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A - CAMIN team ?

INRIA : National Institute for Research in Digital Science and 

Technlogy

Based in Montpellier and attached to the Sophia Antipolis center

CAMIN : Dedicated to Neuroprostheses

Axes of research :
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B - Neuroprostheses ?

(National Geographic, February 2010)

These devices, connected to the nervous system 
and responding to commands from the brain, are called neural or bionic prostheses.
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B - Neuroprostheses ?

Artificial organ that
replaces a living limb/organ

Artificial device that acts 
on a living limb/organ

(mainly via the nervous system)



Introduction    Domains    Marketed    Perspectives    Beyond  

9

Neuroprostheses  artificial organs… but confusion is easy !

Brain computer interface (BCI)

Both neuroprostheses and artificial limb
Aimed at being controlled by the brain 
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B - Neuroprostheses ?

Artificial organ that
replaces a living limb/organ

Artificial device that acts 
on a living limb/organ

(via the nervous system)

Albeit a lot in common:
Mechanics, electronics, microelectronics, computing, mathematics, etc. 
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C - Neuroprostheses -> Target excitable cells

Action Potentials
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C - Neuroprostheses -> Target excitable cells

Action Potentials

sodium/potassium pump

Voltage-gated Na+ channel
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C - Neuroprostheses -> Target excitable cells

From motor neuron (MN) to muscle fibers (MF)

1. Activation of a MN with propagation of APs along the axon.

2. Release of transmitters at the motor plate.

3. Diffusion of ions (incoming Na+) at the semi-permeable membrane of the 

MFs (sarcolemma).

4. Formation of a motor plate potential in the MFs, followed by membrane 

depolarisation (AP).

5. Propagation of APs from the motor plate along the fibre, in both directions 

(1 to 5 m/s, 110mV).

6. Repolarisation, hyperpolarisation and return to resting potential of the MFs.
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C - Neuroprostheses -> Target excitable cells

Biochemical cascade at the neuromuscular junction:

1. Arrival of PA at the axon terminal.

2. Ca2+ channels open

3. Massive influx of Ca2+ into the pre-synaptic element.

4. Displacement, fusion and release of ACh in the synaptic cleft.

5. Binding of ACh to nicotinic receptors.

6. Na+ channels open.

7. Na+ entry into the post-synaptic element.

8. Depolarisation of the post-synaptic membrane.

9. Degradation/recycling of Ach.
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C - Neuroprostheses -> Target excitable cells

Ca2+ releases the sites :

• Biochimie –

1. Myosin is attached to actin: acto-myosin complex. 

2. ATP binds to the head of the thick myosin filament: 

actin unhooks. 

3. The ATPase (enzyme in the myosin head) 

hydrolyses the ATP into ADP + Pi (inorganic 

phosphate). The myosin head can cling to the 

actin.

4. The ADP is detached from the myosin head.
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D - Principle of Electrical Stimulation 

Inducing Action Potential

Induice an Action Potential (AP) in both directions
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D - Principle of Electrical Stimulation 
e –
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D - Principle of Electrical Stimulation 
e –

Direct Current (DC) – Galvanic

Continuous unidirectional flow of charged particles with a 

duration of at least 1 second.

One electrode is always the anode (+) and one is always the 

cathode (-) for the entire event.

"High Volt", "HVGS", "ESTR", and "Iontophoresis" are clinical examples of direct current

forms of stimulation

Note : Monophasic also refers to direct current, but it is typically pulsed, so the chemical

effect is minimal

There is a build-up of charge since it is moving in one direction causing a strong chemical

effect on the tissue under the electrode



Introduction    Domains    Marketed    Perspectives    Beyond  

19

D - Principle of Electrical Stimulation 
e –

Alternating Current (AC) – Biphasic

Continuous changing voltage level and direction; direction 

changes at least once per second.

