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“A master in the art of living makes little distinction between his work and his play, his labor and his leisure, his
mind and his body, his education and his recreation, his love and his religion. He hardly knows which is which. He
simply pursues his vision of excellence at whatever he does, leaving others to decide whether he is working or
playing. To him he is always doing both.”

— L.P. Jacks

“Il y a une chose plus forte que toutes les armées du monde et cela est une idée dont I’heure est venue.”

— Victor Hugo
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Upper limb amputation disrupts most daily activities and reduces the quality of life of affected individuals.
Building a suitable prosthetic limb, which can restore at least some of the lost capabilities, is a goal which
has been pursued for centuries. In the last few decades, our rapidly expanding understanding of the human
nervous system has unlocked impressive advances in artificial limbs. Today, commercial prosthetic hands
can be controlled intuitively through voluntary muscle contractions. Nevertheless, despite leaps in the qual-
ity of modern prostheses, sensory feedback remains one of the major omissions, forcing users to rely on
vision to accomplish basic tasks, such as holding a plastic cup without crushing it. Several sensory feedback
strategies have recently been developed to restore tactile and proprioceptive feedback to amputees, demon-
strating benefits in important areas, such as higher functional performance and increases in the sense of
prosthesis ownership. Sensory feedback strategies can be distinguished based on whether the sensation they
restore matches the quality (homologous feedback) or the location (somatotopic feedback) of the original
sensation. Despite promising results, somatotopic tactile feedback strategies often result in unnatural sen-
sations (e.g. electricity). Furthermore, restoration of more than a single sensory modality is rarely reported,
despite being necessary to create artificial limbs capable of delivering realistic sensorimotor experiences
during use. In this wotk, I proposed three novel and complementary strategies to improve sensory feedback

restoration in upper limb prostheses.

I begin by describing a non-invasive transcutaneous electrical nerve stimulation (TENS) approach aimed at
restoring somatotopic tactile sensations, which is potentally applicable to all trans-radial amputees. This
stimulation strategy was shown to lead to high performance during functional tasks, and compared favorably
to more invasive approaches, despite a few key differences. Considering that there is no such thing as a one-
size-fits-all solution for amputees, I concluded that TENS represents a viable alternative to invasive systems,

especially in cases where an implant is not possible or desirable.

In the second patt, I proposed a sensory substitution approach to multimodal feedback, which delivered
somatotopic tactile and remapped proprioceptive feedback simultaneously. This stimulation strategy relied
entirely on implantable electrodes, simplifying the overall system by delivering two streams of sensory in-
formation with the same device. Using this feedback system, two amputees were able to perform interesting

functional tasks, such as understanding the size and compliance of various objects, with high accuracy.

Finally, I proposed a novel stimulation technique for sensory feedback designed to desynchronize induced
neural activity during electrical stimulation, leading to more biomimetic patterns of activity. I discussed how
this strategy could be combined with the results obtained in a recent study which I contributed to, in which
we demonstrated that a model based encoding strategy resulted in more natural sensations of touch.

This thesis provides evidence that advances in electrical stimulation protocols can lead to more capable
prosthetic limbs. These new methods enable the delivery of multimodal, biomimetic sensory feedback and
will help bridge the gap between scientific discoveries and clinical translation.

Keywords: neuroprostheses, peripheral nerve stimulation, upper limb amputation, prosthetic hand, sensory
feedback, sensory substitution, touch, proprioception, biomimetic, biomimicry






Résumeé

L’amputation d’'un membre a des répercussions majeures sur la qualité de vie. Le remplacement d’un
membre amputé par une prothése est un objectif poursuivi depuis des siecles. Récemment, une meilleure
compréhension du systeme nerveux a permis des améliorations rapides des membres artificiels. En effet, les
protheses disponibles aujourd’hui permettent un controle intuitif, basé sur la contraction des muscles de
I’avant-bras. Cependant, I’absence de tout retour sensoriel reste une omission importante, forcant les utili-
sateurs a regarder leur prothéses pour effectuer des tiches simples, comme prendre un verre en papier sans
le détruire. De nombreuses stratégies de retour sensoriel ont été développées pour redonner le sens du
toucher et la proprioception, démontrant qu’elles peuvent apporter des bénéfices importants, comme des
meilleures performances fonctionnelles et une augmentation du sens d’appropriation du membre artificiel.
Les stratégies de retour sensoriel sont classées selon leur capacité a redonner une sensation qui soit pergue
comme ayant la méme qualité (homologue) ou la méme localisation (somatotopique) que la sensation d’ori-
gine. Malgré ces avancées, les approches de restitution tactile somatotopique évoquent souvent des sensa-
tions aberrantes (par ex : électricité). De plus, la possibilité de restituer plusieurs modalité sensorielles est
peu étudiée, restant pourtant une étape importante pour le développement de prothéses offrant une expé-
rience sensorimotrice réaliste. Dans cette these, je propose trois stratégies complémentaires pour améliorer
le retour sensoriel chez les amputés.

