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Robotics

Description of the Robotics Research Domain

Globally aging populations and demographic changes will require new, innovative, and sympathetic approaches to
all aspects of human life. Within this context, robotics and Al have great potential to assist, augment, and empower
humans. Advanced robots will not be confined to factories and manufacturing tasks. Rather, they will leave
laboratories and the factory floor to help us in daily life. In addition to improving industrial production, Al-enabled
robots will assist us in our personal lives (assistive technologies for the elderly and in healthcare), manage and
improve safety in hazardous environments (safeguarding human life), and enhance medical treatment (improving
quality of life). The Robotics Research Domain (RD) has five Priorities: Mechatronics, Soft Robotics, Social Cognition
and Human Robot Interaction, Biomedical Robotics, and Intelligent Companion Robots (see Fig. 1). Some of these
Priorities have a thematic character (Social Cognition and Human Robot Interaction, Intelligent Companion Robots),
while others have a more technological nature (Mechatronics, Soft Robotics). However, they are all strongly
focused on applications, often in connection with the other RDs (e.g., new materials for robotics, machine learning,
biomedical applications).
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Fig. 1. Priorities of the Robotics Research Domain, contribution to IT's mission, and impact on the challenges.

The translational activities (Technology Transfer Mission) cut across all Priorities, with the twin goals of industrial and
clinical translation. To achieve industrial translation, we will link our research to industry, thus creating new products
and innovative industrial processes. To achieve clinical translation, we will create a national Clinical Hub with top
clinical research institutions to transfer medical robotics research to the clinic (in close connection with the LifeTech
RD). Robotics will thus positively impact the XXI century's challenges of sustainability, healthcare, and aging.

How to fulfill the Scientific Mission: advancing the state of the art

To fulfill lIT"s Main Scientific Mission, the Robotics RD will continue to pursue and expand the successful research lines
established in the Institute’s first 10 years. The Robotics RD agenda will advance the state of the art by developing



new robotic platforms in hardware and software. To effect pivotal changes in a sympathetic, sustainable, and human-
centered manner, robotics must integrate many complementary scientific and technological activities relating to the
broad concepts of Bodyware (mechanical structures, electronics, sensors, actuators, computers, and batteries) and
Mindware (soft systems for computation, control, reasoning, learning, perception). In particular, our research program
will focus on designing novel “bodies” with new materials carefully engineered to improve performance, efficiency, and
reliability. The future “mind” of the robots will include many Al techniques to achieve adaptability, friendliness, and
ease of use in the most disparate environments. IIT's research laboratories, organization, and infrastructure encourage
a close integration of Bodyware and Mindware. As a result, IIT is in an almost unique position to develop the most
advanced robotic platforms and, simultaneously, to create software to exploit fully the platforms’ hardware. Extending
this Bodyware/Mindware paradigm, social interaction studies will identify problems and provide unique information,
guidance, and understanding of what humans require from the next generation of hardware platforms.

How to fulfill the Technology Transfer Mission: industrial and clinical translation

In recent years, |IT's robotics has experienced tremendous growth in the number of Technology Transfer activities.

[IT used a broad spectrum of contractual instruments, ranging from traditional sponsored research, start-up, and
licensing arrangements through to joint laboratories. IIT already collaborates with Avio Aero, Alsaldo Energia, and
Tetrapak under focused research-driven agreements. Joint Labs are particularly relevant. The Moog@IIT Joint Lab will
result in the next generation of hydraulic actuators. A Joint Lab with Gruppo Camozzi SpA will study collaborative
robots for Industry 4.0. With Danieli Automation, IIT will develop applications for the steel production industry.

IBM is helping develop Al packages for the R1 robot in a number of important contexts, such as healthcare. There
have also been several start-up activities, the most notable being Movendo Technology in the field of rehabilitation
robotics. At the other end of this technology transfer spectrum, we signed a license agreement for our exoskeleton
technology with MRK-Systeme GmbH. In the next six years, IIT will likely experience a growing number of
opportunities to create start-ups around several existing projects (namely R1, iCub, WalkMan, HalfMan, HyQ), either
in their current form or following further development. These projects will be expanded to clinical applications

in the domain of robotic surgery (IRCCS S. Martino-IST and IRCCS G. Gaslini Children’s Hospital) and in the so-
called theranostic robotics program (IRCCS G. Gaslini Children's Hospital). In the latter program, IIT will develop
sensorimotor intervention protocols for children with autism spectrum disorder (ASD), using simplified versions of
our humanoid robots. With INAIL (IIT-INAIL Joint Lab), we will continue and broaden our development of prostheses
(hand, leg), exoskeletons (lower limb), and rehabilitation devices (shoulder).

