties that can be exploited for 
generating behavior, and how this can be done is specified in the 
design principles. 

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



Propertiesof complete agents

1. A complete agent is subject to the laws of physics. 
Walking requires energy, friction, and gravity in order to work. 
Because the agent is embodied, it is a physical system (biological 
or not) and thus subject to the laws of physics from which it 
cannot possibly escape; it must comply with them. If an agent 
jumps up in the air, gravity will inevitably pull it back to the 
ground.

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



Propertiesof complete agents

2. A complete agent generates sensory stimulation. 
When we walk, we generate sensory stimulation, whether we 
like it or not: when we move, objects seem to flow past us (this is 
known as optic flow); 
by moving we induce wind that we then sense with our skin and 
our hair; 
walking also produces pressure patterns on our feet; 
and we can feel the regular flexing and relaxing of our muscles as 
our legs move.

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



Propertiesof complete agents

3. A complete agent affects its environment. 
When we walk across a lawn, the grass is crushed underfoot; 
when we breathe, we blow air into the environment; 
when we walk and burn energy, we heat the environment; 
when we drink from a cup, we reduce the amount of liquid in the 
glass; 
when we drop a cup it breaks; 
when we talk we put pressure waves out into the air; 
when we sit down in a chair it squeaks and the cushion is 
squashed.

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



Propertiesof complete agents

4. Agents tend to settle into attractor states. 
Agents are dynamical systems, and as such they 
have a tendency to settle into so-called attractor 
states. Horses, for example, can walk, trot, 
canter, and gallop, and weτor at least expertsτ
can clearly identify when the horse is in one of 
these walking modes, or gaits, the more technical 
word for these behaviors.
These gaits can be viewed as attractor states. The 
horse is always in one of these states, except for 
short periods of time when it transitions between 
two of them, for example from canter to gallop. 
We should point out here that the attractor 
states into which an agent settles are always the 
result of the interaction of three systems: the 
ŀƎŜƴǘΩǎ ōƻŘȅΣ ƛǘǎ ōǊŀƛƴ όƻǊ ŎƻƴǘǊƻƭ ǎȅǎǘŜƳύΣ ŀƴŘ ƛǘǎ 
environment. 
Rolf Pfeifer & Josh C. Bongard, How the body shapes the way we think: a new view of intelligence, The MIT Press, Cambridge, MA, 2007



Propertiesof complete agents

5. Complete agents perform morphological computation. 
.ȅ άƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƻƳǇǳǘŀǘƛƻƴέ ǿŜ ƳŜŀƴ ǘƘŀǘ ŎŜǊǘŀƛƴ ǇǊƻŎŜǎǎŜǎ ŀǊŜ ǇŜǊŦƻǊƳŜŘ 
by the body that otherwise would have to be performed by the brain. 
!ƴ ŜȄŀƳǇƭŜ ƛǎ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜ ƘǳƳŀƴ ƭŜƎΩǎ ƳǳǎŎƭŜǎ ŀƴŘ ǘŜƴŘƻƴǎ ŀǊŜ ŜƭŀǎǘƛŎ ǎƻ 
that the knee, when the leg impacts the ground while running, performs small 
adaptive movements without neural control.
The control is supplied by the muscle-tendon system itself, which is part of the 
morphology of the agent. 
It is interesting to note that systems that are not complete, in the sense of the 
word used here, hardly ever possess all of these properties. For example, a vision 
system consisting of a fixed camera and a desktop computer does not generate 
sensory stimulation because it cannot produce behavior, and it influences the 
environment only by emitting heat and light from the computer screen. Moreover, 
it does not perform morphological computation and does not have physical 
attractor states that could be useful to the system.

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



Morphological computation

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



MorphologicalComputation

The shape
as body structure, specifies the 
behavioral response of the agent

The arrangement
of the motor, perceptive and processing 
units 

The mechanical properties
allow emergent behaviorsand highly 
adaptive interaction with the environment

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

Zambrano D, CianchettiaΣ [ŀǎŎƘƛ / όнлмпύ ά¢ƘŜ aƻǊǇƘƻƭƻƎƛŎŀƭ /ƻƳǇǳǘŀǘƛƻƴ tǊƛƴŎƛǇƭŜǎ ŀǎ ŀ 
bŜǿ tŀǊŀŘƛƎƳ ŦƻǊ wƻōƻǘƛŎ 5ŜǎƛƎƴέ ƛƴ Opinions and Outlooks on Morphological Computation, 
H. Hauser, R. M. Füchslin, R. Pfeifer (Ed.s), pp. 214-225.