Dans un premier temps, je décris une approche non-invasive de stimulation transcutanée des nerfs ('ENS),
concue pour redonner des sensations tactiles somatotopiques. Je démontre que cette stratégie de stimulation
permet de regagner de bonnes performances fonctionnelles, qui s’approchent des performances obtenues
avec des systemes plus invasifs, mais ne permet pas d’en répliquer tous les avantages. En partant du constat
qu’il n’existe pas de solution unique s’appliquant a tous les amputés, je conclus que la TENS représente une
alternative viable aux systémes invasifs, qui pourrait s’avérer particuliérement intéressante dans les cas ou
un implant ne serait pas envisageable.

Dans une deuxiéme partie, je propose une approche dite de « substitution sensorielle », ou le sens du toucher
ainsi que la proprioception sont resitués simultanément. Cette stratégie a 'avantage de se baser uniquement
sur l'utilisation d’un stimulateur implanté pour transférer les deux flux d’information, rendant le systeme
plus simple. Cette approche a permis a deux amputés de reconnaitre la taille et la dureté de différents objets.

Finalement, j’ai proposé une nouvelle méthode de stimulation des nerfs périphériques, qui permet d’induire
une activité neurale désynchronisée et donc biomimétique. J’ai ensuite proposé de combiner cette nouvelle
approche de stimulation avec les résultats obtenus lors d’une étude a laquelle j’ai contribué, ou nous avons
démontré qu’une stratégie de stimulation basée sur un modéle du toucher permettait d’obtenir des sensa-

tions tactiles plus naturelles.

Dans I'ensemble, cette thése apporte des arguments en faveur de l'utilisation de nouvelles stratégies de sti-
mulation du systéme nerveux périphérique afin de développer des membres artificiels plus performants,
capables de redonner des sensations biomimétiques et multimodales.

Mots-clés: neuroprotheses, stimulation des nerfs périphériques, amputation du membre supérieur, prothése

de main, retour sensoriel, substitution sensorielle, toucher, proprioception, biomimétique






Contents

ACKNOWIEAZEIMENTS ...cuvitiuiiriitiieiititieistssesssssse st sss s s sss s s s e s b s s nssassasnssassnes
2 o TS] 2 T O
RESUME et a s e e e R s e e s E AR R e e e R e R AR s R e e v
LiSt Of FiUIES c.veviueirtieiiirtitceintnecntntscntsts ettt sas e s st s ss s s s s s sas e n s s s s s asssnssannensaennns xi
Chapter 1  INtroduction...ciieniiiseniineisessesess s ss s ss s s ase s e sassneneses w1
1.1 Sensory feedback in upper Hmb prostheses ... 1
1.1.1  Definitions: homologous and somatotopic feedback.........ccciiiiniiniiniiincscciens 2
1.1.2 Definition: SeNSOLy SUDSHULION c...cuuivuieieiiciiiiiriiiiitciiiisiissisi s sssssssessseses 3
1.1.3  Proprioception: a brief introdUCHON. ..ot 3
1.1.4  Non-invasive sensory feedback.......iiiiiiiiic e sseseesaenes 4
1.1.5 Invasive Sensory fEeADACK ..o sees 6
1.1.6  Tactile feedback: additional considerations and state Of the Art......c.cvvevcreiriirerreeeinirersenennnn. 8
1.1.7  Proprioceptive feedback: additional considerations and state of the art........ccveeeivivcvcieieninnn. 9
1.2 Limitations and open questions with current feedback Strate@ies......owuwirrirereerrneirerereiereirerereierensenneens 11
1.2.1 Direct peripheral nerve stimulation still has some growing up to do.......cecuvevivervcininiineicieninnns 11
1.2.2 Why is proprioception so hard to elicit using direct peripheral nerve stimulation?............ccc..... 11
1.2.3  When tactile feedback doesn’t feel quite fight.....ccceiiuiieieniiniiiiciriieieiie e 12
1.3 Neural mechanisms of sensOry feedback.........coi e sees 13
1.3.1 A brief overview of the somatic petipheral NEIVOUS SYStEM......cuvvivrrerieririirereiireieieeisseneieenesinnes 13
1.3.2  Mechanisms of peripheral nerve sSHMUIAHON ... 15
1.3.3  Modelling the petipheral NErVOUS SYSIEIML....vummmieiuiiersieeriiieniesiisaensessessssessssesssssensesssssssssenses 17
1.4 Odutline of this thesis and guiding PrNCIPLE. ... 17
1.4.1  Making sensory feedback more acCessible.. ... 18
1.4.2  Restoring multiple SENSOLY SLIEAMS ....vuuivuivriieieiiiiiiieirsiiiesesis s sssesssssssssssss s ssssssssssass 18
1.4.3 Improving the perceptual quality of the restored sENSAONS ......cvvrvcveiriiiicinirnciiiceaes 18
1.4.4  Wrapping up and parting thOUGRES ... essesssssssssssssssssnses 19
Chapter 2  Non-invasive somatotopic tactile sensory feedbackK........cvvriernnnresesnsesesnsnnesesnnnesnennens 21
2.0 ADSIACE et 22
2.2 INEOAUCHOMN et 22
2.3 RESULLS coa e e e eeen 24
2.3.1 Elicited sensation CharaCtetiZation.......ocuieiueieieiiiieieisiieieiissssessessessessessessssessesssesssssssssenes 24
2.3.2  BEG 1ECOTAINES couvvuiinieiiiiiiiiiiciiiisi st ss s st st ss s 25
2.3.3  Tunctional tasKS ...ttt 26
24 DISCUSSION ..ttt bbb bbb bbb bbbt 29