Contribution to the Sustainability Challenge: safe and clean production

Robots with legs (two or four) are perhaps uniquely suited to working towards sustainability with respect to safe and
clean production processes. Robotic vehicles, initially wheeled, but possibly legged, will be able to autonomously
assess farmland on a 24/7 basis. Walking will provide greater stability on slopes and hillsides, while feet (as opposed
to tires) will reduce soil damage (i.e. compaction). Agricultural vehicles already use GPS to position themselves within
a few centimeters of a target. Future work at IIT will address the issue of dosage (fertilizers, pesticides, and water),
optimizing their amounts and reducing costs. Harvesting will be product-driven to optimize yield and quality. We will
develop vehicles for smaller or “less commercial” farmland, such as hillsides and remote areas. The robots, initially
teleoperated, will eventually become mixed autonomy units. In the longer term, they may have full autonomy.
Legged robots are also uniquely suited to working in hazardous areas (e.g., nuclear decommissioning, oil and gas
extraction, metal processing). Our competences in force control, haptics, and teleoperation can effectively remove
humans from hazardous environments. Instead, robots can undertake tasks such as waste manipulation, the handling
and manipulation of materials, and operations in extreme temperatures. The Robotics RD will develop complete
systems that use robots, which can be multi-armed and possibly mobile (wheels or legs), to operate in such hazardous
environments. This will improve safety for workers, who will typically control the robots from a distance.

Contribution to the Aging Society Challenge: intelligent robots

A demographic megatrend will soon affect many developed countries with 40% of the population over 65 by 2050.
According to estimates, the demographic imbalance could have an economic impact of over US$10 trillion by 2030.
This will affect personal and national wealth, increase the retirement age (people may work well into their 70s), and
increase global tensions. A greater and more diverse use of robotics will be one way to address these problems. Robots
can tackle human workforce shortages and maintain the current level of the economy in advanced countries. Increased
productivity from greater and better use of robotics and automation will ensure that the retirement age does not spiral
out of control. Introducing robots into home and care environments for rehabilitation and assistance will ensure that
the costs of care for the elderly can be contained, while maintaining or even improving the quality of this care. This



will require robots that are partially autonomous, with advanced Al technologies that provide intuitive interfaces.
These robots will need to understand the cognitive and social mechanisms involved in human interaction and natural
communication. The goal is to create robots that can monitor a patient’s condition, survey a hospital ward, and provide
companionship. Importantly, these robots must be affordable enough for the social security systems to subsidize them.

Contribution to the Healthcare Challenge: affordable rehabilitation, surgery, and
prosthetics

The forerunner of robotic applications to healthcare is certainly rehabilitation. IIT has invested considerably in research
into high-performance prosthetic limbs and rehabilitation systems to alleviate the effects of stroke, paralysis, and
physical injury. In the near future, IIT will also research and develop lower limb exoskeletons and hand prosthetics for
rehabilitation, and new machines for upper-limb rehabilitation. This will be within the scope of the IIT-INAIL Joint Lab,
combining basic robotic research with product-driven development and field tests (with patients) to develop the next
generation of rehabilitation devices. In advanced robot-assisted surgery, there is a demand to operate at unimaginable
levels of accuracy, well beyond the limits of unaided human perception. When the structures are too delicate, the size
too small, the required sensitivity too high, or the operation time too long, robotic systems can augment the skills

of the surgeon, providing previously unattainable quality. Micro interventions (e.g., pediatric, otolaryngology) are a
particular strength for medical robotics at IIT (cf. agreements with IRCCS S. Martino-IST and IRCCS G. Gaslini Children's
Hospital). Robots can also contribute to improving the quality of life for people with ALS and Alzheimer's disease, and
provide therapy for children with autism spectrum disorders (ASD). In addition, assistive technologies, such as R1, will
result in robots that routinely provide care, companionship, and general assistance in home settings.

Description of the priorities of the Robotics Research Domain

From 2018, the Robotics RD laboratories will move to IIT's new Center for Robotics (San Quirico building). The Center
for Robotics will house a new enlarged mechanical workshop with full CAD support, the IIT-INAIL Joint Lab on robotic
rehabilitation, and the industrial Joint Labs with MOOG, Danieli Automation, and Gruppo Camozzi SpA. Additional
activities at the Center will be developed jointly with the Center for MicroBioRobotics (CMBR) at Pontedera (in
collaboration with Scuola Superiore S. Anna), the new machine and deep learning teams of the Computational Sciences
RD, and the teams of the LifeTech RD, in the Center for Human Technologies in the Erzelli building. In the next years

we expect Robotics RD to increase its staff of about 10% (staff to date: more than 300 - including 15 PIs and about 80
technicians) with the inclusion of new Pls in the fields of locomotion and machine learning.

Priority 1: Mechatronics Program

The heart of IIT's robotics strategy has always been the development of state-of-the-art mechatronics systems. This
has led to the creation of internationally recognized humanoid robots (iCub, COMAN, WalkMan, COMAN+, R1) and
pioneering quadrupeds (HyQ, HyQ2Max, HalfMan) (see Fig. 2). lIT's family of cutting-edge robots is not limited to
legged systems. With the “Plantoid” robot series, inspired by solutions found in plants, the Mechatronics program
has explored completely new designs and operational paradigms, including materials, compliance, soft bodies, and
distributed intelligence.