Electrodes continuously alternate their polarity each cycle, 

therefore no build-up of charge under the electrodes

Alternative current "waves" can be symmetrical or 

asymmetrical

"Russian", "NMES", "FES", and "TENS" are clinical

examples of alternating current forms of stimulation
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D - Principle of Electrical Stimulation 
e –

Alternating Current (AC) – Biphasic

𝑽𝒊𝒏𝒕𝟏

𝑽𝒆𝒙𝒕𝟏

𝑽𝒊𝒏𝒕𝟐
𝑽𝒆𝒙𝒕𝟐

anode
cathode

𝑰𝒔𝒕𝒊𝒎
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D - Principle of Electrical Stimulation 
e –

Direct Current (DC) VS Alternating Current (AC)

Efficiency

VS

Tissue damage

VS

Corrosion

From Merrill et al., Journal of Neuroscience Methods. 2004. 
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D - Principle of Electrical Stimulation 
–

Impact of stimulation frequency



23

Implants designed to restore sensorimotor functions

Introduction – Neuroprotheses?     

Application domains

Marketed technologies

Research perspectives

Beyond stimulation…



Introduction Domains Marketed    Perspectives    Beyond  

24

Areas of application 
e –
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Areas of application 

e –A - Pacemaker

• Dilatation of the right or left heart

• Hypertrophy of the heart muscle

• Heart rhythm abnormalities: extrasystoles, tachycardias, 

bradycardias, etc.

• Abnormalities of the intracardiac conduction pathways.

• The ECG can also be altered by numerous medication 

or metabolic conditions...

26
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Areas of application 

e –A - Pacemaker -> Taking pathology into account: 

http://www.questmachine.org/ https://wiki.engr.illinois.edu/

• Development of a 3 (or 5) letter code such as: XXX or XXXXX

• The first letter = chamber driven by stimulation

• A (Atrium) / V (Ventricle) / D (Double) / O (None)

• The second letter = chamber listened to

• A (Atrium) / V (Ventricle) / D (Double) / O (None)

• Third letter = response to detected activity

• I (Inhibition) / T (Training) / D (Double Response) / O (None)

• Bonus: The 4th and 5th letters found on some pacemakers:

• The fourth letter = frequency modulation

• R (Frequency modulation) / O (None)

• The fifth letter = multisite training for arrhythmia control

• P (training if bradycardia) / S (shock if tachyarrhythmia) / D (dual function) / O (none)

27
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e –B - Cochlear implant
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Areas of application 



Areas of application 
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e –C - Diaphragm Pacemaker
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Areas of application 
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e –D - Stroke -> Hand Grasping Stimulator
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Areas of application 
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e –D - Stroke -> Hand Grasping Stimulator
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Areas of application 
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e –D - Stroke -> Drop Foot Stimulator
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In a context of spinal cord injuries (SCI) 

e –

Level C6
(Tétraplegia)

Level T6
(Paraplegia)

In case of lesion :

Ventral = motor Dorsal = sensory

Sensory receptor

Muscle

Spinal cord
(cross sectional view)

Brain

Afferent information Motor information

Back

Left

T10

Head

Back

Cervical

Thoracic

Lumbar

Sacral

Niveau :

34
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A - Electrical Stimulation and SCI 

Inducing Action Potential

Induice an Action Potential (AP) in both directions
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A - Electrical Stimulation and SCI 
• –

෍

𝑛=2

𝑛=𝑖

𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠

Brain

Afferents signals filered
By the spinal cord

Afferent signals

Motor signals

Supraspinal command

Ventral = motor

Dorsal = sensory

Spinal cord
(cross-sectional)

Back

Left

Level : T10
෍

𝑛=2

𝑛=𝑖

𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠, 𝑤𝑖𝑡ℎ 𝑛: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑟𝑜𝑛𝑠
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A - Electrical Stimulation and SCI 

Target <-> Strategies

[1]

[2]

Periphery: Central Nervous System:
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A - Electrical Stimulation and SCI 

Compensating for motor impairment: existing solutions

Assistive robotics Auxiliary nurses Assistance dogs

• Lack of independence in everyday life

• Bulky

• Lack of privacy

• Action is “delegated”

• Stigmatising effect

Limitations :
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A - Electrical Stimulation and SCI 

Context

Perceived impact of restoration of various functions on 

quality of life in a panel of tetraplegic patients. 

