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Week 11: How we perceive the world via touch

How to give haptic feedback?
= Week 13: Interfacing with the skin

= Today: Interfacing with the Peripheral
Nervous System

= Week 15: Interfacing with the Central Nervous
System




=Pl Qutline

= Today: Interfacing with the
Peripheral Nervous System
 Prosthetic limbs
« Motor decoding
= EMG,

= Targeted muscle and sensory
reinnervation

« Sensory feedback
= Nerve organization

» Electrodes to interface with the
PNS

= Restoring touch and _
proprioception sensations via
Implantable solutions

» Thermal feedback

B HHRI 2025



Motor decoding

Placement of electrodes

Elbow flexion

Elbow extension

Hand closure

Hand opening

These contour plots were built using monopolar high density surface
eectromyogram recordings. Distinct surface electromyogram
distributions are evident for ifferent movements.
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=PrL What to decode

Finger Kinematics

Grasping types

A Prehensile Non-prehensile
Power Intermediate Precision Single digit Whole hand
r _
- o g:i ’ /(. (A y ! : P A | s /7 ’
B N ) R Qi W Y 34 (4 ==

| ®
x Medium Palmar Power Fixed Lateral Palmar Writing
I . .
I wrap sphere hook pinch tripod
|

Feix, Thomas, et al. "The grasp taxonomy of human grasp types." IEEE Transactions on human-
machine systems 46.1 (2015): 66-77.



=Pl EMG signals
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= Motor Neuron + muscle fiber
that it supplies = motor unit

= The summation of these
potentials is termed motor unit
action potentials (MUAP) and
Is responsible for the muscle
contraction.

- EMGs measure the MUAP

,( | Skeletal _/\/
L e muscle
primary motor cortex | ‘ )

Neural drive to muscles

EMG signals
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=F7L  Electromyography (EMG) decoding:
basic approach

Extensor carpi radialis longus muscle (wrist extension)
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=FrL. EMG decoding: basic approach

= The majority of commercially available Stiosbes
robotic prosthetic hands (RPHS) use
threshold-based sEMG decoding over
a few surface electrodes

= Generally, control of 1 DoF

= Sometimes more DoF, by cycle el T
through different types of grasps:
* Non intuitive
« Cannot be used for multi DoF

B HHRI 2025
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EMG decoding: machine leaming approach

= Using machine learning approach
(artificial neural network, ANN):
proportional and simultaneous
control of 3 DoFs of the wrist joint
(flexion/extension, radial/ulnar
deviation, and pronation

/supination).

Jiang, Ning, et al. "EMG-based simultaneous and proportional estimation of wrist/hand kinematics in uni-lateral
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trans-radial amputees." Journal of neuroengineering and rehabilitation 9.1 (2012): 42.



=P7L  High density EMG

-

rows of electrodes

)
E

= |n general, robustness and reliability of
classical pattern recognition systems are
influenced by electrode shift during
don and doff, and by the presence of
malfunctioning channels

= HD EMG grid of electrodes is an
ensemble of sensors that records data
spatially correlated.

= The variogram is a function that
describes the spatial correlation between
observations.

12
columns of electrodes 1s
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(b)
Stango, Antoniettaet al. "Spatial correlation of high density EMG signals provides features robust to electrode number and shift in

pattern recognition for myocontrol." IEEE Transactions on Neural Systems and Rehabilitation Engineering 23.2 (2014): 189-198.
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Improve intuitiveness for prosthetic users:

targeted muscle reinnervation (TMR)

Years after amputation, severed nerves still carry

information about movements.

But, these nerves no longer have muscle effectors —
this important neural information is unavailable via

classic EMG recording.

Solution: nerves severed because of arm amputation
could be surgically transferred to spare ‘target’
muscles i.e., muscles rendered biomechanically
redundant after loss of the arm. This technique is

called Targeted muscle Reinnervation (TMR)

Normal anatomy

Pectoralis minor

Pectoralis major
Clavicular head
Sternal head

Latissimus dorsi

( Triceps brachii

Al

ANTERIOR

Musculocutaneous
nerve (MCN)

POSTERIOR

Radial nerve (RN) ——J |/
Ulnar nerve (UN) l
Median nerve (MN)—L [




Placement of electrodes

Elbow flexion

A

B

C Elbow extension
D Hand closure
E

Hand opening
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Kuiken, Todd A., et al. "Targeted reinnervation for enhanced prosthetic arm function in a woman with a proximal amputation: a case

Targeted muscle Reinnervation

Clavicle
Musculocutaneous N.
Deltoid
Pectqralls Ulnar N.
Major
(Clavicular Head)
Pectoralis
Median N. Minor
Pectoralis o
Major Radial N.