WALK-MAN

R1
iCub 3.0

Fig. 2. The IIT Robot Species.



In addition to our advanced integrated robot platforms, IIT researchers have developed component-level systems,
including novel patented high-performance actuation systems, variable impedance actuators, advanced fingertip as
well as large-area tactile sensors, exoskeletons (leg, arm, hand), instrumented haptic devices, novel medical systems,
a variety of force/torque sensors, dexterous manipulators (e.g., SoftHand), and advanced industrial end-effectors.

To meet the challenges of the 2018-2023 Scientific Program (and beyond), the Mechatronics program will continue
to develop new bodies for our integrated robotic systems, particularly for humanoid and legged robots. In these
domains, researchers will focus on combining locomotion, manipulation, whole-body capabilities, new materials,
and high-dynamics structures. As in most areas of engineering, it will be crucial to optimize energy use. To achieve
this, we will use innovative lightweight and sustainable materials, improve mechatronics to better use the available
power, and develop robots with more natural gaits and locomotion skills, coupled with enhanced actuator design.
Improvements in ruggedness, robustness, and reliability will require novel kinematics, shock-absorbing materials,
and lightweight designs optimized for indoor and outdoor use in dirty and wet environments. We will develop
highly integrated actuation solutions and decentralized diagnostics inspired by the new concept of “smart, high-
performance mechatronics”.

Looking to the market, systems such as R1 have been designed for prompt, affordable market applications. Here,
the engineering goals require that we reduce mechanical complexity (fewer parts, no exposed wires, robust

sensors), boost the payload-to-weight ratio, and improve the manipulation skills (dexterous hands, a wider range of
movement in the shoulder and wrist). The reduced complexity will lower the cost of the robots, which is particularly
important for the so-called companion robots. These systems will undergo extensive field-testing with end users,

in line with the Technology Transfer Mission. The joint lab with Fondazione Don Gnocchi in Milan will explore R1
applications for rehabilitation in care centers and homes, while a joint lab with IBM in Genoa will develop Al-based
application packages (such as nurse, office assistant, and housekeeper).

Advanced dynamical control and whole-body loco-manipulation are vital for complex human-like robots, particularly
for locomotion and human-robot collaboration.

In robot locomotion, where a flexible control strategy demands step recovery, walking, and running on possibly
uneven terrains, advances will require the close integration of engineering (sensing, actuation, and mechanics),

gait generation, dynamic modelling, and control. The Mechatronics program will investigate locomotion, gait
generation, and gait control in both bipeds and quadrupeds. With several robust platforms available (iCub, WalkMan,
COMAN+, HalfMan, HyQ), we will develop dynamic locomotion profiles. These will advance locomotion and
loco-manipulation, particularly for operation in rough, hazardous, and poorly conditioned terrains, where wheeled
and tracked vehicles cannot operate. The current locomotion capabilities on flat and moderately rough terrain will
include very challenging environments (e.g., soft and unstable terrains). The locomotion framework will reach higher
levels of autonomy, allowing automatic selection of the most suitable gaits/behaviors for the environment. We will
use combinations of machine learning and optimization methods to plan movements and control the robot.

With complex systems such as humanoids, it is vital to achieve simultaneous manipulation and control, while
maintaining operational parameters such as balance, walking, and reaching. This requires a new advanced approach
to control. Torque regulation (through hardware and software) will be critical to success in this domain. At IIT, robots
such as WalkMan, COMAN+, HalfMan, and iCub feature fully integrated torque sensing and controllers. In the near
future, exciting developments in controller design will advance the functionality of these robots, and fill a crucial
gap in humanoid technology.

Human-robot collaboration, where robots and humans share the workspace, will require flexible engineering
structures (e.g., compliant bodies) coupled to active compliance and torque-control software. Future activities will
address real-time monitoring of human behavior (whole-body dynamics estimation) in order for the robot to learn
anticipatory behaviors to interact physically with humans.

Robotics researchers at IIT have excellent links to our world-leading materials science groups (see Nanomaterials
RD). In line with the 2018-2023 Strategic Plan, they will draw on this pooled expertise to create the next generation
of advanced robots. In particular, the Robotics RD and the Nanomaterials RD share a road map to develop new
nanocomposites, biodegradable plastics, sensors, and high-performance batteries/capacitors and harvesters for the
next generation of affordable robots. A key element will be the extensive use of additive manufacturing to produce
new lightweight mechanical structures, which cannot be achieved using conventional techniques. These new
mechatronic structures will increase the performance of all IIT robots, including consumer-focused robots (e.g., R1)
and high-performance systems (e.g., HalfMan, COMAN+, HyQ).