Agent Design Principle 1

The three-costituentsprinciple:
Ådefine the ecological niche ENVIRONMENT
Ådefine the desired behaviour and tasksTASK
Ådesign the agent BODY

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



Agent Design Principle 2

The complete-agent principle:
Åthink about the complete agent behavingin the real

world

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



Agent Design Principle 3

Cheap design:
ÅIf agents are built to 

exploit the properties of 
the ecological niche and 
the characteristics of the 
interaction with the 
environment, their 
design and construction 
will be much easier, or 
ΨŎƘŜŀǇŜǊΩ

Passive 
walker

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

https://www.google.it/search?q=passive+walker&oq=passive+walker&aqs=chrome..69i57j0l5.3758j0j7&sourceid=chrome&ie=UTF-8#q=passive+walker&tbm=vid


Agent Design Principle 4

Redundancy:
ÅIntelligent agents must be designed in such a way 

that 
(a) their different sub-systems function on the basis 

of different physical processes, and 
(b) there is partial overlap of functionality between 

the different sub-systems

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



Agent Design Principle 5

Sensory-Motor Coordination:
Åthrough sensory-motor 

coordination, structured 
sensory stimulation is 
induced.

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



Agent Design Principle 6

Ecologicalbalance:
1. given a certain task 

environment, there has to 
be a match between the 
ŎƻƳǇƭŜȄƛǘƛŜǎ ƻŦ ǘƘŜ ŀƎŜƴǘΩǎ 
sensory, motor, and neural 
systems

2. there is a certain balance or 
task distribution between 
morphology, materials, 
control, and environment.

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



Agent Design Principle 7

Parallel, looselycoupledprocesses:
intelligence is emergent from a large number of parallel 
processes that are often coordinated through 
embodiment, in particular via the embodied interaction 
with the environment 

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

Reactivearchitectures



Agent Design Principle 8

Value:
agents are equipped with a value system which 
constitutes a basic set of assumptions about what is 
good for the agent

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



The octopus arm embodied intelligence

Simplifyingprinciplesin reaching

Åstiffening wave from base to distal part, that can start from any part of the arm;
Åmovement executed in about 1 second, velocities in the range of 20ς60 cm/s;
Åcontrol divided between central and peripheral: from brain: 3 parameters (yaw and pitch 

of arm base and peak velocity of bend-point); locally: propagation of stiffness

I. Zelman, M. Galun, A. Akselrod-Ballin, Y. Yekutieli, B. Hochner, and T. Flash (2009) Nearlyautomaticmotion capture
system for trackingoctopus armmovementsin 3D space, Journal of NeuroscienceMethods, Volume 182: 97-109
L. Zullo, G. Sumbre, C. Agnisola, T. Flash, B. Hochner(2009) NonsomatotopicOrganizationof the HigherMotor Centers
in Octopus, CurrentBiology, 19:1632-1636. 



Simplifying principles in reaching

ÅSoft robot
ÅPassive distal part
ÅWater
ÅNeural controller 

(not octopus-like!)

B
io

lo
g

ic
a

l 
b

e
h

a
vi

o
u

r

R
o

b
o

t b
e

h
a
vi

o
u

r

TANGENTIAL BEND PROPAGATION VELOCITY 
OF THE OCTOPUS ARM

Morphological and environmental propertiesare the factors that affect the invariant velocity profile observed 

Unpublished

TANGENTIAL BEND PROPAGATION VELOCITY 
OF THE SOFT ROBOT

Morphological properties

Environmental properties

T. G. Thuruthel,E. Falotico,F. Renda,T. Flash,C. Laschi,Emergenceof Behaviorfrom
Morphology: A Casestudy on an OctopusInspiredManipulator, RoyalSocietyOpen
Science, underreview



Pulsed-jet swimming in cephalopods

Simplifyingprinciplesin swimming

Ejectionof a discontinuosstreamof fluid througha nozzle
that producesring vortexes.
The generation of ring vortexesprovidesan additional
thrust to the onegeneratedby a continuousjet, by 
generatingan additionalpressure at the nozzleorifice