(Sternal Head)

Muscles could be
used as
bioamplifiers

= After reinnervation, contraction of target muscles and EMG signal generation

occurs in response to neural control information intended for the missing limb.

= Example: The patient wants to close their missing hand, the transferred median

nerve causes depolarization of the target muscle, generating EMG signals that

are used to close the prosthetic hand.

= This results in a faster, easier and more intuitive control of the prosthesis control.

study." The Lancet 369.9559 (2007): 371-380.






Sensory feedback
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Kwok, Nature, 2013
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Nerve organization
Previously in HHRI: receptors in glabrous skin

N }Epidermis
Touch, dynamic
pressure &7 RES
v Dermis

Meissner
corpuscle

-

= Pacinian Ruffini’s Merkel’s disks Free nerve
corpuscle corpuscles endings




=PFL  Nerve organization

Primary
somatosensory
cortex

Third-order
neuron

Thalamus

neuron
Medulla oblongata
Li ’s
tract
dorsal root
ganglion
First-order
Nociceptors ork(- neuron
thermoreceptors (afferent)

Free nerve endings
(dendrites)

(a) Neuron (receptor) with free nerve endings

Ventral

HHRI
2025
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L

Epineurium

Perineurium

Fascicle

Nerve fibers

Palmar :
MEDIAN NERVE Median nerve

RADIAL NERVE

ULNAR NERVE

Radial nerve

Dorsal




=Pl Structure of the nerve

Fiber type Fiber size (Lum) Function

Aa 12-20 Somatomotor, proprioception
Epineurium
AB 5-12 Touch, pressure
Ay 3-6 Muscle spindle
Ad 2-5 Pain and temperature
B <3 Preganglionic autonomic
C 0.4-1.2 (unmyelinated) Postganglionic autonomic, pain, temperature

Perineurium

Nerve fibers

Adapted from Snell (2070).

Fascicle

B HHRI 2025



EPFL
Peripheral neural interfaces
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=PFL  Peripheral neural interfaces

Extraneural ; Intraneural ; Regenerative

Interface selectivity

Perineurium

A trade-off between
selectivity and
invasiveness

Nerve fibers

Fascicle
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Invasiveness/nerve damage

Boretius, T., Badia, J., Pascual-Font, A., Schuettler, M., Navarro, X., Yoshida, K., & Stieglitz, T. (2010). A transverse intrafascicular

multichannel electrode (TIME) to interface with the peripheral nerve. Biosensors and Bioelectronics, 26(1), 62-69.
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Dhillon, G. S., & Horch, K. W. (2005). Direct neural sensory feedback and control of a prosthetic arm. IEEE transactions on neural

systems and rehabilitation engineering, 13(4), 468-472.



=PFL  Example of extraneural stimulation

CUFF and
FINE electrodes

Average threshold charge
(normalized)
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Tan, D. W., Schiefer, M. A., Keith, M. W., Anderson, J. R., Tyler, J., & Tyler, D. J. (2014). A neural interface provides long-term stable

natural touch perception. Science translational medicine, 6(257), 257ra138-257ral138.



=PFL  Example of extraneural stimulation

[ Charries, sighted, fasdback off. D Chrries, sighted, Teedback on.
3000 ¥ 3000
B om0 ‘ I B zom0
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Peak force (g)
g 8

Success rate (%)

Improvement in a functional task
when sensory feedback was present.