Soft robotics will also make extensive use of novel materials to reduce weight, while maintaining flexibility,
stiffness, and strength. Research in this domain will aim to produce soft, lightweight, sensitive structures, such as
manipulators and grippers. We will exploit additive manufacturing technologies and customized sewing machines
to generate 3D-fiber-reinforced structural composites that feature large deformation capacity, high load capacity,
and variable stiffness. This approach may also influence the design of rigid robots by replacing rigid joints with soft
compliant joints or soft and elastic actuators (e.g., McKibben muscles).

Priority 2: Soft Robotics Program

Soft robotics is a new area of robotics that uses compliant and deformable materials to develop flexible, safe, and
adaptive bioinspired robots. Soft robotics requires special sensing (soft sensitive skins, deformable sensors) and
actuation (compliant artificial muscles, variable stiffness structures, responsive polymers). Its primary impact is on
interaction (soft contact, delicate manipulation) and emotions (facial expression, social and cognitive skills, body
posture). Although robots that use compliant structures (e.g., series elastic and variable impedance actuators) are
often considered “soft”, [IT's soft robotics program specifically focuses on ‘robots made from soft materials’.

For the 2018-2023 Scientific Plan, the Soft Robotics program will focus on developing continuum robots (i.e. with
similarities to the elephant trunk and cephalopod arms) that can grow, evolve, self-heal, and biodegrade. The goal
is for these continuum robots to traverse confined spaces, manipulate objects, and reach difficult-to-access sites.
Potential applications will be in medicine, space, inspection, and search-and-rescue missions. The Soft Robotics
program will require an unprecedented multidisciplinary effort combining biology (e.g., study of plants), materials
science (e.g., responsive polymer synthesis), engineering, and biomechanics.

One important element of the Soft Robotics program will explore the “moving by growing” paradigm (GrowBot). Plants
grow and continuously adapt their form to the external environment. We aim to design plant robots that deposit

and process raw materials to grow and bend in space. In this case, a 3D layer-by-layer manufacturing process inside

the robot's body will be combined with the ability to deposit new raw material upon external stimulation without

a predefined design. This will require the development of new materials and bioinspired perception and behaviors,

such as circumnutations and tropisms. The end goal is to develop 4D-printer-based growing robots with sensing and
grasping capabilities. The scientific/technological activities will include: (i) studying growth mechanisms in plants for
their relevance to, for example, the design of climbing plant-inspired robots, (ii) developing multifunctional materials
for the growth process, and (jii) developing the perception and behavior of the growing robots.

An important consequence of this work is “reverse biorobotics”, which uses bioinspired robots as experimental models.
Although biologically simple and containing no living matter, robotic models (RM) could be extremely useful for
experimentally investigating behaviors that are otherwise difficult to observe. RMs could also be used to simulate entire
species that are extinct, loosely defined, or even hypothetical. RMs will test and validate biological hypotheses of plant
root development, for example, or how mechanical and environmental stimuli affect root growth.

Priority 3: Social Cognition and Human Robot Interaction Program

Future robots will soon be included in the everyday environment of humans, living and acting in spaces designed

for and populated by humans. This physical and/or social contact means that robots must act proactively to avoid
impacts or unpredictable behaviors. For humanoids, prostheses, exoskeletons, and surgical systems, success often
depends on controlling how much force the “robot” generates at each instant. However, for robots to behave
“predictably” - according to human standards - they must also display appropriate social signals. Thus, a predictable
social robot must address the following issues:

B How to control its own actions to achieve a goal (i.e. anticipate the effects of its own actions) in a way
understandable by a human;

B How to understand human actions (i.e. how to anticipate the intentions of humans). It is crucial to find the right
match between the robot’s intent and the human'’s anticipated responses. To be useful, this must be contingent
on the situation as well as the human'’s intentions and skills.

Apart from being predictable, robots need to, in general, interact in a human-like social manner, appearing
friendly, attractive, and intuitive in use. To design such socially capable robots, we must better understand what

is necessary for smooth and effective interaction within the human-robot dyad. Addressing this issue requires a
rigorous, long-term, and systematic experimental approach to studying the mechanisms that humans use during
social interactions. At IIT, this research will use the methods of cognitive and social neuroscience in well-controlled
experimental protocols, in which:



I Robots will exhibit behaviors typically observed in human social interactions, e.g., gaze following, human-like
movement kinematics, social gestures;

I Human brain reactions will be measured using behavioral parameters such as eye tracking, motion capture,
performance measures, and neurophysiological measures such as EEG; and compared to brain activity in natural
social human-human interactions;

B Subtle parameters of robot behaviors will be iteratively manipulated to obtain optimal responses (brain and
behavioral) from the human user.

The expected outcome is a set of robot behaviors that elicit social attunement in the human-robot dyad, including
guidelines for robot designs tailored to the specific needs and expectations of human partners.

One very special type of interaction involves speech, which, according to recent neuroscience research, has a shared
acoustic-motoric representation in the brain. Despite advances in automatic speech recognition (ASR), it is still
problematic for robots to recognize speech during human-robot interactions. This task typically demands high-
fidelity recognition (of a small number of words) in noisy environments. Future robot-centered speech research at IIT
will pursue speaker independence (for different speaker typologies, accents, unusual pronunciation, unseen acoustic
environments). Importantly, the robot's attentional orienting will help to tackle the so-called cocktail party problem,
as well as the use of multimodal signals (e.g., acoustic and visual).

