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Fig 1 - Presentation Outline



The Problem
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Fig 2 - World Distribution of Incidence obtained from Fehlings et al. (2014) and the yearly costs for a SCI patient Furlan et al. (2017)



Our Patient
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Fig 3 - Spinal Cord Injury Scale from Wang et al. (2021)

Lesion at C5: only shoulder and 
biceps movements are preserved
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Fig 4 - Overview of our solution
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Fig 4 - Overview of our solutionFig 4 - Overview of our solution



BCI Recorder
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Fig 7 - WIMAGINE® by Clinatech, CEA-Leti 2023

Fig 6 - EEG, ECoG and Intracortical electrodes, Paradromics 2022

Fig 5 - Fully-Implantable Wireless System for Human BMI,
Hirata et al. 2022



BCI Recorder
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Fig 8 - Minimally invasive thin-film neural interface system, Rapoport et al. 2024 Fig 9 - The Layer 7 cortical interface, Precision Neuroscience 2024



BCI Decoder
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Fig 10 - ECoG-BMI framework, Lin Yao et al 2022

▪ ML algorithm detecting individual finger 
movements from ECoG signal

▪ Classification accuracy of 77.0%, 
improving the state-of-the-art by more 
than 11%

▪ Refined movement detection



BCI Summary
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µECoG recording ML decoding

Intended 
movement

Arm or finger 
stimulation
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Fig 4 - Overview of our solution



Arm Anatomy
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Fig 11 - Main Nerves that Innervate the arm and fingers 
according to Nerves of the Arm | Cigna (2022)

Fig 12 - Innervation map the arm and fingers according to Medial 
Cutaneous Nerve of Forearm (2023)
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Combining Functional Electrical Stimulation (FES) arm sleeve with a light-weight exosuit

Arm Stimulator Hybrid system 
concept

Fig 14 - FES-Exosuit hybrid system | Burchielli, D.(2020)

Fig 13 - FES sleeve
Garnier, B et al.(2024)



Arm Stimulator Movement intention
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Fig 15 - Movement intention detection | Burchielli, D.(2020)

The detection of the movement intention is done by the BCI and EMG signals 
from the biceps



Arm Stimulator
Real time control
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Movement initiation
FES to the triceps muscles

Exosuit assists

Feedback
Assistance is proportional to the 
BCI detection & EMG activity 
recorded from each muscles

Allows continuous movement 
adjustment in time

Fig 16 - Possible architecture for a hybrid control strategy | Burchielli, D.(2020)
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Fig 4 - Overview of our solution



Fig 19 - Different recovered movements by the approach in Badi et al. (2021)

Fig 17 - Different PNS Interfaces Approaches from Leprince
(2012)

The State of the Art
17

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

O
u

r 
S

o
lu

tio
n

Fig 18 - Intrafascicular PNS Interface used in Badi et
al. (2021)



The Hand Roadmap
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The StimDust
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Fig 21 - StimDust Approach from Piech et al. (2020)

Fig 22 - StimDust Signal Encoding from Piech et al. (2020)

Fig 20 - StimDust Size from Piech et al. (2020)



The StimDust
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Fig 21 - StimDust Approach from Piech et
al. (2020)

Fig 23 - StimDust US Generator from Piech et
al. (2020)

Fig 24 - StimDust Signal for different implantable motes



The StimDust
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Fig 26 - StimDust stimulation parameters versus requirements from Badi et al. (2021)

Fig 18 - StimDust stimulation parameters
versus requirements from Badi et al. (2021)



The Hand Roadmap
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From Monkeys to Humans
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Optical Coherence Tomography
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Fig XX - OCT Image example from Carolus et al. (2019) where
individual axons are visible



The Hand Roadmap
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Fig 28 - Ultraconformable cuff implants for long- term
bidirectional interfacing of peripheral nerves at sub-nerve
resolutions (Carnicer-Lombarte et al. (2024))

Leveraging the StimDust
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Fig 27 - Median Nerve fascicle
Organization from Delgado-
Martínez et al. (2016)



Leveraging the StimDust
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Fig 29 - Wiring based on LCP
Film with Gold interconnects
from Gwang Seong Choi et al.
(2022)



The Hand Roadmap
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Feasibility Analysis
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General 
▪ Two brain surgeries and two hand surgeries

BCI Recorder and Decoder
▪ Decoding resolution for individual finger movement
▪ Bulky wiring

Arm Stimulator
▪ Arm sleeve placement
▪ Limited space for electrodes

Hand Stimulator
▪ US generator’s focal plane, size, power source
▪ Variable invasiveness with relay stations
▪ Closed-loop possibility



Conclusion
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Fig 4 - Overview of our solution



Feel free to ask 
Questions!

