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exploiting biomedical
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A.Electrode structure (inserted) and insertion device
lue and PCB

eeeeee

* Speed-up the transfer to clinical
trials and real-life environment

« Exploit the potentials of —
heuroscience-driven —
approaches
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= Tactile and position feedback in limb
amputees

= Vision restoration

= Autonomic nerve closed-loop
stimulation

= Grasping restoration
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selectivity

Intraneural electrodes seem to represent a good trade-off
between high selectivity and reduced invasiveness

Micera, et al., IEEE T-NSRE, 2008
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Bidirectional
neurocontrolled hand
pI[:gJ?\!:vre] |mp$ant ina 35 year old man,
from Denmark with a trans-radial

amputation in 2004 (fireworks accident
during family celebration)

= Two TIMEs in the median and two in the
ulnhar nerve

B
pain T1-(L6-7,R5)

sensation

strength T1-(L6, R6-7)
minimum sensation
percalved extension 1 »

-(L4,R4)

sensation radius ' ‘ T1-(LS5)
mmmm Touch
=== Proprioception

T1-(L1-2, R2-3)

T2-(L1-3,R1-3) T1-R4)

T1-(L3-4,R1,5)
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Object

Stimulation Finger Sensor

Pressure

current

i =]

Bidirectional

neurocontrolled hand | e |

Index finger

| staircasetask | high 1low medium | staircasetask | low  |high |medium

L I I/l
| | | | N i/ \ian
| | | | | | Robotic hand sensors reading |
T T — o I
| .

30 60 0
time (s)
C Staircase task
v 1
2
¢
8
G
v
X .
o0 Time (s) 30

=== Healthy hand with visual
=== Robotic hand with visual feedback / no tactile
=== Robotic hand with tactile feedback / no visual

5
[IHealthy <
B Robotic 2
visual 8
M Robotic o 4
tactile 0

PC2(21.3%) _1 PC1 (41.6%)

Sensory loop

3 T
| | 1|
| | | [,

Little finger A

4 N

time (s) -

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

Control loop
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3] ) i iti Decoded hand
SHl’lt Anna B A Compliance recognition task
IR mepmm— Task accuracy - Hard I Medium | Soft con;r?l:
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Shape recognition Comp
Decoded harn Index finger
control: T
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M Open hant T
[ Rest
— Graspfast2 5|
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Tactile traces
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—Sensor
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= Current Little finger
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Normalized finger sensors readou
Normalized finger sensors readout
o
o
T

00 3
Time (s)
0

Soft —  Medium _ Hard

. |
80 85 S0 95 100
Hand range (%)
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Sensors in the fingertip generate

i4LIFE — Intraneural stimulation

that are farther apart

artificial finger touch sensors and

‘ Mechano-electro transduction by ‘
neuromorphic encoding via spiking model

J

[ i

cal signal by moving
extured surface.

This signal from the finger-
tip is translated into a
series of .
imitating the language of
the nervous system, then
delivered to the nerves.

Tactile Stimuli

0,
96%
The amputee could
tell 96% of the time
if the surface was
rough or smooth.

The non-amputee
could tell 77% of
the time if the
surface was rough
or smooth.

A0.0+

A0.0-

A1.0+

A1.0-

A2.0+

&2.0-

225+
A25-

Tactle | SP1 SP2
stimulus | (mm) | (mm)
200 | 15 15
mo | 20 10
20 | 30 10
w25 | 30 | o5
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a Naturalistic stimuli
Paper Rubber Textile PVC Velcro Wood

ww /7

a Subject ALM b
72/80 (90%)

g
3
% rubber
3
]
2
3
D Textie|
&
20
PVC
Paper  Rubber  Testle  FwC Textile
Decaded Texture
c Subject LOP d subject LOF
ubject I corract recpancas
46/80 (57%) —— Gverall performance

——- 55% confidence interval

100 10p e
Rubber
80 ‘|' ]
£ T I
Textile @
é s
£ a0
Paper &2
20
eve
o o

Rubber Textle  Paper ubber  Tewtlz  Faper

Presented Texture

R s
Performance (%)
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a 5 8 8
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Decoded Texture
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SIX-MONTH TRIALS

* Three new patients enrolled for a
long term study to confirm and
extend previous results

* Subject 2 implanted from Nov 2015
to May 2016

* Subject 3 implanted from June 2016
to Dec 2016

* Subject 4 implanted from June 2017
to Dec 2017 .