REFILL PHASE
Åmantleexpansion
Årefillingof the mantle
cavitythroughwater  
inlets

JET PHASE
Åmantlecontraction
Åexpulsionof a fluid
slugthroughthe 
funnel (siphon)

The mantleand siphonmorphologyand the pulsedjet frequencyoptimizepropulsion, 
producingring vortexes

Giorgio SerchiF., Arienti A. and Laschi/Φ όнлмоύ ά.ƛƻƳƛƳŜǘƛŎ ±ƻǊǘŜȄ tǊƻǇǳƭǎƛƻƴΥ ¢ƻǿŀǊŘ ǘƘŜ bŜǿ 
tŀǊŀŘƛƎƳ ƻŦ {ƻŦǘ ¦ƴƳŀƴƴŜŘ ¦ƴŘŜǊǿŀǘŜǊ ±ŜƘƛŎƭŜǎέΣ IEEE/ASME Transactions on Mechatronics, 
18(2), pp. 484-493



The mantleand siphonmorphologyand the pulsedjet frequencyoptimizepropulsion, 
producingring vortexes(in green)

Giorgio-SerchiF., Arienti A., Laschi C. (2016 ), "UnderwaterSoft-bodiedPulsed-Jet Thrusters: actuator, 
modellingand performance profiling", International Journal of RoboticsResearch, 35 (11), 1308-1329 

Silicone and cables, 1 DOF PoseiDrone

Pulsed-jet swimming soft robot

Simplifyingprinciplesin swimming



U-SLIP model
Water drag, added mass, buoyancy and pushing 
propulsionhave been added to the SLIP model

2 control parameters 4 design parameters

Punting
gaitmodel

Morphology-Induced Stability

New concept of soft 
underwater robots

C=0.1 a=1
Streamlined
body

C=0.8

a=7

Bulkybody

MIS

Body shape

Body matters: compliant legs or a soft body directly influence stability and speed 

Simplifyingprinciplesin underwater locomotion

Octopus crawling

Calisti, M. Giorelli, G. Levy, B. Mazzolai, B. HochnerΣ /Φ [ŀǎŎƘƛΣ tΦ 5ŀǊƛƻΣ ά!ƴ ƻŎǘƻǇǳǎ-bioinspired solution to movement and manipulation for 
ǎƻŦǘ ǊƻōƻǘǎέΣ Bioinspirationand BiomimeticsVol.6, No.3, 2011, 10 pp.
Calisti, M., Corucci, F., Arienti, A., & Laschi, C. (2015). Dynamics of underwaterleggedlocomotion: modelingand experimentson an 
octopus-inspiredrobot. Bioinspiration& biomimetics, 10(4), 046012.
Calisti, M., G. Picardi, and C. Laschi. "Fundamentals of soft robot locomotion." Journal of The Royal Society Interface14.130

Locomotion is based on cycliccontrol of two back 
arms, while the body is raised thanks to neutral 
buoyance. Locomotion consists of 4 phases:
1.Arm shortening
2.Attaching to the floor
3.Elongation (pushing the body forward)
4.Detaching 



Symplifyingprinciples in squeezing

Compliant articulate exoskeleton
Cockroaches intrude everywhere by exploiting their soft-bodied, 
shape-changing ability. They traversed horizontal crevices smaller 
ǘƘŀƴ нр҈ ƻŦ ǘƘŜƛǊ ƘŜƛƎƘǘ ƛƴ ƭŜǎǎ ǘƘŀƴ мǎ ōȅ ŎƻƳǇǊŜǎǎƛƴƎ ǘƘŜƛǊ ōƻŘƛŜǎΩ 
compliant exoskeletons in half. 

