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Disclaimer

I am not a Computer Scientist
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What is a hybrid system?

5



From hybrid to neurohybrid
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Why is it important to develop 
neurohybridsystems?
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ÁBasic Neuroscience

ÁBrain Repair

ÁNeurorehabilitation

ÁΧ

ÁWetware Technology

ÁNew computational paradigms

Neuroscience
Neuroengineering

Computer Science
AI
Robotics



Diseases and injuries of the central nervous system affect 
more than one billion people worldwide
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Ψ/ƭƻǎŜŘ-ƭƻƻǇΩ neurohybrid interfaces connecting neuronal 
and artificial systems can be used to fix the brain

ÁBCI/BMI

Á Brain Modulators (ICMS, DBS, NIBS)

ÁNeuroprosthetics & 
Neurorobotics



Replacingpharmaceuticalinterventions by
targeted electrical stimulation deliveredby
smartmicrofabricateddevices

óA jump start for electroceuticalsô, NatureApril  2013 

óElectroceuticals  spark interestô, NatureJuly 2014

Á ¢ƘŜ ΨelectroceuticalΩ ŎƻƴŎŜǇǘΥ

Brain modulators
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BCI/BMI
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Á Neural signals are recorded from the cortex using scalp or intra-cortical 
electrodes. Specific features are extracted from the signals (e.g. amplitudes of 
evoked potentials or sensorimotor cortex rhythms, firing rates of cortical 
neurons). The features are then translated into a pattern of commands for an 
output device (e.g. a simple word processor, a robot arm, a robotized 
wheelchair).

(ὼȟὼȟὼ)

ΧлмлммΦΦΦΦΧ

DECODING

ENCODING



Invasive Brain Machine Interfaces - BMIs
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WΦ 5ƻƴƻƎƘǳŜΩǎ ƭŀō ŀǘ .Ǌƻǿƴ ¦ƴƛǾŜǊǎƛǘȅ
First implants on human subjects

Chapin et al. Nature Neurosci, 1999; Wessberg et al. Nature2000; Action from thoughts, MAL Nicolelis, Nature2001

Neural signals recorded from the brain as input commands 
to control external devices

Hochberg et al. Nature, 2012

Hochberg et al. Nature, 2006
Bensmaia& Miller, 
Nat Rev Neurosci, 2014



Neuroprosthetics
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άa device or system that has an interface with the nervous system and 
supplementsor substitutesfunctionalityƛƴ ǘƘŜ ǇŀǘƛŜƴǘϥǎ ōƻŘȅέ

Wright et al, 2016 



Neurorobotics
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Robotic devices for stroke rehab

Wearable exoskeletons

Robotic limbs



Ourresearch interests
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ÁMETHOD- Exploiting techniques and methodologies of engineering for 
biomedical applications
Á Understanding by building

Á Multi-scale experimental approach

Á LƴƴƻǾŀǘƛǾŜ ΨŜȄǇŜǊƛƳŜƴǘŀƭΩ ƳƻŘŜƭǎ όneurohybrid)

ÁFINALGOAL- Neurorehabilitation
Á Neural Interfaces (including neuroprosthetics): interfacing neuronal circuits with 

artificial devices

Á Neuromodulation: drive neuronal dynamics

Á Neurorobotics: perform controlled training on patients and monitor recovery

neuronal system artificial system



Ourmulti-scale approach
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NeuroroboticsNeural Interfaces

Neuromodulation

translational methodology



OurΨƳŀŎǊƻΩ ǎŎƛŜƴǘƛŦƛŎ ϧ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ǉǳŜǎǘƛƻƴǎ

Á How can we interact with a neuronal system and thus modulate its 
dynamics?

Á How can we interface the neuronal element with an artificial one?

Á How can we restore an injured or pathological communication throughan 
artificial device?
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The brain is one of the most complex system of the known 
Universe
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The brain is a world consisting of a number of unexplored continents and great stretches of 
unknown territory

Santiago Ramón y Cajal

1011 neurons

1015 synapses



Lessons from Neuroengineering

ÁReduce the complexity of the system by developing a 
simple experimental model

ÁUse the model to test technological solutions for 
brain repair
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complexity
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In vivo brain
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Multi-scale approach
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ΨLƴthe future, sensory,motor, andmodulatoryBMIsare likely to take
advantageof a continuousdialog betweenthe nervoussystemand
artificial computational devices. (...) Thanksto their controllability
and relative simplicity, artificially embodied in vitro networks
provideexcellenttest bedsfor studying plasticity mechanisms. It is
not hard to imagine that this electrical training and modulation of
cortical tissuecould form the basisof future adaptive, closed-loop
BMIsΩ

S.M. Potter, GeorgiaTech, USA Frontiers in Neuroscience (2010)
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CǊƻƳ ƛƴ ǾƛǘǊƻΧ



In vitro cortical cultures

Dissection
+

Enzymatic digestion
+

Mechanical dissociation

~ 50.000 cells

Rat embryos (E18)

Primary cultures of rat cortical neurons
Micro-Electrode Arrays (MEAs)
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Spikes and Bursts in electrophysiology
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Á The electrophysiological signal, acquired from a single microelectrode is
generallycharacterizedby two different patternsof activity:
Á Spikeςsingleover-threshold signalrepresentingthe electrical activity of one or

moreneurons(i.e. 1-3 cells).