* Results confirmed the long-term
usabilty of our approach

i4LIFE — Intraneural stimulation
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Multimodal intraneural sghy

sensory remapping

Proprioceptive feed:

Tactile feedack
somatotopic

T Fingerforcareadout

Bidirectional

neurocontrolled hand

prostheses

Electrode 1
Active site 4
1205
> current (uA)
prop. to
position readout

Example stimulation parameters

Position |

\ 4‘ and force

|_sensors |

F:yTIME nerve implant

Motor control loop

[ Motor command J‘_[ Decoding ]

i4LIFE — Intraneural stimulation

Median nerve

Ulnar nerve

{ insertion needie 48

TIME electrode insertion

a

a Experimental setup

vs — very small s —small

“ e

|- large - very large

K

ss —small soft  sh—small

L

Is— large soft — large t

66

100%

50%

0%

Subject’'s answer
Correct identifications [%]

VS s I vl
Object presented

3

3

S
=]

8

o

=
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- * * * *
- 25%
vs s 1 vl

Object presented

Overall performance: 78% correct

II I i

Correct identifications [%)
3 & 8 8
{ |

=]
)

Experimental setup @ Verbal fluency task and task performance (n=1) :eption (n=2)

3

size compliance

Object feature
ct
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B We identified electrode active site which gidts sensstions in the loctions corresponding to the fingertip. Then, we simulated a machanical skin
indentation using the biomimetic model. The model cutcomes were the fiing population activity generated by the combination of all the fibers
fE (5A, RAPC) response and the number of sensory fibers recruited during the skin indentation. We also generated the stimulation amplitudes
following a proportional relationship with the mechanical stimulus as used in (16).
T atinn bt i D oot indontatine e adal

Different encoding strategies in which only one stimulation feature is modulated {Single feature) or both frequency and amplitude of the

stimuli are simultaneuoshy modulated (Hybrid). We comverted the fiing population rate generated by the biomimetic model in the frequency
of the intraneural stimulation (FNM, HNM-1 and HN k-2). The stimulation amplitude was converted using the mechanical stimulus (ANM

and HN-1) or the fibers recruitrment (HMM-2). The pulse-width was always fixed to 60 ps.

ANM HNM-1
. Fuise Fraguancy | Puias bttt Dudivarsd Fuizsn 1_mru.u wiize e Datsnras Fuizes
fgad A T
i o |l
1 o i
e L — - . * o L e = oy nica ) ]
FHM HMPM-2
oL [ [ L N [
18 0 feic
gl | 0 ii i
B . i e
g! e Al W T I " Y f o =] IJ: [ e
1 e = el e oo |
Single fenture approaches Hybrid approsches
n Indentation profik w l____'_z"'I__'_m____I E |_|:|_ :;El/ :
n | ||z - -
] éi | _ E | 5 racriited 4 [l
< Ei | Hlnmmsm g |
5a lpopu amices responss g | g Ll
- o Time [5] | — | .LI:L o
o

______________ - Time [s]
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a Setup - Virtual Eggs Test (VET)

Fragile objects,
breaking threshold
of the fuse =1.2N

Q1] It seemed like | was grazping = real object
02 | felt the int=nsity of the grasping force applied by the robotic hand on the object

5

Transferred Blocks

wn

b

Gross manual dexterity

—

4]
FRM HMM-1HNM-2

VET performance N=5

-1

Blocks [%] =
EHEY 83888

Unbroken & Transferred

=
o

A

MF - ANM FNM HRM-1 HNM-2

* pc0.05

Manual Accuracy

-

& ‘f:;,,»g"

[ . .
Naturalness perceived during VET N=5
. .
0 * p=0.05
H T T
1 T
1
=
1
= 2
g,
3
LA
L]
NF ANM FHM HANM-1 HNM-2
d Object manipulation Questionnaires N=5
3 X, +p=0.05
2L . - - -
b -
— -
a0 .o I
s
3 i L
& Ll_‘ Iilj
<
2
2 oL, gz oL, g2 -] oL a2 oL, 4z
MNF ANM FHM HNM-1 HRM-2
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Stimulation train

Bidirectional

neurocontrolled hand
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C.oanitive load

Sensory modulation

B

Induced sensations
& stimulation parameters

A -
E Sl'” Imax
3 —| |— L 5l |
L; § Imin S,

0 Sensor output

TIME

active sites on
both sides
used object: ’

(breaks at 1.2 N)

fascicles l Transversal insertion

electrode /

, 7 implant

Intraneural sensory Feedback (IF)

sensation type

sensation intensity

vibration

electrode position proximal part of ulnar
nerve above elbow
amplitude A_,=200 A, A= 300 pA
pulse-width 80 s
frequency 50 Hz

st
Superficial sensory Feedback (SF) §

sensation type

sensation intensity

electricity

Su=1,5a=8

electrode position on the skin of the left arm

amplitude A, =100 pA, A =500 yA
pulse-width 200 ps
frequency 50Hz

A

e

Forward 5

B

o

o

NEXTSTEPS

Longer term implants also in
ecological settings

Additional testing on

multimodal stimulation .
Embodiment and peripersonal |
space '

| My
Cognitive Dual Task (Span Digit Forward Test during Virtual Eggs Test)