On Blinded Sighted
Sansory feedback o
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Tan, D. W., Schiefer, M. A., Keith, M. W., Anderson, J. R., Tyler, J., & Tyler, D. J. (2014). A neural interface provides long-term stable

natural touch perception. Science translational medicine, 6(257), 257ra138-257ral138.
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Extraneural : Intraneural 5 Regenerative
: : Transverse Intrafascicular
Multichannel Electrode (TIME)
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Boretius, T., Badia, J., Pascual-Font, A., Schuettler, M., Navarro, X., Yoshida, K., & Stieglitz, T. (2010). A transverse intrafascicular

multichannel electrode (TIME) to interface with the peripheral nerve. Biosensors and Bioelectronics, 26(1), 62-69.



ePFL  Bidirectional neuro controlied hand
prostheses

= Four week implant in a 35-year-old man,
from Denmark with a trans-radial
amputation in 2004 (fireworks accident)

= Two TIMESs in the median and two in the

ulnar nerve
B
in T1-(L6-7,RS5;
= sensation £ ) T2-(L6-7)
strength T1-(L6, R6-7)

TIME electrodes

TI-(L1-2,R2-3)
T2-(L1-3,R1-3)

TI-R4) T3-(R4)

B HHRI 2025

T1-(L3-4,R1,5)

Raspopovic, S., Capogrosso, M., Petrini, F. M., Bonizzato, M., Rigosa, J., Di Pino, G., ... & Micera, S. (2014). Restoring natural

sensory feedback in real-time bidirectional hand prostheses. Science translational medicine, 6(222), 222ral9-222ral9.
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A

Longitudinal
of the electrode
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Control loop =

Test the possibility for the
subject to use the sensory
information during closed-loop
control and manipulation
experiments

N
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Solaiman Shokur



=PFL  Selection of grasping force levels

Solaiman Shokur

a Index finger Little inger
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Raspopovic, S., Capogrosso, M., Petrini, F. M., Bonizzato, M., Rigosa, J., Di Pino, G., ... & Micera, S. (2014). Restoring natural

sensory feedback in real-time bidirectional hand prostheses. Science translational medicine, 6(222), 222ral9-222ral9.



=PFL Compliance recognition

e

A Compliance recognition task Decoded hand Thl’ee ObJeCtS Wlth
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EPFL  Detecting texture via FA-type
stimulation

a Naturalistic stimuli
Paper Rubber Textile PVC Velcro Wood

ww /7

subject ALM o

Subject ALM
72/80 (90%)

Mechano-electro transduction by
artificial finger touch sensors and T ot
neuromorphic encoding via splkmg model

AR IHH

Oddo, C. M., Raspopovic, S., Artoni, F., Mazzoni, A., Spigler, G., Petrini, F., ... & Micera, S. (2016). Intraneural stimulation elicits

Subject LOP d
46/80 (57%]

~

Decoded Texture

Subject LOP

Performance (%)

B HHRI 2025

discrimination of textural features by artificial fingertip in intact and amputee humans. elife, 5, e09148.



Presented Texture

Paper

Rubber

Textile

Presented Texturs

Welcro

Wood

Bevicral perfermance

Subject ALM (63/72 : 88%)

Performance (%)
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spiking activity (88.9%)
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Implanted interfaces
can also be used to
understand basic
principles
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Human touch system

Perception of the

Primary Sensory Cortex
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Biomimetic encoding strategy

£ i

200ms

C D

at contact at receptor

/./'\ ey
Pressure i
distribution L

—
=\
Dynamic
pressure
A

% Hi
&
:

Saturation

Integrate-and-fire
neuron model

Fig. 1. Owverview of the model. (A) Receptors are distributed across the skin given the known innervation densities of SA1, RA, and PC afferents. (B) The
stimulus—in this case, a vibrating embossed letter A scanned across the skin—is defined as the time-varying depth at which each small patch of skin (here
dubbed a pin) is indented (with a spatial resolution of 0.1 mm). The traces in Lower show the time-varying depth at the three locations on the skin indicated
by the red dots in Upper. (C) The mechanics model relies on two parts: (Upper) modeling the distribution of stresses using a quasistatic elastic model and
(Lower) modeling dynamic pressure and surface wave propagation. Left shows the surface deformation of the skin, and Right shows the resulting pattern
of stresses at the location of the receptors. (D) The spiking responses are determined by leaky IF models using different sets of up to 13 parameters (marked
in red numbers) for individual SA1, RA, and PC afferents fit based on peripheral recordings to skin vibrations. Adapted from ref. 71. (E) The output of the
model is the spike train of each afferent in the population. Raster of the response of the afferent population sampled as in A to the stimulus shown in
B (only active afferents are included). Note that the 5A1s (in contact) only encode the spatial aspect of the stimulus, that the PCs encode from the whole
finger phase-lock with the 200-Hz vibration, and that the RAs show mixed spatial and vibration responses.