Once inside vertically confined spaces, cockroaches still locomotedrapidly at 
нл ōƻŘȅ ƭŜƴƎǘƘǎ ǇŜǊ ǎŜŎƻƴŘ ǳǎƛƴƎ ŀƴ ǳƴŜȄǇƭƻǊŜŘ ƳƻŘŜ ƻŦ ƭƻŎƻƳƻǘƛƻƴ άōƻŘȅ-
ŦǊƛŎǘƛƻƴ ƭŜƎƎŜŘ ŎǊŀǿƭƛƴƎέΦ

K JayaramandwW Cǳƭƭ όнлмсύ ά/ƻŎƪǊƻŀŎƘŜǎ ǘǊŀǾŜǊǎŜ ŎǊŜǾƛŎŜǎΣ ŎǊŀǿƭ ǊŀǇƛŘƭȅ ƛƴ ŎƻƴŦƛƴŜŘ ǎǇŀŎŜǎΣ 
ŀƴŘ ƛƴǎǇƛǊŜ ŀ ǎƻŦǘΣ ƭŜƎƎŜŘ Ǌƻōƻǘέ PNAS2016 113 (8) E950-E957

Soft, legged search-and-rescue robot that 
may penetrate rubble generated by 
tornados, earthquakes, or explosions.

ÅMechanical adaptation to available space
Å1 DOF



Embodied Intelligence and 
soft robotics

Classicalapproach
Å The focus ison the brainand 

centralprocessing

Modern approach
The focus ison interactionwith the 

environment. Cognitionisemergentfrom
system-environmentinteraction

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

Any cognitive activity arises from the interaction

between the body, the brain and 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 bodywareis needed



DefiningSoft Robotics: 
a first broadclassification

Variableimpedanceactuatorsand 
stiffnesscontrol

Åmechanically (or passively) compliant 
joints with variable stiffness 

Å complianceor impedancecontrol 

Use of soft materialsin robotics

Å Robotsmade of soft materialsor 
structuresthat undergohigh 
deformationsin interaction

Å Soft actuatorsand soft components

IEEE Robotics and Automation Magazine, 
Special Issue on Soft Robotics, 2008

Laschi C. and CianchettiaΦ όнлмпύ ά{ƻŦǘ wƻōƻǘƛŎǎΥ ƴŜǿ 
perspectives for robot bodywareŀƴŘ ŎƻƴǘǊƻƭέ Frontiers in 

Bioengineering & Biotechnology, 2(3)



! ΨǎƻŦǘΩ animalworld

ÅThe vast majority of animals are soft-
bodied

ÅAnimals with stiff exoskeletons such 
as insects have long-lived life stages 
wherein they are almost entirely soft 
(maggots, grubs, and caterpillars).

ÅAnimals with stiff endoskeletons are 
mainly composed of soft tissues and 
liquids. 

the human skeleton typically 
contributes only 11% of the body 
mass of an adult male

skeletal muscle contributes an 
average 42% of body mass

Kim S., Laschi C., and Trimmer B. (2013) Soft robotics: a bioinspired 
evolution in robotics, Trends in Biotechnology, April 2013.



! ΨǎƻŦǘΩ animalworld

ÅSoft animals tend to be smallbecause 
it is difficult for them to support their 
own body weight without a skeleton. 
ÅAll of the extremely large soft 

invertebrates are found either 
Åin water (squid and jellyfish) or 
Åunderground(giant earthworms), 

where their body is supported by the 
surrounding medium. 

Kim S., Laschi C., and Trimmer B. (2013) Soft robotics: a bioinspired evolution in 
robotics, Trends in Biotechnology, April 2013.



DefiningSoft Robotics

D. Trivedi, C. D. RahnΣ ²Φ aΦ YƛŜǊΣ LΦ 5Φ ²ŀƭƪŜǊΣ ά{ƻŦǘ ǊƻōƻǘƛŎǎΥ .ƛƻƭƻƎƛŎŀƭ ƛƴǎǇƛǊŀǘƛƻƴΣ ǎǘŀǘŜ ƻŦ ǘƘŜ ŀǊǘΣ ŀƴŘ ŦǳǘǳǊŜ ǊŜǎŜŀǊŎƘέΣ 
Applied Bionics and Biomechanics, 5, 99-117 (2008)

Shift from robots with rigid links to bio-inspired 
ŎƻƴǘƛƴǳǳƳ Ǌƻōƻǘǎ ǘƘŀǘ ŀǊŜ άƛƴƘŜǊŜƴǘƭȅ ŎƻƳǇƭƛŀƴǘ ŀƴŘ 
ŜȄƘƛōƛǘ ƭŀǊƎŜ ǎǘǊŀƛƴǎ ƛƴ ƴƻǊƳŀƭ ƻǇŜǊŀǘƛƻƴǎέ

