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Natural control of movement

A spinal cord 
injury creates a 
GAP between 

brain commands 
and muscle 
movement 
generation



Brain to machine interfaces (BMIs)



Sensing technologies that can be used to observe neural activity, divided 
by non-invasive vs. invasive, spatial and temporal  resolution.

M. Black, Brown University



Neural Signals - ECoG

• Electrical activity on the surface of the brain 
resulting from volume conduction of coherent 
collective neural activity through the brain

• Recorded via surface (disk) electrodes
• Amplitude as high as 5 mV and frequency 

content up to 200 Hz

Leuthhardt et al.
N. Thakor, JHU



Neural Signals - LFP

• Summation of pre and postsynaptic activities 
from a population of neurons around the 
electrode tip

• Recorded via microelectrodes or lower 
impedance electrodes

• Amplitude as high as 1 mV and frequency 
content up to 200 Hz

Mollazadeh et al.
N. Thakor, JHU



Neural Signals - Spike

• Single unit firings
• Recorded via microelectrodes placed close 

to the neuron cell body
• Amplitude as high as 500 µV and 

frequency content up to 7 kHz

Mollazadeh et al.
N. Thakor, JHU



Oztop and Arbib, 2002
Different cortical areas will be
used to decode different kinds of
information

Pre-motor and motor area of the cortex



Extraction of 2D movements from M1

M1 PREDICTION Trajectory



Extraction of 2D movements from M1



Schwartz and colleagues

Utah Array, Cyberkinetics 
LTD

Extraction of movements from M1



Cortical control of robotic systems



High-level CNP
• Recordings were made at points 

along a major pathway for 
visually guided movement which 
begins in the extrastriate visual 
cortex and passes through the 
parietal reach region (PRR) and 
area 5 to the dorsal premotor 
cortex (PMd) and then to the 
primary motor cortex

• Although PRR is specialized for 
reaching movements, it 
represents the goals of the reach 
in visual coordinates



High-level CNP



High-level CNP



High-level CNP



High-level CNP
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Voluntary control of grasping after cervical spinal cord injury

TNETranslational Neural Engineering 



Brain-to-machine-to-brain interface



20Translational Neural Engineering 
!

Intracortical sensory feedback

Intracortical sensory 
feedback is possible but 
the performance are still 
limited

O’Doherty et al., 2011



Brain-to-machine-to-brain interface in a 
quadriplegic subject



Brain-to-machine-to-brain interface in a 
quadriplegic subject



Hand prosthesese - Motivation

The loss of the upper limb is a traumatic event that changes the quality of life radically

Reduction of

• Ability in reaching, grasping and manipulation

• Ability in sensing through the sense of touch

• Gesture (communication)

Actual prostheses do not satisfy amputees’ requirements and are very different from 
the natural model

1.7 million total number of amputees living in the U.S

65,000  upper limb amputations in the U.S. each year

27,000 hand amputation below the wrist in the U.S. each year

400  hand amputation below the wrist in Italy each year

Few innovations in the past 50 years

38% Transhumeral 

31%  Transradial

14% Partial hand

5%  Fingers

…

…

Statistics

Consequences



What can an amputee get today?
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Hand Prosthesis

Prosthetic Hands

Passive Active

Cosmetic Body-powered Myoelectric



Mechatronic 
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Design issues: adaptability

21 DoF

Problem: It’s an hard task to design, actuate, and control a self-contained artificial hand 
with a number of degrees of freedom (DoF) equal or close to those in the biological 
human hand!

22 muscles …+ 18 Possible solutions (to simplify the problem):

• Cut DoFs; Rigidly couple DoFs;

• Implement adaptable mechanisms.

Hand adaptation mechanisms

Finger adaptation mechanisms
Phalanx adaptation 

mechanisms

Adaptation also improves grasp stability as it 
increases the contact areas while grasping

Underactuated mechanisms



Mechatronic 
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Design issues: non back drivability

Lead Screw Worm Gear
Gear heads with high 

reduction rate
Brakes/
clutches

In a prosthesis it allows to maintain the grasp once the power supply is switched off
Non back drivable transmission = Power saving!= key in prosthetics!

Mechanisms wherein motions generated by the input (motor) drive are 
transmitted to the output (i.e. fingers) and wherein motions originated 

from the output are blocked

NBDMInput Output 



Case Study 

The SmartHand prototype

The SmartHand at glance

Weight
Size
Degrees of freedom
Degrees of actuation
Full flexion speed
Tendon max active force
Grasp force (Cyl, Lat, Lift)

600 gr
Human inspired

16
4

<1.5 s
45 N

<30,<5,100 N

Position (digital encoder)
Position (Joint Hall sensors)
Position (Potentiometer)
Tension Sensors (strain gauges)
Limit switch (digital)

4
15
2
5
8

Mechanical Spec

Sensory System

Power req.
Control loops
Reading delays
Total preset grasps
Communication

12V /3A
Position and tension (1 kHz)

< 1 ms
10 (programmable) 