Á Burstςsequenceof highlypackedspikesoften occurringsimultaneouslyon several
channelsandgivingriseto a phenomenongenerallyknownasΨnetwork burstΩ.



How can we interact with a neuronal system and 

thus modulate its dynamics?
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An in vitro model of neural dynamics

BASAL

ΨLƴ recent years, in vitro neuronal cultures 
have been recognized as a successful 
model system of neuronal ŀŎǘƛǾƛǘȅΩ

Orlandi JG et al. Nature Physics, 2013

Electrical modulation

Network patterning

BIC 30 ˃M

Pharmacological modulation

Chiappaloneet al. Neurocomputing, 2005; Chiappalone,et al. BrainRes, 2006; Chiappalone,et al. Int JNeuralSys, 2007; Maccioneet al. J
NeurosciMethods, 2009; Bologna,et al. Neural Networks, 2010; Pasqualeet al. J ComputNeurosci, 2010; Bisioet al, PLoSOne, 2014;
Kanneret al,JoVE, 2015; Pasqualeet al. ScientificReports2017

M Bisio

V Pasquale

I Colombi



Network bursts are typical features of in vitro neuronal 
cultures

100 ms
10 ms

2
0

 m
V

Burst

Spike

Pasquale,et al. JComputNeurosci, 2010; Pasquale,et al. ScientificReports, 2017

Spontaneous activityEvoked activity
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The concept of brain modularity

Á Brain is redundant and intrinsically modular, being composed of local 
networks that are embedded in networks of networks (Meunieret al., 
2009; Levy et al, 2012)
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Ref: Park & Friston, Science 2013

Ref: Betzelet al, Nat Communications 2018

Ref: Yamamoto et al, Science Advances 2018



Brain modularity in vitro: network patterning

Bisio et al, PLoS One, 2014; Kanner et al, JoVE, 2015

100 ms
100 ms
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Multimodularsystems (electrophysiology)

30Averna et al, submitted (LNCS)



Multimodularsystems (electrophysiology)
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Averna et al, submitted (LNCS)

Before lesion
After lesion



How can we interface the neuronal element with an artificial one?
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The first closed-loop system

ÁA brain with a body, i.e. a 
brain with an artificial sensory 
system and an artificial motor 
system

ÁFirst example of a closed-loop 
system: an in vitro brain of a 
sea lamprey bidirectionally 
connected to a mobile robot.

Mobile Robot

In vitro brain of a sea lamprey

cancel 

artifact

from light 

sensors

to motor 

actuators

D
E

C
O

D
IN

G

nOMI

nOMP

PRRN

pulse 

generator
spike 

detection

LEFT RIGHT

C
O

D
IN

G

KarnielA,et al. JNeuralEng, 2005
Kositsky, Chiappaloneet al. FrontNeurorobotics, 2010
Mussa-IvaldiFA,et al. FrontNeurosci, 2010
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Stimulation
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Coding

Wheel Speed Commands

Distance Sensors Readings

Our neurorobotic system

Tessadori et al. Living Machines 2013; Tessadori and Chiappalone  JoVE, 2015 34
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Hybrid communication in neuroroboticsexperiments
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Target behavior: 
ΨBraitenberg
ǾŜƘƛŎƭŜΩ  ǿƘƛŎƘ 
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Tessadori et al. Living Machines 2013; Tessadori and Chiappalone  JoVE, 2015



Robot navigation paradigms
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Å If activity is (close to) equal in the Rightand Left
area
ü the robot goes straight

Å If the activity on the Rightarea is higher than the 
activity in the Left area
ü the robot turns left (the obstacle was on its right side)

Å If the activity on the Left area is higher than the 
activity in the Rightarea
ü the robot turns right (the obstacle was on its left side)

J Tessadori

Tessadori et al. Living Machines 2013; Tessadori and Chiappalone  JoVE, 2015



Is there any exchange of information?

Tessadori et al. IEEE-BioRob, 2012; Tessadori et al. Front. Neural Circuits, 2012; Nava et al. Living Machines 2014
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Adding (some kind of) training for inducing learning

Á Localized tetanic stimulus affects the network response to activation 
stimulus (Jimboet al. BiophysJ, 1999; Chiappalone et al. EuJ Neurosci, 
2008;  Le Feberet al. PLoSOne, 2010)

Á Tetanic stimulation: when the robot hits an obstacle a short tetanic burst 
is delivered from the collision side
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Obstacle hit: 

Â Still for 2 s

Â Tetanic stimulation 
(20 Hz, 2s)

Â Step back to a previous 
position

L

R

1 s

0.05 s

L

R



Changes in the network activity
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