Continuum robots: capable of bending via elastic 
deformation, and differing from traditional robots 
with rigid links and serpentine robots with a large 
number ofshort rigid links and degrees of freedom

άǎƻŦǘ ǊƻōƻǘƛŎ ƳŀƴƛǇǳƭŀǘƻǊǎ ŀǊŜ ŎƻƴǘƛƴǳǳƳ Ǌƻōƻǘǎ 
made of soft materials that undergo continuous 
elastic deformation and produce motion through the 
ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀ ǎƳƻƻǘƘ ōŀŎƪōƻƴŜ ŎǳǊǾŜ ώмрϐέΦ 

DΦ wƻōƛƴǎƻƴΣ WΦ .Φ /Φ 5ŀǾƛŜǎΣ ά/ƻƴǘƛƴǳǳƳ Ǌƻōƻǘǎ - a state of 
ǘƘŜ ŀǊǘέΣ IEEE International Conference on Robotics and 
Automation, (Detroit, MI, 1999), pp. 2849-2854.



DefiningSoft Robotics

Åά{ƻŦǘ-ōƻŘƛŜŘ ǊƻōƻǘǎέΣ ƛƴ ŀƴŀƭƻƎȅ ǿƛǘƘ ǎƻŦǘ-bodied 
animals

Kim S., Laschi C., and Trimmer B. (2013) Soft robotics: a bioinspired evolution 
in robotics, Trends in Biotechnology, April 2013.

Åάwƻōƻǘǎ ōǳƛƭǘ ǿƛǘƘ ǎƻŦǘ ƳŀǘŜǊƛŀƭǎέ
Laschi C. and CianchettiaΦ όнлмпύ ά{ƻŦǘ wƻōƻǘƛŎǎΥ ƴŜǿ ǇŜǊǎǇŜŎǘƛǾŜǎ ŦƻǊ Ǌƻōƻǘ 

bodywareŀƴŘ ŎƻƴǘǊƻƭέ Frontiers in Bioengineering & Biotechnology, 2(3)



DefiningSoft Robotics

ÅάǎȅǎǘŜƳǎ ǘƘŀǘ ŀǊŜ ŎŀǇŀōƭŜ ƻŦ ŀǳǘƻƴƻƳƻǳǎ ōŜƘŀǾƛƻǊΣ ŀƴŘ ǘƘŀǘ ŀǊŜ 
primarily composed of materials with moduli in the range of that of 
ǎƻŦǘ ōƛƻƭƻƎƛŎŀƭ ƳŀǘŜǊƛŀƭǎέ

D. Rus, M. T. Tolley, Design, fabrication and control of soft robots. Nature521, 467-475 (2015).

ÅάǎƻŦǘ-ƳŀǘǘŜǊ ǊƻōƻǘƛŎǎέΣ ōŀǎŜŘ ƻƴ ǘƘŜ ǿŜƭƭ-ƪƴƻǿƴ ŎƻƴŎŜǇǘ ƻŦ άǎƻŦǘ 
ƳŀǘǘŜǊέ ǳǎŜŘ ŦƻǊ ƳŀǘŜǊƛŀƭǎ

L. Wang, F. Iida, Deformation in Soft-Matter Robotics: A Categorization and Quantitative 
Characterization. IEEE Robotics & Automation Magazine 22(3), 125-139 (2015).



RoboSoft isa CoordinationAction on Soft Roboticsfunded by the EuropeanCommission.
The RoboSoftCommunity accounts for 34 member institutions for a total of 100+ scientists

DefiningSoft Robotics

Definition of Soft Roboticsby RoboSoft Community



LowElasticModulus

HighElasticModulus

Soft Robotics may exploit materials which present:

- INHERENT MATERIAL compliance: bulk material properties 
όŜƭŀǎǘƻƳŜǊǎΣ ƭƻǿ ŜƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ǇƻƭȅƳŜǊǎΣ ƎŜƭǎΧύ

- STRUCTURAL compliance: geometric features or arrangement can 
allow magnified strains compared with local material deformation

SoftRobotics

HardRobotics

M. Wehner, R.L. Truby, D.J. Fitzgerald, B. Mosadegh, G.M. Whitesides, 
J.A. Lewis, R.J. Wood, An integrateddesign and fabricationstrategyfor 
entirelysoft, autonomousrobots, Nature536, 451ς455