*p <0.05 ¥span *p <005 Man‘wlmacy
b S
100 - —
*
Tr * i)
* —
z0
-§ 70
=
§ 50
5
S 4
T
g
2
=
10
0

Baseline

IF SF NF

IF IF SF%F  NFONF
CON COFF CON COFF CON COFF

W

Gross manal dexterty

=

=

Transferred blocks (#)

F S
CON C-OFF CON C-OFF

=
(6]
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A System controller: Encoding Nerve stimulator ————) B sciatic nerve implant B sz -
~ ~ Distribution of sensations over the calf
<
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3¢ 210 B
= AMLMULALAN I i
40
0=z [ E LEY
go 24 B8 A : %n 83| &2
IE é 0 18 E
2 100
Q- £ 100
8’3|/ \ } I/ \ / \ Y %
< | ° g a g7
1s = s g% 5
. Forefoot stim —Forefoot i :
SWing __Midfoot Stim. — Micfoos sensor || i3
Stance  Hindfoot stim ===Hindfoot sensor 10
——Knee stim  ——Knee enc er ) 0

Distribution of sensations over the foot

* £ s1 s2
lﬂxvode;
— Heos
) =
§
3
2 » - -
§ £ 2s s
e 2 g
- g g
Knee encoder 28 L L
gz : :

Aq‘uisiti n and >
tr nsm?ssion Sensorized
system insole
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- - - a Metabolic consumption indoor test
EPFL  Bidirectional R v
fondati 20 ° ot ©
Bz neurocontrolled leg g |-
E 15 x é % H (%]
Sant’An h i i @
@) SantAnna Brost eses g T
a OAMOD‘rsp:ed‘ T o b‘ o G[:nﬁdemeinprosmesis gl 5 a t
——Participant 1—— —— Participant 2—— —— Participant 1—— —— Participant 2 ——
Dﬂy:t? Day‘as No feedback 0 0.5 15 25 35 45 55
35 ,—‘c::o 45 '—|.:‘. lSensoryfeedi:c:essan All sessions Participant 2' . *
30 40 10 ud 10 20 - é é é
a5 * . e
— 22 R &8 ’—‘ 8 ’—‘ ..I_E 15 |E I@
A s - E . ,H |
£ - i |
% ‘ Day 70 ’ Da):5ﬁ i 6 ] ﬁ ig 10| * -Jﬁ HB ﬁ
2 l;' 55 I—' g ™ |
SR I L : ¢
35 ﬁ 2 2
51 5 ® 05 15 25 35 45 55 65
o 0 © ° Speed (km h™")

Walking speed and self-reported confidence increased while
mental and physical fatigue decreased for both participants

Participants exhibited reduced phantom
limb pain with neural sensory feedback.
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SR neuroprostheses
d L Optic nerve OpticSELINE  g\11re wire
. Needle
/! “I.‘ ‘(“ ; “: \“ Phase 1: insertion f v B —
>> Mechanical stability >> Space compression/\ \} '/ ) 2 e

Phase 2: positioning of active sites within the nerve

2> Mechanical misimatch ~ 2* Synaptic circuits : /6/\\15 - :ozl_muj:g T_J —
>> Threshold of activation N o -~ u_ﬁvméj —

Visual Information
o — The 3D arrangement of electrodes

Opposue Eye Controlateral Projection al IOWS the ta rgeti ng With a Si ngl e

Lz shank both the central part and
, Ipsilateral Projection the four Surroundlng quadrants;

T —
‘ thus covering the entire visual

-“
i’ field

‘a

a

i4LIFE — Intraneural stimulation
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Intraneural optic nerve
stimulation seems to show
a promising selectivity in
terms of cortical activation

NEXT STEPS
 Further tests in animal
models

 Development of

é E
\@&\ § Fj T 3 machine learning

& os- m appraoches to optimize
Ll stimulation effects

73121 2261631213 0 1827 6 10 21 20 28 3 23 19 24 30 17
Meaningfus IC numbar

i4LIFE — Intrar
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Hectroceuticals | o T2EEIE

Medical treatments for
chronic diseases based on
electrical impulses

Advantages A NEW AREA OF
| MEDICINE
* Real-time

« Precision A NEW CLASS OF
* No drugs side-effect MEDICINES

* Personalized treatment

ral stimulation

B i4LIFE - Intraneu
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Electroceutical
(autonomic nerve
@) SancAnna stimulation)

= Heart transplantation can involve the
complete explantation of the native
heart making surgical denervation
inevitable

= The lost of efferent and afferent
sympathetic cardiac fibers leaves the
endogenous electro-mechanical
cardiac coupling under the slow
_metabolic control