Conversely, Human-Robot Collaboration (HRC) focuses on the physical nature of the cooperation between the
human(s) and robotic (single or multiple) coworkers/partners. The goal is to take IIT's advanced technologies in
mechatronics and sensory perception systems, and seamlessly integrate them into real-world service and care
applications involving direct interactions between humans and robots.

Within this program, our research prioritizes three interdisciplinary targets:

i. Modelling and analysis of human behavior during physical interactions;

ii. Intermediate interfaces to improve how the interaction is perceived by the human and the robot (bidirectional);
iii. Human-in-the-loop robot planning and control.

The first research target investigates reliable and intuitive human-robot interfaces that rely on or are inspired by
human motor functionalities. The second and third research targets aim to enhance the performance of the human-
robot-environment physical interaction. In terms of industrial capacity, HRC will have a strong socioeconomic
impact by improving productivity (and safety) while maintaining the involvement of human workers in production
processes. In HRC, IIT will synergistically integrate an improved perception of people's behavior (e.g., visual
perception of posture and movement), human perception of robots (e.g., haptic interface design, speech), and robot
decision-making autonomy (e.g., learning and control).

Priority 4: Biomedical Robotics Program

The Biomedical Robotics program covers surgical, rehabilitation, and assistive technologies. It collaborates closely
with the Mechatronics, Social Cognition and Human Robot Interaction, and Intelligent Companion Robots programs.
It enjoys strong and rapidly developing links with the principal Italian hospitals (IRCCS S. Martino-IST, IRCCS G.
Gaslini Children's Hospital, and the Italian Ministry of Health's National Networks of Clinical Research Institutes). It
also collaborates with INAIL through the IIT-INAIL Joint Lab established in 2014 and its latest extension (started in
2017). Under the 2015-2017 Strategic Plan, the Program developed medical systems, starting from a single research
prototype right through to creating a start-up company (e.g., from the ARBOT project to Movendo Technology). For
the period 2018-2023, we will develop this core expertise further.

Within the surgical domain, IIT has particular expertise in the micromanipulation and microsurgery of small delicate
structures, such as the vocal cords. We will extend this tissue micromanipulation research to generic surgery, while
focusing on new opportunities in pediatric surgery and intervention, where the patient’s size and anatomical structure
are well-suited to “robotic” assistance for the surgeon, physician, or nurse. We will expand our recent model-based
design of flexible tools for minimally invasive surgery. In cooperation with IRCCS S. Martino-IST, IIT Robotics is
developing several pioneering approaches to phono-microsurgery. In the coming years, we will conduct clinical trials
of these systems in both Robot-Assisted Laser Microsurgery (RALP) and Micro-Robot-Assisted Laser Micro Surgery
(LRALP). Another focus will be the real-time detection of tissue type (Smart Narrow Band Imaging) and tissue probes.
With the IRCCS G. Gaslini Children's Hospital, we will also develop tools for pediatric interventions.

Work on assistive medical technologies will continue to focus on prosthetics, medical exoskeletons, and active
rehabilitation systems for different body parts. Important aspects of this work will take place within the IIT-INAIL



Joint Lab on Rehabilitation Technologies, which has the goal of transferring IIT's assistive technologies into high-
tech medical products. The strong technology transfer aspects of this activity will be complemented by traditional
research activities, often supported by EU projects (e.g., SoftHands, SoftPRO, XoSoft, SoMa, Wearhap, ABBI,
BlindPad, Glassense). Activities in the domain of assistive and rehabilitation robotics will develop a number of
devices, such as:

I A complete prosthetic upper-limb system, comprising a polyarticulated hand, active wrist and elbow, and a
sophisticated multielectrode myoelectric control system,;

I A complete lower-limb system for transfemoral amputees comprising passive, semi-active, and active ankle and knee;

I Orthotics: a lower-limb exoskeleton for personal and clinical use by patients with spinal cord injuries or
neurological impairments;

I Rehabilitation devices: a lightweight, portable robotic device to rehabilitate the shoulder.

This work will explore mid-to-long-term neural rehabilitation with robot-assisted therapy, integrating novel sensing
strategies to understand how motor rehabilitation affects brain plasticity. This work will lead to the development
of neuromodulation strategies for personalized neurorehabilitation technologies. Starting from studies on
sensorimotor development in infants, toddlers, children, adolescents, and adults, we will develop new technical
solutions to improve sensorimotor skills in visually impaired children and adults. In cases of cognitive disabilities
(e.g., dyslexia), vestibular dysfunctions, and locomotion dysfunctions, we will develop technical solutions to help
children learn and to support sport accessibility for disabled people. Similarly, we will use sensory augmentation
methods (e.g., super resolution of touch, hearing, olfaction) to develop technology for new home-based
rehabilitation and in support of independent living for the elderly or disabled. Finally, we will develop real usability
tests to determine the extent to which neurorehabilitation technologies can be integrated into the intentional
planning and control of everyday activities. We are finalizing an agreement with the Ministry of Health for selected
Clinical Research Institutes to conduct these tests as part of a national clinical testing program. We already enjoy
strong collaborations with IRCCS Stella Maris, IRCCS Bosisio Parini, and IRCCS Mondino, to name a few, and a
Joint Lab with the Chiossone Institute in Genoa. In the long term, we plan to go beyond research to create new
consumer/medical products that will enhance rehabilitation procedures and increase social inclusion.