C. Laschi, B. Mazzolai, M. Cianchetti, "Soft robotics: technologiesand systems
pushingthe boundariesof robot abilities", Science Robotics1(1), 2016



Summaryof bioinspiredapproachesto 
robotics(in this courseΧύ

Robot mechanics
and kinematics

Robot control

Robot vision

Robot behaviour

Robot sensors

EmbodiedIntelligence, 
Soft Robotics

Neurocontrollers

Predictivebehaviour

Vestibularsystem

Robot navigation Bioinspirednavigation, 
Soft locomotion

Bioinspiredvision



Motor control: model-based 
closed-loop schemes for 

controlling arm position and 
orientation

Å A priori knowledge on the 
geometry, kinematics and 
dynamics of the robot is 
required

Å High computational 
complexity

Å Little flexibility and 
generalization

Å High accuracy

Target  Position

ARM

Sensory

feedback 

(e.g. vision)

{(J0i
, é,J7i

)}

Neuro-

controller

Current End-Effector

Position

Motor 

Commandand Orientation

(Xt, Yt, Zt)

(rollt, pitcht, yawt)

(Xc, Yc, Zc)and Orientation

(rollc, pitchc, yawc)

Controller



Learning motor control: 
neurocontroller for controlling 
arm position and orientation

Å No a priori knowledge on 
the geometry, kinematics 
and dynamics of the robot 
is required

Å learning capability, to 
develop an internal model 
that builds such 
knowledge 

Å low computational 
complexity

Å human-like flexibility, 
robustness, generalization

Target  Position
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feedback 

(e.g. vision)

{(J0i
, é,J7i

)}

Neuro-

controller

Current End-Effector

Position

Motor 

Commandand Orientation

(Xt, Yt, Zt)

(rollt, pitcht, yawt)

(Xc, Yc, Zc)and Orientation

(rollc, pitchc, yawc)



Applicationof the sameapproachto
different robotic systems

G. Asuni, LeoniF., StaritaA., GuglielmelliE., Dario P., ά!Neuro-controller for Robot Arms
Based on Biologically-Inspired Visuo-Motor Coordination Neural aƻŘŜƭǎέΣThe 1st
International IEEEEMBSConferenceon Neural Engineering, 20 - 22 March, 2003, Capri
Island,Italy.

G. Asuni, G. Teti, C. Laschi, E. GuglielmelliΣ tΦ 5ŀǊƛƻΣ ά! wƻōƻǘƛŎ IŜŀŘ Neuro-controller on 
Biologically-LƴǎǇƛǊŜŘ bŜǳǊŀƭ aƻŘŜƭǎέΣ IEEE International Conference on Robotics and 
AutomationApril 18-22, 2005, Barcelona, Spain

E.GuglielmelliG. Asuni, F. Leoni, A. StaritaΣ tΦ 5ŀǊƛƻΣ ά! Neuro-controller for Robot Arms 
Based on Biologically-Inspired Visuo-Motor Co-ƻǊŘƛƴŀǘƛƻƴ bŜǳǊŀƭ aƻŘŜƭǎέΣ IEEE Handbook of 
Neural Engineering, M. Akay(Ed.), IEEE Press, 2007. 



Soft robot control

ModelςFree  
(learning-based) 

approaches

Modelςbased 
Approaches 

Joint positions 
(angles)

Joint space Task space

Position, 
orientation, force

FROM:

TO:

T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
Strategiesfor soft robotic manipulators: aǎǳǊǾŜȅέΣSoftRobotics5(2)



Model-basedapproachesfor soft robot control
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T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
Strategiesfor soft robotic manipulators: aǎǳǊǾŜȅέΣSoftRobotics5(2)



Model-basedapproachesfor soft robot control

Basedon CC modeling

Closed-loop task spacecontroller

Closed-loop controller in task space

Closed-loop controller in joint space

Camarillo DB, Carlson CR, Salisbury JK. Task-space control of continuum manipulators with coupled tendon drive. In: Experimental Robotics. 
Springer Tracts in Advanced Robotics, vol 54. Khatib O, Kumar V, Pappas GJ (Eds). Berlin, Heidelberg; Springer: 2009, pp. 271ς280.