Saal et al., PNAS, 2017



£PFL  Biomimetic encoding strategy
— N strategies
Indentation-based Model-based firing rate o Delivered Pulses
amplitude sAl RA PC
TR ) "o g
cu i'-. e %‘} ‘ :
52 % Ve 3
52 R mod
EE z = 2 Hime
g i 3 i FNM
Time [5] sl A NEIL 3
O
Biomimetic indentation . ' Eme
model Model-based fibers
mechanical recruitment g
sensory fiber e stimulus E
b4 fingertip c g
G5 &
@ B3
Dynamic skin indentation :é E‘
: g; @@ 0 Fibers
. i recruitment
8
Q
z
I
I
|

Valle, Giacomo, et al. "Biomimetic intraneural sensory feedback enhances sensation naturalness, tactile sensitivity, and manual

dexterity in a bidirectional prosthesis.” Neuron 100.1 (2018): 37-45.
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Biomimetic encoding strategy

A Setup - Virtual Eggs Test (VET) B VET performance N=5
Gross manual dexterity * p=0.05
25 * 2
b 20
15
bU)
Fragile objects,
breaking threshold L
ofthefuse=12N

NF ANM ENMHNM-IHNM-2 © & o &
& S& S

C Naturalness perceived during VET N=5
6
+ p=0.05
s I I
i e 5
- 4
=
2:3
v
52
@
1
oLl \I 1
NF ANM FNM HNM-1 HNM-2

The two hybrid
models are better to
perform the virtual
egg task.

The biomimetic
approaches were
judged more natural



=PFL Embodiment

Neurotactile
stimulation

- -
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: |
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i } /A § \‘\\'
i v b\
=)
\?i

0. Blanke G. Rognini

lllumination and virtual
stimuli as shown on HMD

r 4

Hand
illumination

1 Patient 1

(artificial hand)

Patient 2
(prosthetic hand)
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L Sensory feedback

@ Synchronous During Stimulation (10 minutes)
=i batents _— Synchronous Tactile feedback (via

- © intraneural stimulation) and Visual
i N . ) feedback (illumination of
e i ; the region corresponding to
/ " i phantom touch) feedback
s“ic’n'i?:;‘:.’“ 5 . increased prosthesis embodiment
‘ and reduced the telescoping
Patient 1 Patient 2 . . .
' o effect (perception that limb is
2 s “ shorter).
1 35 s 30
il i 1585 . -
gE 30 10
o 37
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Rognini, Giulio, et al. "Multisensory bionic limb to achieve prosthesis embodiment and reduce distorted phantom limb perceptions."

Journal of Neurology, Neurosurgery & Psychiatry 90.7 (2019): 833-836.



PFL  Bidirectional neurocontrolied hand prostheses
“Multimodal” sensory feedback

Multimodal intraneural sensory feedback
g g Stimulation through TIME nerve implant
s
H
3
5e a  Experimental setup b Task performance with touch and proprioception (n=2)
g2 ss —small soft  sh—small hard 2 e 3
=e o —_—
v v - e
oy \ \ . £ a0 [
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o o :
] ©
2 & ST R ——
2 = 502
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\ - 5] 7]
L / it n Ly Is— large soft  Ih—large hard 2 k=]
\ J : - B 2of
. . a B 20
F F 5
a a N O o
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< S I —
. . sh size compliance
Object presented Object feature
Overall performance: 75.5% correct

Motor control loop

Motor command | +— | Decoding

B HHRI 2025

D’Anna, Edoardo, et al. "A closed-loop hand prosthesis with simultaneous intraneural tactile and position feedback." Science

Robotics 4.27 (2019): eaau8892.




=PFL Tactile feedback via non-invasive solutions

@ Digit 1
Digit 2
® Digit 3
® Digit 4
Digit 5

1 HHRI 2025

Bensmaia, S. J., Tyler, D. J., & Micera, S. (2020). Restoration of sensory information via bionic hands. Nature Biomedical Engineering, 1-13.



=PFL  Tactile feedback via non-invasive solutions

 Can we exploit phantom
sensations to provide

thermal information?
J %,./@)’ 3 oo

Bensmaia, S. J., Tyler, D. J., & Micera, S. (2020). Restoration of sensory information via bionic hands. Nature Biomedical Engineering, 1-13.