Priority 5: Intelligent Companion Robots Program

The Intelligent Companion Robots program develops the Bodyware and Mindware for interactive robots. It
integrates research from several IIT Programs, including mechatronics, materials, machine learning, vision, and
human-robot interaction (see Fig. 3). In addition, this program conducts research in robot design (mechanics,
electronics, aesthetics) and several core technologies (vision, control, touch). It also uses transversal technologies
(machine learning and Al). The direct investment in research is complemented by formal collaborations with
several key market players. Through a Joint Lab with IBM, we use natural language processing technologies (NLP)
via Bluemix and Watson. With NVIDIA, we are adding embedded GPUs to our robots to enable deep learning

in situ. Additionally, we have signed an agreement with Vodafone to test 5G technologies that will keep robots
connected to the cloud with low-latency radio links. End users are also already “on board”. With the IIT-Fondazione
Don Gnocchi Joint Lab, R1 will work in several operational scenarios in a fully equipped apartment for patients
undergoing rehabilitation in Milan. Another Joint Lab, with Gruppo Camozzi SpA, focuses on the development of
“smart grippers” for safe human-robot collaboration. We are porting iCub control and vision software to special
robotic hardware for a leading international company in the entertainment sector. Finally, we will use iCub in
intervention protocols for neurodevelopmental disorders (NDVDs) at IRCCS Gaslini Children's Hospital as well as
human-robot social interaction approach to engage the elderly in cognitively stimulating “games”, which integrate
neuropsychological tests of memory, attention, and executive function.

The Intelligent Companion Robots program revolves around the ability to integrate components seamlessly owing
to high-quality middleware (YARP), a long-term software engineering endeavor comprising more than 5M lines of
code. YARP is compatible (natively) with ROS, allowing integration with a plethora of existing components from the
public domain.



10

please get me
the omlette
fromthe

microwave

4 ._:' __vision

Al & learning

NIg

could you
please help me
cut the fillet?

s g =
Wi LI Wi
=
.y P’ "
control ' _ ) 3
Y L S |
Ukl e _ &S

Fig. 3. A cartoon-like representation of the companion research areas.

- e

platform design

AT
i '8‘
1

The iCub humanoid is an example of successful companion robot development. It has been built in 36 copies

and is used by researchers as far apart as Japan, Korea, Singapore, and the US. The next major version, iCub 3.0,

is planned for release in the first quarter of 2018. It will deliver improved physical performance for the control of
whole-body movement (walking while reaching, grasping, etc.), together with battery and Wi-Fi for full autonomy.
Simultaneously, to bridge the gap between research and the market, we have developed R1, the first prototype

of a low-cost humanoid. The goal is to demonstrate the feasibility of an affordable humanoid robot with good
manipulation capabilities (grasping, moving, and manipulating objects, including switches and doors). R1 allows
easy and natural interaction, looks elegant and glossy, and safely navigates its environment. R1 has 28 degrees of
freedom and makes extensive use of polymeric materials (with four patents filed), which has also inspired research
into graphene-reinforced polymers. The purpose of R1 s to generate enough venture capital interest to spin off a
commercial activity. We will evolve R1 by adding self-balancing capabilities, increasing its ability to negotiate small

obstacles and rougher terrains (within the limits set by the wheels - see Fig. 4).

The key research directions of the Intelligent Companion Robots program include: improving the skin system

(international patent) of the iCub (presently 4000
sensing points) and R1; developing new materials that
combine biodegradable polymers with 2D fillers (such
as graphene); and, with the help of machine learning
and Al, simplifying robot programming to support
commercial and clinical use.

For the skin system, we will work with [IT's Smart
Materials team to develop and manufacture solutions
that use graphene on stretchable substrates or
conductive silicones. Because of their simplicity (to
build and decode), we will design capacitive sensors
on new material substrates that exhibit the desired
mechanical properties. This will provide high sensitivity
and resolution where needed and, generically, low
hysteresis. We will prioritize solutions that allow
automatic production (e.g., inkjet printing). Improving
the skin system will improve the sensing, grasping, and

Fig. 4. The humanoid programs (companion robots).

tool use. In combination with machine learning, this will allow the development of rich representations of objects to
support in-hand manipulation and to discover object affordances. For example, recent results on the iCub show stable
in-hand manipulation, which in turn allows data collection for multimodal object recognition. The latter achieves 100%
recognition rates on a dataset of 30 objects, discriminating between objects of the same shape but different weights
(e.g., empty vs. full bottle). In turn, sophisticated manipulation enables object-tool exploration. This will improve the
robot's ability to reason the physical interactions between tools and objects, and to acquire tool-use models through

learning. A key advance in humanoid robotics is the ability to use tools designed for humans.