NERVE CONDUIT

NEURAL BRIDGE ¥4

l-

REMNANT VAGUS

myslm

EMBEDDED

REGENERATIVE MICROELECTRONICS

AUTONOMIC
INTERFACE

RAI
ELECTRODE

External devices

Implanted devices

@ Parasympathetic ganglia

Parasympathetic
Pre-ganglionic nerves

_» Parasympathetic
Post-ganglionic nerves

Cardiac activity

Cardiovascular
models and
control

Physiological
sensors

Heart rate (via wireless connection)

Heart rate

parameters

@ o

Stimulation parameters
(via wireless connection)

N
[y

S.Micera




=PrL

Electroceutical

i Decoding from Vagus
Baue Nerve activities

TDT

Recording
Apparatus

N
N

S.Micera

Experimental setup d Decoding Algorithm
Tidal Volume Features Extraction
X . Respiratory Rate S raw channel 1 raw channel N
All infusion | S e Raw Signals o \ A !
: wv | g VA M .« . e ,.,.NM.., Q*MMW
Angll infusion ) Livprocessing ¢ " Mm 2 Yoo
Blood pressure (80 ng/Kg/min) 150% g;selme -scoce, dscrate wavelet Fanstorm oo, dhucrale wavelet tavmiors
7-10 min
— approximation=: 5 Hz < f < = 1500 Hz approwmation 5 H < f § = 1500 H
Tidal Volume 2minincrease | 500-800 ml 10 10 WAL "AMMN T e »\MM o N
Respiratory Rate | 2 min increase | 15-20 br/min o W’"""'m o SRR
: )
2 vs BPC vs RRC vs TVC i) LI ] s osssoncone ]‘m“."'l;" l;ﬁ?.%
3 vs BPC vs RRC| vs BPC vs TVC|vs TVC vs RRC Focatmerts C— e —
pumondi
4 vs BPC vs RRC vs TVC Principal Component 2ac)
s [} o
#pca pea scores on d2
. . . , 5
We performed the first comprehensive study testing
(] #scores 3000

i4LIFE — Intraneural stimulation

intraneural VN recording to identify physiological (arterial = °_ i

Pca scores d1 U Pca scores d2
Feature vector = (PCA1 scores on d1, ..., PCA3 scores on d2)

and respiratory) changes p—
We recorded VN activity through intraneural multi-channel “’E’_" -
electrodes in anaesthetized pigs at baseline and during .

# Leaming Steps:

alterations in blood pressure and respiratory parameters

ble Leaming of Classification trees
1

Prediction tast sat
QOutputs Classificati
oo Metrics

1 N_step
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il Decoding from Vagus
. e )
@ Nerve activities .
Decoding Baseline vs. Three Challenges DFP patterns
? p2 t‘Z-png#Q |rr|p|anhezd \mlh ‘. }.@] J@@
a b p3-51=pig#3 implanted with ' 0.160 / = i’ 690‘ &
| e | SELINE #1 E \! ‘: ) ( e " )
100 o | pd-s3=pigit implanled i | 0.128 \Zg,-" - Z =P
90: 1 . S . 0.096 BASELINE Ve
= i pd-sd=pigsHd implanted with
a‘_;_: g SELINE #4 H 0.064
K]
g E% 0.4 0.032 (. ‘qg J.ééi
g QE 0.3 r=0.66 ®pts3 0 |',p. go‘l 'a '%0%0
2 u*'jg 0.2 ome Ope % .u-,) \& % 2&,,.
201 Opa-ss ” RRC BPC
’ o 0 40 60 80 100
9 Accuracy (%) pd-s4

(=i
R

Our algorithm robustly achieved high accuracy levels

0.160

% in identifying different functional changes and '”“% g' i =2
£ discriminating amongthem mg RD e
E JjL i
§ 3”_. ._:g 0.032
£ By combiningan anatomically validated hybrid e % T \ :
. heural model and discrimination analysis, we vl B 7060 5 4D 30 2D 1>

L . . i .

3 provided new evidence suggesting a functional L (B

topographical organization of VN fascicles.
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MOTOR CORTEX ACTIVITY &
LIMB & HAND KINEMATIC MOTOR STATES DECODING

MUSCLE ACTIVITY . NN i TEMPORARY PARALYSIS

and extensor muscles < ,
BEHAVIOURAL GRASPING
TASKS
PERIPHERAL NERVES

— STIMULATION

o f : ‘,!’ ’

Wrist and digits flexor
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Conclusion

Intraneural stimulation proved

al stimulation

1 i4LIFE Intraneur:

to be a very promising tool to
restore neural function

Our next steps are:

* To clinically validate the
fully implanted bionic limbs

* To validate in animal
models (and later patients)
the i4LIFE concept
Long-term exploitation for
other electroceutical
applications

If you can play with
the nervous system
you have UNLIMITED
possibilities

N
(6]
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