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What is a Robot?
Robot (robota = subordinate labour)

One of humans' greatest ambitions has been to give life to their artifacts 
(mythology)

Common people continue to imagine the robot as an android who can speak, 
walk, see, and hear, with an appearance very much like that of humans     
(science fiction)

The robot is seen as a machine that, independently of its exterior, is able to
execute tasks in an automatic way to replace or improve human labour (reality)
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The Age of Robots





robots are 
with us

within us
among us



Industrial Robotics Evolution
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Industrial robots

Used for factory automation 
(mainly manufacturing):

automotive, 
electrical/electronics, metal 

& machinery, plastic & 
chemical, food

Perform useful tasks for humans or equipment excluding 
industrial automation 

Service robots

Professional service robots Personal service robots

https://ifr.org

Used for commercial tasks 
by trained operators: 

cleaning public places, 
delivery in offices or 

hospitals, fire-fighting, 
rehabilitation, surgery 

Used for non-commercial 
tasks by untrained persons: 
house cleaning, automated 

wheelchairs, personal 
mobility assist robots, pet 

exercising robots 

The classification 
of a robot is done 
according to its 

intended 
application

Robots in Industry



 3.9 million of robots @ work 
worldwide (+12%), CAGR 2017‒2022 
+13%

 553.000 new installation in 2022 
(+5%), CAGR 2017‒2022 +7%

 Largest markets: China, Japan, USA, 
Korea, Germany, Italy (91%)

Industrial Robots



Annual Installations



Operational Stock



Geographical Regions



Customer Industries



Applications



Forecast



Short-Term Market Determinants
Supply chain constraints are easing

Inflation remains high

Slowdown of global economic growth
 No direct correlation to robot installations
 Development in China has strong impact on overall 

performance

Orders: backlog from 2022 and declining intake in 
2023
 Orders from 2022 shipped in 2023
 Base effect: strong order intake in 2022



Technological Trends
Cloud computing and 5G mobile networks
 new business models
 optimized performance
 fully digitalized production

Machine vision
 simplifies programming
 detection of shapes and guide grippers in complex 

environments

Artificial Intelligence coming to market
 smarter, faster, more efficient and more accessible 

automation
 enhancing maintenance
 faster programming, learning by experience
 supporting sustainability



Market Trends
Labor scarcity in many developed economies is 
driving the demand for automation

Reconsideration of supply chains and closeness 
to customers
 Re-and nearshoring of production

Small and medium sized enterprizes (SMEs) need 
easy access to automation
 “Democratizing” robotics
 Lowering the hurdles for robotization: IFR’s Go4 

Robotics campaign https://go4robotics.com/



New professional service robots
 158,000 units (+48%)

New consumer service robots
 5 million units (-5%)

World Statistics



Top 5 Application Areas of Professional Service Robots



Applications



Geographical Regions



Manufacturers by Business Size



Long-term Research Trends



Components of a Robotic System
Mechanical system 
 Locomotion apparatus (wheels, crawlers, mechanical legs)
 Manipulation apparatus (mechanical arms, end-effectors, artificial hands)

Actuation system 
 Animates the mechanical components of the robot
 Motion control (servomotors, drives, transmissions)

Sensory system 
 Proprioceptive sensors (internal information on system)
 Exteroceptive sensors (external information on environment)

Control system 
 Execution of action set by task planning coping with robot and environment’s constraints
 Adoption of feedback principle
 Use of system models



Robot Manipulators
Mechanical structure of robot manipulator: sequence of rigid bodies (links) 
interconnected by means of articulations (joints) 
 Arm ensuring mobility
 Wrist conferring dexterity
 End-effector performing the task required of robot

Mechanical structure 
 Open vs. closed kinematic chain

Mobility 
 Prismatic vs. revolute joints

Degrees of freedom 
 3 for position + 3 for orientation

Workspace 
 Portion of environment the manipulator’s end-effector can access



Wheeled Robots
Mechanical structure of mobile robot: set of rigid bodies equipped with  
locomotion system 
 Mobile robots on wheels
 Base (chassis)
 Wheels that move it with respect to the ground
 Possible trailers (on wheels)