We will work with biodegradable plastics of vegetal origin, enriched by nanofillers to tune their mechanical
properties. We will adapt these plastics for the additive manufacture of robot components. The robot will thus
biodegrade at the end of its life cycle. We will explore the use of conductive and semiconductive inks to print circuit
boards directly onto the robot’s scaffold, reducing wiring and simplifying manufacturing. By means of new materials,
we also aim to evolve the companion robots to improve their dependability, robustness, and allow graceful failures
(e.g., surviving unplanned impacts). Specifically, research will aim to i) reduce the mechanical complexity (fewer
parts, no exposed wires, robust sensors); ii) improve the payload-to-weight ratio (i.e. lightweight robots); and iii)
improve the manipulation skills (i.e. dexterous hands, flexible shoulders and wrists). Further innovations include
shock-absorbing design, lightweight parallel mechanisms, and the co-design of mechanics with in-the-loop
dynamical simulations.

We will expand the research on our software tools (YARP) to reflect the growing scope and complexity of the
application scenarios for humanoid robots. In particular, we will focus on non-expert users. Our goal is to provide
methods that allow complex software applications to be built by combining and configuring existing components
(graphical programming). For the same reason, we will develop specific Al methods for robotics. Learning in a robot
needs to happen in real time (i.e. at sufficiently fast frame rates) without exceeding the limits of computation

and memory. This requires incremental methods that also scale well with the amount of training data (e.g., O(1)).
We aim to achieve “sustainable Al" by systematically reducing the amount of data required for training (labeling
problem) and the amount of computation required to process the data (scalability problem). For example, we

have begun to investigate how the structure of deep neural networks influences performance with respect to

these two problems. In addition, to simplify the training of robots, we will design architectures made of reusable
internal representations, short-term and long-term memory, hierarchical abstractions, attention, and, in general,
architectures that can “Fig. out” the solution entirely from data, including how to deploy functional resources to
the task at hand. These promising technologies are variants of reinforcement learning methods augmented by deep
neural networks. We will explore reinforcement learning in the context of cognitive architectures for robotics. To
reduce the amount of data, we will further develop efficient signal coding, transmission, and processing. We will
rely on unconventional sensory signal compression at the acquisition level, based on event-driven asynchronous
encoding, embedded preprocessing and compression (on FPGA or GPUs).

1
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Nanomaterials

Description of the Nanomaterials Research Domain

The Nanomaterials Research Domain is built on expertise in materials science and nanotechnology and on lIT’s
unique interdisciplinary environment. Research will focus on four priorities (see Fig. 5). The first priority is to
develop materials and nanotechnologies to improve the quality of our life and our environment. To mitigate

the increasing environmental impact of human activities in the medium to long term, it is pivotal to establish
materials and processes that are environmentally friendly in their consumption of energy, material resources,
waste generation, and potential toxicity. Among the various strategies pursued by IIT, two particularly important
goals in this regard are to use organic waste to generate new biodegradable goods with useful physical properties
and to develop new technologies to remediate water and preserve food. A second priority is to develop

materials and nanotechnologies for medicine and healthcare. In particular, we will develop solutions for low-
cost, high-sensitivity diagnostic kits based on plasmon technologies, and novel multifunctional nanostructures
for intelligent drug delivery. A third priority will be energy. We will develop materials to harvest, convert (by
photovoltaic, thermoelectric, and mechanic conversion), and store energy. We will also explore processes and
nanotechnologies to capture carbon dioxide and convert it into valuable chemicals. The fourth and final priority is
more fundamental, dealing with curiosity-driven research into new materials such as colloidal nanostructures and
2D materials in the framework of the Graphene FET Flagship program.
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Fig. 5. Priorities of the Nanomaterials Research Domain, contribution to IIT's mission, and impact on the challenges.

Contribution to the first Mission: Advancing the state of the art

The basic research of the Nanomaterials RD will continue along the same lines as in the previous strategic plan,
in areas where IIT has gained a leading international position. These areas include new sustainable/biodegradable
materials, nanocomposites and 2D materials, nanofabrication technologies and nanodevices, and new colloidal
chemistry approaches. The Materials Science capability will be enhanced by the new polymer synthesis team, by



establishing new laboratories to investigate matter under harsh conditions (at high temperatures, high pressure,
and when exposed to various chemicals and ionizing radiations), by the new ultra-high-resolution electron
microscopy system and by a new time resolved electron microscopy laboratory.