RS232 / USB

Electrical Spec

M3 M2

M1

M4



Case Study 
The OpenHand prototype

Fo
rc

e
Displacement

Non-linear & time-dependent characteristic:
• Low forces – Large displacements (Compliant behavior)
• High forces – Small displacements (Stiff behavior)
• Energy dissipation (Visco-elastic behavior)

Multi-layers structure with different proprieties:
• Epidermis and subcutis layers - Compliant materials
• Nail and inner bone - Stiff materials

Benefits of grasping and manipulation:
• Conformability;
• Large contact areas;
• Energy dissipation;

Speed

Human finger-tips play a fundamental role during the action of fine manipulation
and precision grasping of objects

1. M. Controzzi, M. D’Alonzo, C. Peccia, C. Cipriani Design, simulation and development of a human inspired fingertip for robotic hand, to be submitted to the 
Journal o Bioispiration and Biomimetics

2. M. Controzzi, C. Cipriani, M. D'Alonzo, C. Peccia and M. C. Carrozza Design of an Anthropomorphic Robotic Hand with Intrinsic Actuation and Compliant Fingers, 
GNB 2012, Rome, Italy, June, 2012.

3. M. D'Alonzo, M. Controzzi, C. Peccia, C. Cipriani and M C. Carrozza. ``Design of biomimetic artificial fingertips and analysis of stiffness at the contact,''  GNB 2012, 
Rome, Italy, June, 2012.
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▪ N antagonist muscles are used to control 1 degree of 
freedom of the prosthesis (hand opening/closing). Often 
biceps/triceps or wrist extension/flexion

▪ An increased number of required movements makes very 
difficult to use this approach 

Hand prosthesis – Proportional control
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▪ In this case, the muscles naturally involved in the specific movement 
(e.g. ECR for the extension of the wrist) are no more available

▪ For this reason, “not- homologous” voluntary movements of the 
subject have to be coded as prosthesis movements (e.g. extension of 
the elbow for the extension of the wrist)

▪ This approach requires a quite long training phase and makes very 
difficult for the subject to easily control more than two degrees of 
freedom

Hand prosthesis – Pattern recognition
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EMG control – Muscle and feature selection

PCA or similar could be
necessary to select few
more information muscles
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▪ Supervised learning classifier to link EMG signals (features) 
to desired hand movements

▪ More or less anything has been tried (including majority 
voting)

▪ Make a fair comparison!! 

EMG control – Classifier selection
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EMG control – A little help?

§ Single finger decoding 
using EMG signals 

§ One implanted patient from 
UCSC - Loretana

§ Two patients from 
collaboration with hospitals 
Chuv (Lausanne, CH) and 
Villa Beretta (Lecco, Italy)
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EMG shared control 

When a hand is not contacting an object, the 
user controls the robotic hand with the output 
of EMG decoding

When the hand makes contact with an object, 
the compliance controller automates hand 
conformation around the object, allowing a 
high degree of grasp stability
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▪ Clinically available myoelectric control strategies do not allow simultaneous 
movement of multiple degrees of freedom (DOFs)

▪ The use of implantable devices that record intramuscular EMG signals could 
overcome this constraint

▪ Intramuscular EMG signals can be recorded using percutaneous fine wire 
electrodes inserted using needles

▪ The use of iEMG can allow to use proportional control (but of course also 
pattern recognition)

Intramuscular EMG (iEMG) control

Smith et al., 2014
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•Sense myoelectric signal at its source, so it acts as an 
amplifier of the neural command.

•Use inductive coupling to pass power into devices and 
signal out of device w/o breaking the skin

Intramuscular EMG (iEMG) control

Smith et al., 2014

Multifunction Prosthesis Control Using 
Implanted MyoElectric Sensors (IMES)

RF BION® Package
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▪ A surgical technique called targeted muscle reinnervation (TMR) 
transfers residual arm nerves to alternative muscle sites

▪ After reinnervation, these target muscles produce 
electromyogram (EMG) signals on the surface of the skin that 
can be measured and used to control prosthetic arms

Targeted muscle reinnervation (TMR)

Kuiken et al., 2007
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▪ Subjects showed statistically better performance in the 
Southampton Hand Assessment Procedure (p=0.04) and 
the Clothespin relocation task (p=0.02)

▪ Notably, these tests required movements along 3 
degrees of freedom.

▪ Seven of 8 subjects preferred pattern recognition control 
over direct control

▪ Results demonstrate that pattern recognition is a viable 
option and has functional advantages over direct 
control.