• Level of independance

• Quality of life

Snoek, Spinal Cord 2004
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A - Electrical Stimulation and SCI 
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Functional Electrical Stimulation and SCI 

A - SCI -> Visceral functions Incontinence

http://bristol.theycreate.co.uk/

Micturition

Interstim
(Medtronic, USA)

Brindley
(Finetech, UK)

http://www.finetech-medical.co.uk/

Eon
(ANS, St Jude, USA) http://www.sjmneuropro.com/

Pain

Stimulation on the same sites …
COHABITATION ? 
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Functional Electrical Stimulation and SCI 

A - SCI -> Visceral functions (Interstim implant, Medtronic USA)

Incontinence

http://bristol.theycreate.co.uk/

Interstim
(Medtronic, USA)

Eon
(ANS, St Jude, USA)

http://www.sjmneuropro.com/

Pain
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Functional Electrical Stimulation and SCI 

A - SCI -> Visceral functions (Finetech Brindley Bladder Control System)

http://www.finetech-medical.co.uk/

Finetech Brindley Bladder
Control System 

(VOCARE, NeuroControl in USA)

Controller 

• External control : Only {electrode + antenna + generator}  are implanted
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Functional Electrical Stimulation and SCI 

A - SCI -> Visceral functions (Finetech Brindley Bladder Control System)
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A - Electrical Stimulation and SCI 

Target <-> Strategies

[1]

[2]

Periphery: Central Nervous System:
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Fuctional Electrical Stimulation and SCI 

B – Upper limb function: surgery: Tendon transfer

• 2 muscles with preserved synergistic action

• Repositioning of the tendon of one of the two 

muscles on a new insertion site

Limitations :

Approaches :

• The clamping force is moderate

• Initial synergic movement is impacted

• Not possible for all patients (synergy)
New muscle action Tenodesis Effect
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Functional Electrical Stimulation and SCI 

B – Upper limb function: SCI -> Hand Grasping

Simple stimulation pattern Arm muscles:

Small / In depth

External / implanted

stimulation
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Functional Electrical Stimulation and SCI 

B – Upper limb function: SCI -> Hand Grasping

Surface electrodes -> Electrode matrix
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Functional Electrical Stimulation and SCI 

B – Upper limb function: SCI -> Hand Grasping

Electrodes de surface -> Electrodes implantés
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Functional Electrical Stimulation and SCI 

B – Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)
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Specifications :

• Up to 12 epimysial and intramuscular electrodes

• Human Machine interface: Opposite shoulder 

movements

• Around 300 patients implanted worldwide

Intervention :

• Surgery: 6 Hours (general anaesthetic)

• Immobilisation for 3 weeks post-surgery
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Functional Electrical Stimulation and SCI 

Free Hand System (NeuroControl)

Triggering

Activation

Hand Open/Close

B – Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)
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Functional Electrical Stimulation and SCI 

• Woman

• Traumatic tetraplegia 

• Lesional profile: C5 incomplete and C7 complete

• Right Handed

Case study :

Functional goals (n=4) :

• Writing

• Facial care and make-up

• Eating and drinking

• Self catheterization 

B – Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)
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Functional Electrical Stimulation and SCI 

Opposite shoulder movement:

Top / Front / Back / Bottom

Sensor position

Inductive link

External control unit

B – Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)
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Functional Electrical Stimulation and SCI 

Without stimulation

With stimulation (4 month post-surgery)

Courtesy of Dr Charles Fattal (Perpignan, France)

B – Upper limb function -> Hand Grasping -> FreeHand System (Neurocontrol, USA, out of market)
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Functional Electrical Stimulation and SCI 

Marketed implant to rehabilitate functions after SCI

FreeHand System: 300 patients worldwide…

But out of market

Brindley implant: Around 2500 patients…

But decline of implantation
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