 Mobile robots on legs
 Limbs
 Foot periodically in contact with the ground (locomotion)
 Project inspired by living organisms (biomimetic robotics)



Other Robot Structures

Bipeds Flying

Walking Underwater



Actuation
Robot actuation is entrusted to motors which allow the realization of a desired
motion for the mechanical system
 Electric servomotors use as primary supply the energy available from the electric 

distribution system
 Hydraulic servomotors transform the hydraulic energy stored in a reservoir into 

mechanical energy by means of pumps and valves
 Pneumatic motors use the pneumatic energy provided by an air compressor and transform 

it into mechanical energy by means of pistons or turbines

Transmissions
 The execution of joint motions of a manipulator,

as well as of wheel rotations in a mobile robot,
demand low speeds with high torques

Harmonic drive



Sensing
A key component for achieving high performance in robotic systems are sensors

Proprioceptive sensors
 Joint position, velocity, and torque (in manipulators as well as other robots with revolute 

joints, e.g., legged robots)
 Angular position or velocity of wheels (in wheeled robots)
 Position, orientation, velocity and acceleration of a body of the robot (in mobile robots)

Exteroceptive sensors
 Forces and moments exerted by the robot on the environment
 Relative distance (range) and orientation (bearing) with respect to workspace obstacles, 

beacons, and such
 Visual data (images or cues) about the area surrounding the robot



Robotics



Cortical homunculus

Artificial Intelligence

Computers mimicking 
functions and logics of 

human mind



We cannot leave to AI decisions which may have 
safety, moral and legal consequences because we 

cannot ensure the outcome.
Yet we can have AI in robotics with proper technology

AI, Robotics, Asimov and Engineering



CognitionManipulation

The Big Challenge



AristotleAnaxagoras

Body vs Mind

Embodiment



The big challenge is found at the 
intersection of Robotics and AI

Physical Artificial Intelligence is 
MUCH harder (Moravec)

AI is not deterministic and 
“blind” use in robotics can be 

potentially dangerous

Robotics AI

Physical Artificial Intelligence



Physical Human−Robot Interaction
… from Information & Communication Technology (ICT)

to InterAction Technology (IAT)

Nature Italy, Antonio Bicchi & Bruno Siciliano (2021)



Industry 4.0

Human–Robot 
Cooperation

(Cobot)



Cobot
Collaborative robot (Cobot)
 Can be used safely in a space shared with 

humans
 Special mechanical characteristics, 

extroceptive sensors, advanced control 
system

 Intuitive programming and 
communication interface

 Fast setup, commissioning, and 
reconfiguration

 Low costs (<20k) and suitable for Small 
and Medium Enterprises (SMEs)



Collaborative vs Traditional Industrial Robots



From Factories to Our Homes
From factories to our homes       43/26

Automatic machines 
executing programmed 
tasks with high levels of 
accuracy, speed and 
repeatability in a perfectly 
known environment

Machines equipped with sensors 
(vision, distance, force, …)  for 
perceiving the external 
environment and with decision-
making capabilities

Machines confined in 
fenced areas, designed to 
handle the dull, dirty and 
dangerous tasks in place of 
human workers

Lightweight machines 
able to work safely in the 
same workspace or even 
physically collaborate 
with humans

LEVEL OF AUTONOMY

SAFETY AND COLLABORATION CAPABILITY



From Mass Production Towards Mass Customization 

CUSTOMIZATION

PRODUCTIVITY
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Safety

4 levels of collaborative operations

Safety standards

 ISO 10298-1/2  --> safety 
requirements and guidelines for 
robots in industrial environments

 ISO/TS 15066 --> technical 
specifications for collaborative 
robot system safety 



Cobots Hardware & Software
Mechanics
 Lightweight
 Redundant/double arms
 Soft covers, no edges
 Elastic joints 

Sensors
 Joint torques
 Force/torque at the end-effector
 3D vision
 Sensitive skin

Control
 Compliant, collision detection, collision avoidance
 Coexistence / cooperation / collaboration



Programming Interfaces
Traditional programming modalities
 On-line lead-through (teach pendant)
 Off-line

Intuitive programming interfaces
 On-line walk-through (manual guidance)
 Training by demonstration
 Virtual and augmented reality
 Multimodal communication (gestures, 

voice, touch)