BajoA, Goldman R, SimaanN. Configuration and joint feedback for enhanced performance of multi-segment continuum robots. 2011 IEEE 
International Conference on Robotics and Automation (ICRA), Shanghai, China, 2011.

PenningR, Jung J, Ferrier N, Zinn M.Anevaluation of closedloopcontrol options for continuum manipulators. 2012 IEEE International Conference 
on Robotics and Automation (ICRA), Saint Paul, MN, 2012.

T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
Strategiesfor soft robotic manipulators: aǎǳǊǾŜȅέΣSoftRobotics5(2)



Model-basedapproachesfor soft robot control

Discussion:
Å Most widelyusedin quasi staticconditions
Å Mostly relyingon CC approximation
Å More complexmodelsare computationallyexpensive

Å Needfor alternative methods, better addressingthe 
complexityof soft robot control, at affordable
computationalcost

=> model-free approaches

T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
Strategiesfor soft robotic manipulators: aǎǳǊǾŜȅέΣSoftRobotics5(2)



Model-free approachesfor soft robot control
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T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
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Model-free approachesfor soft robot control

Model-free closed-loop task spacecontroller

Cable 
Tension

Learning-basedControl,by learningthe
inversemodel.

Learning by collecting points and
exploiting the approximationcapability
of a FNN,asfor rigid robots

End effector
position

GiorelliM, Renda F, Calisti M, Arienti A, Ferri G, Laschi C. Neural network and Jacobian method for solving the inverse statics of a 
cable-driven soft arm with nonconstantcurvature. IEEE Trans Robot 2015;31:823ς834.
GiorelliM, Renda F, Calisti M, Arienti A, Ferri G, Laschi C. Learning the inverse kinetics of an octopus-like manipulator in three-
dimensional space. BioinspirBiomim2015; 10:035006.

Rolf M, SteilJJ. Efficient exploratory learning of inverse kinematics on a bionic elephant trunk. IEEE Trans Neural NetwLearn Syst2014;25:1147ς1160.

JOINT SPACETASK SPACE

T. GeorgeThuruthel,Y. Ansari,E. Falotico,C. Laschi(2018)ά/ƻƴǘǊƻƭ
Strategiesfor soft robotic manipulators: aǎǳǊǾŜȅέΣSoftRobotics5(2)



Model-free approachesfor soft robot control

Discussion:
ÅNo needfor definingthe parametersof the 

configurationspaceor joint space
Å Independentfrom manipulatorshape
ÅArbitrarilycomplexkinematicmodels, 

dependingon sample data and sensorynoise
ÅBetterperformance with highlynonlinear, 

non-uniform, gravity-influencedsystems
ÅSuitablefor unstructuredenvironments

wheremodellingisalmostimpossible

Better encodingof morphologicalcomputation?



Summaryof bioinspiredapproachesto 
robotics(in this courseΧύ

Robot mechanics
and kinematics

Robot control
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Robot behaviour
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Soft Robotics
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Vestibularsystem

Robot navigation Bioinspirednavigation, 
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Predictionand anticipation strategies
in the human brain

In humans, perception is not just the interpretation of sensory 
signals, but a prediction of consequences of actions

άtŜǊŎŜǇǘƛƻƴcanbedefinedasa simulatedaction:
perceptual activity is not confined to the
interpretation of sensory information but it
anticipatesthe consequencesof action,so it is an
internalsimulationof action.
Eachtime it is engagedin an action, the brain
constructs hypotheses about the state of a
variegated group of sensory parameters
throughoutthe movement.έ

BerthozA. (2002), ¢ƘŜ ōǊŀƛƴΩǎ ǎŜƴǎŜ ƻŦ ƳƻǾŜƳŜƴǘ. Harvard University Press



R. Brooks, /ŀƳōǊƛŀƴ LƴǘŜƭƭƛƎŜƴŎŜέ MIT Press, 2000

From hierarchicalto reactive
architecturesin robotics



Predictivearchitectures

If mismatch



Hierarchicalarchitectures

SENSORY 
PROCESSING

BEHAVIOUR 
PLANNING

CONTROLLER

ROBOT

Sensors Actuators



Reactivearchitectures

SENSORY 
PROCESSING

BEHAVIOUR 
PLANNING

CONTROLLER

ROBOT

Sensors Actuators



Expected Perception (EP) System

Expected Perception:

Internal Model to predict the 
robot perceptions

Comparison between actual 
and predicted  perception

Open loop controller if the 
prediction error is low

Closed loop controller if the 
prediction error is high

Expected Perception



Sensory prediction proposed by R. Johansson

ñBecause of the long time delays with feedback control the swift coordination of fingertip forces during 
self-paced everyday manipulation of ordinary ópassiveô objects must be explained by other mechanisms. 
Indeed, the brain relies on feedforward control mechanisms and takes advantage of the stable and 
predictable physical properties of these objects by parametrically adapting force motor commands 
to the relevant physical properties of the target object .ò

Corrections are generated when expected sensory inputs do not match the actual ones

wΦ{Φ WƻƘŀƴǎǎƻƴΣ ά{ŜƴǎƻǊȅ ƛƴǇǳǘ ŀƴŘ ŎƻƴǘǊƻƭ ƻŦ ƎǊƛǇέΦ Lƴ Sensory Guidance of 
Movements, John Wiley, Chichester, UK, pp. 45-59, 1998



Learning of graspingmodule

Learning phase:
About 40000 random  movements



Graspingthe bottle

C. Laschi, G. Asuni, E. Guglielmelli, G. Teti, R. Johansson,M.C. Carrozza, P. Dario,ά!Bio-
inspiredNeuralSensory-Motor CoordinationSchemefor RobotReachingand PreshapingέΣ
AutonomousRobots, Vol.5, 2008, pp.85-101.



Expected Perception in the visual space
EP architecture applied to 3D reconstruction of the environment

Task: free walking in an unknown 

room with obstacles

Classical approach:

- 3D reconstruction of the 

environment 

- path planning for collision-free 

walking

-> large computational burden

In a Visual EP architecture, after a first 3D reconstruction of the environment,

images can be predicted, based on internal models and on the ongoing

movement.

Predicted images are compared with actual ones and in case of unexpected

obstacles a mismatch occurs and the motor action is re-planned



Visual EP scheme

.ŀǊǊŜǊŀΣ !Φ ϧ [ŀǎŎƘƛΣ /Φ ά!ƴǘƛŎƛǇŀǘƻǊȅ Ǿƛǎǳŀƭ ǇŜǊŎŜǇǘƛƻƴ ŀǎ ŀ ōƛƻ-inspired mechanism  underlying robot 
ƭƻŎƻƳƻǘƛƻƴ άΣ IEEE Int. Conf. on Engineering in Medicine and Biology Society (EMBC), Minneapolis, MN, 
USA, September 2010, pp.3206-3209



AVP architecture (I)

- Visual Processing module takes as input current images from both robot
cameras to reconstruct the environment producing the relevant feature position .

- The poses of relevant features are sent to a Trajectory Planning module to
generate the walking path

- The Controller module then takes the first robot pose from the sequence of
poses planned by the Trajectory Planning module and produces the
corresponding motor commands

-This cycle continues until the robot reaches the target.

.ŀǊǊŜǊŀΣ !Φ ϧ [ŀǎŎƘƛΣ /Φ ά!ƴǘƛŎƛǇŀǘƻǊȅ Ǿƛǎǳŀƭ ǇŜǊŎŜǇǘƛƻƴ ŀǎ ŀ ōƛƻ-inspired mechanism  underlying robot 
ƭƻŎƻƳƻǘƛƻƴ άΣ IEEE Int. Conf. on Engineering in Medicine and Biology Society (EMBC), Minneapolis, MN, 
USA, September 2010, pp.3206-3209



- Internal Models of 
the environment and of 

the task to be 
performed are 

necessary to predict
future visual 
perceptions. 

- Images of different 
features relevant to the 

locomotion task are 
captured and 

memorized

AVP architecture (II)

.ŀǊǊŜǊŀΣ !Φ ϧ [ŀǎŎƘƛΣ /Φ ά!ƴǘƛŎƛǇŀǘƻǊȅ Ǿƛǎǳŀƭ ǇŜǊŎŜǇǘƛƻƴ ŀǎ ŀ ōƛƻ-inspired mechanism  underlying robot 
ƭƻŎƻƳƻǘƛƻƴ άΣ IEEE Int. Conf. on Engineering in Medicine and Biology Society (EMBC), Minneapolis, MN, 
USA, September 2010, pp.3206-3209