Targeted muscle reinnervation (TMR)

Hargrove et al., 2017
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▪ The identification of action potentials belonging to individual motor 
units provides information about the motor output from the spinal 
cord because of the one-to-one association between the action 
potentials generated in the axon and those in the innervated muscle 
fibers

▪ Intramuscular recordings have been used for about 80 years and are 
the classic means for investigating the properties of individual motor 
units

▪ The possibility to achieve similar results with surface EMG electrodes 
would be quite interesting

▪ The recording of surface EMG in multiple locations (spatial sampling) 
enhances the capacity to discriminate the action potentials of 
separate motor units)

▪ This is accomplished by multi-channel systems providing many 
recordings of motor unit activity along the length of a muscle or over 
its surface area

High density electrodes
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▪ During voluntary contractions, the action potentials from 
several motor units superimpose to form a complex 
interference pattern

▪ The characteristics of the multi-channel interference pattern 
can be associated to the level of muscle activation using 
topographical EMG representations, i.e. maps of electric 
potential

▪ The number of identifiable motor units increases substantially 
with the number of channels used for the discrimination

High density electrodes
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Wearable HD-EMG interface

A wearable electrode array and machine
learning methods were used to record and
decode EMG signals and motor unit firing
in paralyzed muscles of a person with
motor complete tetraplegia

The myoelectric activity and motor unit
firing rates were task specific, even in the
absence of visible motion, enabling
accurate classification of attempted sigle
digit movements

This wearable system has the potential
to enable people with tetraplegia to
control assistive devices through
movement intent.

Ting et al., 2021



Pa
rt

 4

N
eu

ra
l S

ig
na

ls
 a

nd
 S

ig
na

l P
ro

ce
ss

in
g

Wearable HD-EMG interface
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▪ Soft bioelectronic interfaces for mapping and modulating excitable networks 
at high resolution and at large scale can enable paradigm-shifting diagnostics, 
monitoring, and treatment strategies

New technologies for HD-EMG interface

Driscoll et al., 2021
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▪ The motor-neuron behaviour is identified by deconvolution of the electrical 
activity of muscles reinnervated by nerves of a missing limb in patients with 
amputation at the shoulder or humeral level

▪ We mapped the series of motor-neuron discharges into control commands 
across multiple degrees of freedom via the offline application of direct 
proportional control, pattern recognition and musculoskeletal modelling

▪ A series of experiments performed on six patients reveal that the man/machine 
interface has superior offline performance compared with conventional direct 
electromyographic control applied after targeted muscle innervation

TMR and HD-EMG

Farina et al., 2017



Peripheral implantable electrodes

Micera et al., IEEE T-NSRE, 2008
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Sensory feedback
Real-time, and natural feedback from the hand prosthesis to the user is 
essential in order to enhance the control and functional impact of 
prosthetic hands in daily activities, prompting their full acceptance by the 
users 

Kwok, Nature, 2013
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Targeted Muscle Reinnervation

Kuiken et al., 2007, 2008
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Targeted Muscle Reinnervation

• Very interesting solution but more 
suitable for proximal (shoulder) 
amputations

• Sensory feedback is possible 
but difficult to be daily usable
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Sensory feedback
Real-time, and natural feedback from the hand prosthesis to the user is 
essential in order to enhance the control and functional impact of 
prosthetic hands in daily activities, prompting their full acceptance by the 
users 

Kwok, Nature, 2013
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First intraneural experiment
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First intraneural experiment



Sensory feedback using FINE 
electrodes



Sensory feedback using FINE 
electrodes



Sensory 
feedback
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Short-term implant of TIMEs in an amputee

•35 year old man, from Denmark
• trans-radial amputation in 2004 (fireworks 
accident during family celebration)

•Subjects resistant to pharmacological therapy 
and with no neuropathies (evaluated by 
Electroneurography) or other systemic diseases 
affecting brain/spinal cord/nerves

•Subjects with no neuropsychiatric disorders, 
evaluated by neuropsychological and 
psychiatric tests (WAIS-R, CES-D, MMPI-2)

•FOUR week implant

S. Raspopovic M. Capogrosso M. BonizzatoP.M. Rossini
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TIME implant
§ Nerves to implant:

ü Median nerve
ü Ulnar nerve

§ Number of electrodes:
ü 2 for each nerve
–

§Surgical technique:

üGeneral anesthesia
üskin incision (medial edge of the biceps muscle-15 cm) 
üExposition of the ulnar and median nerves 
üepineural microdissection
üTIME electrodes inserted under surgical microscope using a guiding 
needle 
ü8-0 suture used to fix the electrodes to the epineurium
üSubcutaneous pockets 
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Closed-loop control based on sensory feedback
• Test the possibility for the subject 

to use the sensory information 
during closed-loop control and 
manipulation experiments

Azzurra dexterous hand
(Prensilia srl)
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EMG-based control of the hand prosthesis
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Selection of grasping force levels
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Modulation of grasping force

The artificial sensory 
feedback allowed the user to 
achieve performance close to 
the natural ones
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Compliance recognition

Quite good performance 
and interesting learning 
ability

Three objects with 
different stiffness 
properties
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Shape recognition
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Why this is possible?

Different force profiles were provided to the users using the afferent stimulation 
à this is NOT on-off sensation!

Compliance recognitionShape recognition



Restoration of proprioception and 
tactile feedback



Restoration of proprioception and 
tactile feedback



Restoration of proprioception and 
tactile feedback



Restoration of proprioception and 
tactile feedback



Restoration of proprioception and 
tactile feedback



Embodiment

G. RogniniO. Blanke



Embodiment



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Biomimetic encoding strategy



Restoring perception of real textures

C. Oddo



Restoring perception of real textures

Implanted interfaces 
can also be used to 
understand basic 
principles



Effects of cognitive load



Effects of cognitive load