Robots & Humans Working as One
Wearable robots: Exoskeletons
 Composed by a frame fitted with 

(motorised) muscles supporting parts 
of the human body

 Allow multiplying the strength of its 
user’s or redistributing the weight

 Enable workers to carry out a variety 
of industrial tasks

 Protect workers from the heavy 
physical workload, repetitive 
movements and non-ergonomic 
postures

arm support back support

legs support tool holding

https://exoskeletonreport.com

https://exoskeletonreport.com/


The Factory of the Future



Towards Industry 5.0



Fifth Generation of Wireless Technology

5G will pave the way for a           
new generation of robots

The vast computing and data 
storage resources of the cloud

is exploited

Robots can be controlled 
dynamically in real time and be 

connected to people and machines 
locally and globally

Extreme Mobile 
Broadband

Ultra-Reliable Low-Latency 
Communication

Massive Machine-Type 
Communication

The Magic Triangle



The Invention Age
5G-enabled tactile Internet ― Ultra-reliable and ultra-responsive   
network connectivity for real-time control and physical tactile experience 
remotely through suitable haptical equipment

… from Internet of Things (IoT)
to Internet of Skills (IoS)



Towards a Digital & Physical Twin ― The Phygital



Pillars of Next Generation Robotics

The Factory, Reimagined

Robots on the Field, UntheteredHealthcare, Revolutionized

NDT, Autonomous



Robots as Job Killers?

Jobs lost … 
Jobs gained



Levels of Autonomy



Roboethics

Ethical, legal, societal and economic 
(ELSE) issues for design, construction 

and use of robots

Cohabitation of humans with robots

Fundamental human rights and the 
moral duties corresponding to them



Robots & Humans

Biological inspiration in design and learning 
from nature (biomimicry and bionics)

A future where robots are more social than 
solitary (robot companion)

Robots will enhance human work and life 
rather than replace us in our homes, 

hospitals, factories, farms and freeways

«La scienza m’interessa proprio nel mio sforzo per uscire da una conoscenza 
antropomorfa; ma allo stesso tempo sono convinto che la nostra immaginazione non 
possa essere che antropomorfa»                  Italo Calvino



Challenges and Outreach
New emerging areas
Biomechanics
Haptics
Neurosciences
Machine learning
Virtual prototyping
Animation
Surgery
Sensor networks
...

New communities of users and developers

Most striking advances happening at intersection of disciplines

Future developments and expected growth of field largely 
depending on scientific cooperation

Robotics technology becoming ubiquitous, distributed and 
embedded into smart environments



Ubiquity & Pervasivity
Integration of robotics, telematics & domotics
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Towards a Technological Humanism
«In effetti l'uomo si dimostra essere cosa divina perché dove la natura finisce di 
produrre le sue spetie l'uomo quivi comincia colle cose naturali a fare coll'aiutorio
d'essa natura infinite spetie»                  Leonardo da Vinci

«A distanza di 100 anni dall'ingresso della parola robot nel 
nostro lessico, la sfida e allo stesso tempo l’opportunità 
che il mondo della ricerca dovrà rappresentare è relativa a 
futuri scenari in cui la robotica diventerà un mezzo 
interattivo per contribuire a migliorare le condizioni di 
vita. In questa visione, la rivoluzione dei robot potrà 
aiutarci a riaffermare la caratteristica meno artificiale del 
nostro mondo: la nostra umanità»

Atlante Treccani, Bruno Siciliano (2020)



The PRISMA Team



The ICAROS Center



Our Research Agenda

 Aerial Robotics
 AI & Cognitive Robotics
 Dynamic and Legged Robotics

 Human‒Robot Interaction
 Industrial Robotics
 Medical Robotics



Our EU Research Projects



The Textbook



A New Learning & Teaching Environment: The MOOCs

Teaching is pure adrenaline
Robotics is highly interdisciplinary
Generations of students learning

robotics from my textbook

After 25 years of lectures ex cathedra …
Speaking towards the infinite

No need to provide complementary 
material, as that is available on the net
My video lectures are the glue to the 

technical contents of the slides

Available on edX





Robotics as a New Science: The Handbook
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