Contribution to the second Mission: transferring new ideas to the production system
or to clinic

Around half of lIT's industrial projects and 37% of its patents originate from research carried out by the Nanomaterials
RD, which will continue to be one of the main drivers of IT's Technology Transfer. For the next years, we forecast strong
growth in our translational activity, thanks to a rising number of collaborations of our Joint Labs with several industrial
partners. The Nikon Center will be expanded in the new Center for Human Technologies in the Erzelli building,
strengthening IIT's position as an international leader in super-resolution microscopy. In 2018, the Nanomaterial RD
will start the activity within the Joint Labs with the Camozzi Group (to develop new materials for high-performance
actuators) and Directa Plus (to develop water-remediation technologies based on graphene and foams). The Joint Lab
recently launched with the Novacart Group will develop sustainable solutions for food containers.

In terms of clinical translation, the research developed by the Nanomaterials RD will provide the basic technologies
for several clinical collaborations with a network of research hospitals across the country. These collaborations

will co-design and test novel diagnostics devices (for genomics, food traceability etc.) based on plasmonic

sensors and multifunctional drug-nanocarriers (superparamagnetic colloidal particles or polymeric constructs) for
multifunctional drug delivery and diagnostics (often referred to as theranostics technologies). Applications of these
technologies will be further discussed in the Technologies for Life Science RD section.

Contribution to the Social Challenge of Sustainability: development of technologies for
sustainable production and a safe environment

The Nanomaterial RD will pursue a two-pronged strategy of new technologies for sustainability: (i) technologies for
the circular economy (new multifunctional materials, waste cycle, water remediation, reduction of carbon footprint),
and (i) portable energy sources with improved performances and a lower environmental impact.

Our planet’s natural resources are massively exploited by its human inhabitants. Its systems cannot fully absorb,
metabolize, or neutralize the waste that we are generating. This has a strong negative impact on the quality of our

air, water, and food. For human health and for the environment, the most alarming and harmful type of waste is
represented by plastics, electronic and electrical waste (e-waste), endocrine-disrupting chemicals (from e-wastes

and plastics), and nanomaterials in general. A circular economy appears to be the only solution to counteract this
trend. The circular economy concept is based on an industrial production model that uses sustainable resources and
generates no waste or pollution. Governmental and institutional support for the circular economy is rising. The United
Nations’ 2030 Agenda of 17 Sustainable Development Goals also reflects growing acceptance of this paradigm. In line
with this concept, and in order to fulfil the Social Challenge, the Nanomaterials RD will develop new technologies for
water safety and sanitation, new strategies for CO, valorization and conversion, and innovative materials made from
vegetable waste, food waste, and converted CO,. These contributions will drive future industrial production, helping to
achieve the sustainable development goals. We are targeting the following main deliverables:

I New biodegradable bioplastic materials and composites that are easy to process and engineer;
B New nanotechnologies for water remediation and purification of drinkable water;

I Carbon-neutral processes, carbon capture, and carbon conversion;

B New affordable technologies for food traceability and smart packaging.

Research on new concepts for solar cells, thermoelectric generators, batteries, and supercapacitors will play an
important role in energy sustainability. The European Commission’s 2011 energy roadmap (Energy Roadmap 2050)
has defined four avenues towards a more sustainable, competitive, and secure energy system by 2050: energy
efficiency, renewable energy, nuclear energy, and carbon capture and storage. In addition to the above-mentioned
strategies for CO2 valorization and conversion, IIT will develop:

I new materials for solar cells and printable thermoelectric generators (primarily based on halide perovskites);
I storage devices based on graphene and other 2D materials.
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Contribution to the Healthcare Social Challenge: Develop technologies for affordable
and personalized therapies and diagnoses

By 2020, the World Health Organization estimates that people over 65 will outnumber children under 5, with
over-65s making up 35% of the world's population. However, aging is a major risk factor for cancer, diabetes,
cardiovascular, neurodegenerative, and chronic inflammatory disease, as well as other debilitating and life-
threatening conditions. Novel technologies are needed to radically transform intervention strategies and as tools to
better understand disease origin and progression in a patient-centric fashion. Nanotechnologies applied to medicine
(i.e. nanomedicine) offer the opportunity for ‘quantum leaps’ in the diagnosis, treatment, and management of
multiple medical conditions. Within this context, we will develop novel electro-optical devices to more accurately
sequence DNA/proteins and allow an in-depth understanding of intercellular crosstalk in complex tissues, such

as the brain and the microenvironment of a diseased tissue. These devices will be teamed with a new generation

of edible and low-cost sensors for the high-throughput screening of diseases. We will design multifunctional
nanoconstructs with built-in patient-specific information. These will be used for drug delivery and biomedical
imaging (theranostics) against cancers, cardiovascular, and brain diseases. Finally, we will develop natural

and synthetic materials, arranged three-dimensionally over multiple scales. These will be used for novel tissue
regeneration applications and organs-on-a-chip for efficient drug screening. The main research lines that we will
pursue are the following:

I Nanotechnologies for low-cost, high-sensitivity sequencing and sensing (primarily based on plasmonics);

B