Advanced Methods for Human 
Neuromodulation

École 
polytechnique 
fédérale de 
Lausanne

Thank You for the 
Attention

Advanced Methods for Human 
Neuromodulation Fall 2024



Wang, T. Y., Park, C., Zhang, H., Rahimpour, S., Murphy, K. R., Goodwin, C. R., Karikari, I. O., Than, K. D.,
Shaffrey, C. I., Foster, N., & Abd-El-Barr, M. M. (2021). Management of Acute Traumatic Spinal Cord Injury: A
Review of the Literature. Frontiers in Surgery, 8(8). https://doi.org/10.3389/fsurg.2021.698736

Fehlings, M., Singh, A., Tetreault, L., Kalsi-Ryan, S., & Nouri, A. (2014). Global prevalence and incidence
of traumatic spinal cord injury. Clinical Epidemiology, 6, 309. https://doi.org/10.2147/clep.s68889

Furlan, J. C., Gulasingam, S., & Craven, B. C. (2017). The Health Economics of the spinal cord injury or
disease among veterans of war: A systematic review. The Journal of Spinal Cord Medicine, 40(6), 649–664.
https://doi.org/10.1080/10790268.2017.1368267

Nerves of the Arm | Cigna. (2022). Cigna.com. https://www.cigna.com/knowledge-center/hw/nerves -
of-the- arm-ax1000

Medial cutaneous nerve of forearm. (2023, January 13). Wikipedia.
https://en.wikipedia.org/wiki/Medial_ cutaneous_nerve_of_forearm

Badi, M., Wurth, S., Scarpato, I., Evgenia Roussinova, Losanno, E., Bogaard, A., Delacombaz, M.,
Borgognon, S., Čvančara, P., Florian Fallegger, Su, D. K., Schmidlin, E., Grégoire Courtine, Bloch, J., Lacour, S.,
Stieglitz, T., Rouiller, E. M., Capogrosso, M., & Silvestro Micera. (2021). Intrafascicular peripheral nerve
stimulation produces fine functional hand movements in primates. Science Translational Medicine, 13(617).
https://doi.org/10.1126/scitranslmed.abg6463

Bibliography and Sources
32

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

T
h

e
 B

ib
lio

g
ra

ph
y 

a
nd

 S
o

u
rc

es



Carnicer-Lombarte, A., Boys, A. J., Güemes, A., Gurke, J., Velasco-Bosom, S., Hilton, S., Barone, D. G., &
Malliaras, G. G. (2024). Ultraconformable cuff implants for long-term bidirectional interfacing of peripheral
nerves at sub-nerve resolutions. Nature Communications, 15(1). https://doi.org/10.1038/s41467-024-
51988-1

Piech, D. K., Johnson, B. C., Shen, K., Ghanbari, M. M., Li, K. Y., Neely, R. M., Kay, J. E., Carmena, J. M.,
Maharbiz, M. M., & Muller, R. (2020). A wireless millimetre-scale implantable neural stimulator with
ultrasonically powered bidirectional communication. Nature Biomedical Engineering, 4(2), 207–222.
https://doi.org/10.1038/s41551-020-0518-9

Leprince, L. (2012, December 20). Surface modifications of metallic electrodes for the reduction of
inflammatory response after implantation.
https://www.researchgate.net/publication/274076405_Surface_
modifications_of_metallic_electrodes_for_the_reduction_of_inflammatory_response_after_implantation

Chambers, S. B., Wu, K. Y., Smith, C., Potra, R., Ferreira, L. M., & Gillis, J. (2021). Interfascicular Anatomy
of the Motor Branch of the Ulnar Nerve: A Cadaveric Study. The Journal of Hand Surgery.
https://doi.org/10.1016/j.jhsa.2021.10.012

Delgado-Martínez, I., Badia, J., Pascual-Font, A., Rodríguez-Baeza, A., & Navarro, X. (2016). Fascicular
Topography of the Human Median Nerve for Neuroprosthetic Surgery. Frontiers in Neuroscience, 10.
https://doi.org/10.3389/fnins.2016.00286

Bibliography and Sources
33

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

T
h

e
 B

ib
lio

g
ra

ph
y 

a
nd

 S
o

u
rc

es



Bibliography and Sources
34

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

T
h

e
 B

ib
lio

g
ra

ph
y 

a
nd

 S
o

u
rc

es

Carolus, A. E., Lenz, M., Hofmann, M., Welp, H., Schmieder, K., & Brenke, C. (2019). High-resolution in
vivo imaging of peripheral nerves using optical coherence tomography: a feasibility study. Journal of
Neurosurgery, 132(6), 1907–1913. https://doi.org/10.3171/2019.2.jns183542