=PFL  Why thermal feedback?

e /)
—a

B HHRI 2024

= Convey thermal information
« Cold, warm, dangerously hot

= More complex modalities:
« Material detection
« Moisture detection
« Contact with a body

= Social and affective aspects of
touch

42






=PFL  Phantom tactile and thermal
maps

Thermal & tactile
PHM

25°C Q
| TPS: Thermal phantom spot

PHM: Phantom hand map

B HHRI 2025

F. Iberite, J. Muheim, O. Akouissi, S. Gallo, G. Rognini, F. Morosato, A. Clerc, M. Kalff, E. Gruppioni, S. Micera*, S. Shokur*.

Restoration of natural thermal sensation in upper-limb amputees (2023). Science.



=PrL  Wearable solution
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Iberite et al. 2023
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Iberite et al. 2023
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=PFL NEXT STEP - Going chronic at home

b
Main controller |

Emg Decoder
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System controller: Encoding: Nerve stimulator ———— B Sciatic nerve implant
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£PFL  Bidirectional neurocontrolled leg prostheses
Sensory feedback

Distribution of sensations over the calf
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Speed (mmin~')
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Sensory feedback
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Walking speed and self-reported confidence increased while
mental and physical fatigue decreased for both participants

0

Participants exhibited reduced phantom
limb pain with neural sensory feedback.

VO, (ml kg™ min™)

VO, (ml kg™ min™)

Metabolic consumption indoor test

Participant 1
No feedback *
N Sensory feedback *

0.5 1.5 2.5 3.5 4.5 5.5

Participant 2

x *

0.5 15 25 35 45 55 6.5
Speed (km h™)

Petrini et al., Nature Medicine, 2019



=PFL  Agonist-antagonist myoneural interface
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= As a methodology of improving efferent
(neural pathways that relay commands
from the central nervous system to a
muscle or other end organ) prosthetic
control and providing afferent
proprioceptive sensation, we present an
agonist-antagonist myoneural interface
(AMI)

= An AMI is made up of an agonist and an
antagonist muscle tendon connected
mechanically in series: When the agonist
contracts, the antagonist is stretched and
vice versa

= The purpose of an AMI is to control and
interpret proprioceptive feedback from a
bionic joint.

A

4 Dorsiflexion

3 Plantar flexion

Inversion

Eversion 2

Lateral
gastrocnemius

Subtalar joint

Ankle joint

i~
L

Clites et al., Science Trans Med, 2018



£PFL  Bidirectional neurocontrolled leg prostheses

Utah Bionic Leg
Passively Variable Transmission
Powered Knee Module Continuously changes the motor
Weight: 1.6 kg 8 gearing based on the applied
Range of Motion: 120 deg - 10ad to optimize motor function
Max Torque: 150 Nm and battery life
Max Speed: 500 deg/s
Build Height: 255mm
Uithium-lon Battery
Enables combined 12,800 steps
on level ground and 40 flights of
stairs on a single charge, o
Standard Connection hybrid mode allows for indefinite
Allows adjustment of activity with battery
prosthesis build height regeneration during walking
and ankle
inversion/eversion to
patient using standard Artificial Sensing and Control
prosthetic components Embedded computers and

sensors execute control 100ps up
10 2,000 times per second to
optimize the prosthesis behavior
based on the user’s movement

Powered Ankle-Toe Module
Weight: 1.6 kg

Range of Motion - Ankle: 40 deg
Range of Motion - Toe: 45 deg
Max Torque: 150 Nm
Max Speed: 350 deg/s
Build Height: 165 mm

Carbon Fiber Foot Case
Alightweight, high strength
carbon fiber foot shell contains
the elctromechanical actuation
system

Bioinspired Artificial Tendon
An antificial tendon connects the
10 and the ankle joint to allow
for biomimetic foot mechanics
during walking

Above the knee Below the knee

u-ommmw

Leg Prosthetics

B HHRI 2025
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PFL  Bidirectional neurocontrolled leg prostheses
Sensory feedback

Enhancing functional abilities and cognitive integration
of the lower limb prosthesis

Movie S2:

Neuroprosthesis working
principle and active tasks
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Caution: Investigational device