Monroy, G. L., Erfanzadeh, M., Tao, M., DePaoli, D. T., Saytashev, I., Nam, S. A., Rafi, H., Kwong, K. C.,
Shea, K., Vakoc, B. J., Vasudevan, S., & Hammer, D. X. (2023). Development of polarization-sensitive optical
coherence tomography imaging platform and metrics to quantify electrostimulation-induced peripheral
nerve injury in vivo in a small animal model. Neurophotonics, 10(2), 025004.
https://doi.org/10.1117/1.NPh.10.2.025004

Gwang Seong Choi, Hyun Ji Yoo, Yoon Kyung Cho, Shim, S., Yun, S., Sung, J.-H., Lim, Y., Sang Beom Jun,
& Sung Wan Kim. (2022). Development of a miniaturized, reconnectable, and implantable multichannel
connector. 19(5), 056047–056047. https://doi.org/10.1088/1741-2552/ac99ff



Bibliography and Sources
35

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

T
h

e
 B

ib
lio

g
ra

ph
y 

a
nd

 S
o

u
rc

es

Burchielli, D. (2020). Adaptive Hybrid FES-Force Controller for Elbow Exosuit.
https://hdl.handle.net/10589/187835

F. Missiroli et al., "Rigid, Soft, Passive, and Active: A Hybrid Occupational Exoskeleton for Bimanual
Multijoint Assistance," in IEEE Robotics and Automation Letters, vol. 7, no. 2, pp. 2557-2564, April 2022,
doi: 10.1109/LRA.2022.3142447.

ESTEBAN SOURCES



Extra slides
36

P
ro

je
ct

 P
re

se
n

ta
tio

n 
| 

A
d

va
n

ce
d

 M
e

th
o

d
s 

fo
r 

H
u

m
a

n
 N

eu
ro

m
o

d
u

la
tio

n

T
h

e
 B

ib
lio

g
ra

ph
y 

a
nd

 S
o

u
rc

es

List of what we should put in extra slides to answer potential questions

Make a limitations slide

Esteban: Slide about stim and emg electrodes on the same spot issue
Esteban: Slide with more details regarding the functionning



Arm Anatomy Recap
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Fig 11 - Main Nerves that Innervate the arm and fingers 
according to Nerves of the Arm | Cigna (2022)

Fig 12 - Innervation map the arm and fingers according to Medial 
Cutaneous Nerve of Forearm (2023)
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The 7 layer cortical interface
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Fig 9 - The Layer 7 cortical interface, Precision Neuroscience 2024

▪ Thin-film electrode arrays with minimally 
invasive surgical procedure

▪ Bidirectional communication (both 
recording and stimulation)

▪ Demonstrate the feasibility and safety of 
delivering reversible implants containing 
over 2,000 microelectrodes to multiple 
functional regions in both hemispheres of 
the brain simultaneously

▪ Demonstrate in vivo performance in 
minipigs in anesthetized states and during 
awake locomotor behavior



The 7 layer cortical interface
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Fig 9 - The Layer 7 cortical interface, Precision Neuroscience 2024

▪ Minimally invasive subdural implantation 
using a novel “cranial micro-slit” technique

▪ Interconnecting cable of each 
microelectrode array module passes 
through a dural incision and a cranial 
micro-slit incision, tunneled under the scalp 
and connected to an individual head stage

▪ The Layer 7 device contains 1,024 
electrodes in ~1.5 cm2 of surface array, 
with an inter-electrode spacing of 400 µm

▪ High-density intraoperative cortical surface 
recordings have so far been performed in 
17 patients as proof-of-concept studies 
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Arm stimulator FES arm sleeve

Advantages:

The tests conducted with stimulation, showed that the smart FES 
sleeve performance, in terms of stimulation intensities, perceived 
comfort and muscle torque, are at least as good as the hydrogel 
electrodes.

Materials:

The prototype is composed of a knitted sleeve made of polyester, 
viscose and elastane that integrates carbon-based dry electrodes and 
electrical tracks connected to the stimulator. The carbon-based dry 
electrodes are fixed on the textile substrate by thermal compression 
onto a nonwoven thermoadhesive and sewn conductive matrix made 
of textile silver-plated conductive yarns. 



Arm Stimulator Mechanism details
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The implemented real-time control 
consists in a hybrid approach that 
coordinates the assistance from 
the exosuit and from FES. 

Three main layers are 
interconnected in a close loop 
system: 

(i) Hybrid Controller that detects 
the subject’s intention and 
computes the assistance for both 
the devices 

(ii) Exosuit Controller which 
modulates the motor actuation

(iii) FES Controller that manages 
the stimulation.
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Arm stimulator Exosuit for fatigue
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Arm stimulator Exosuit specificities
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Arm stimulator Exosuit for both arms
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