vii



25

2.6

Chapter 3

3.1
32
3.3
3.4
3.5

3.6

Chapter 4

viii

4.1
4.2
43

2.4.1 Pulse width modulation with TENS is a suitable candidate for prosthesis sensory feedback...29
2.4.2  Frequency modulation with TENS modulates the area of the reported sensation.........cccceee. 29
2.4.3  Precise, open-loop sensory tasks are possible using TENS ... 30
2.4.4  Subjects can localize where an object touched the hand ... 30
2.4.5 Subjects can generate three statistically different levels of fOrce ... 31
2.4.6 Increase in control and stimulation delays may degrade performance........ccoeevevcueunieviiniuncinns 31
2.4.7  Subjects displayed unexpected behavior when performing complex motor sensory tasks........ 31
2.4.8 A feasibility study for a new type of non-invasive somatotopic bidirectional prosthesis........... 32
2.4.9 Comparison of TENS based feedback to invasive sensory feedback strategies.......c.oocuviuiunnnes 32
Matetials A0d MEthOAS ... 33
2.5.1  Patient fECIUIMEN .. ..viuiieiiieiiiiieiieieicie sttt bbb 33
2.5.2  Elicited sensation charaCterization ... ssssssssssssssssssseas 34
2.5.3  Electroencephalographic teCOTdINGS. ..o 35
2.5.4  BidireCtONal SCIUP. ottt 36
2.5.5 Wearable system and CUSTOM SOCKETS.....cuuiuiiiimieiiiiiieicieeici s sssssssssaes 38
2.5.0  FUunctional taSKS .......c.eucuiiiiriiiciciricctre ettt 38
2.5.7  Data analysis and STALSTCS .c..vurvererereiieieiiiirieieitseieie st ssessss e sissssessessssssessessssessans 39
CONCIUSION ..ttt et sieen 39
Remapped position feedback in upper-imb amputees........ceveivieriiesisisiiniinisseeees 41
AADSTIACT ottt 42
TOETOAUCHON 1ottt ss s 42
RESULLS 1.t
Discussion.

Matertials A0d METhOAS. ... 52
3.5.1 Patient recruitment and eXperiment IOZISTCS .....vuiviviiriiiiiieieiieieiessesses e ssssesssessenes 52
3.5.2 Bidirectional setup and prosthesis CONIOL ... 52
3.5.3 Tactile feedback based on intraneural electrical SHMUIAHON c...cuuvveivriveiieeieiiicieieieiciceieiaeiniaes 53
3.5.4 Sensory substitution for proprioceptive feedbacku. ..o 54
3.5.5 Threshold to detection Of Passive MOtIOM.......ciucvueieiiiieinieiirieiiieesiesise s sessesaenas 54
3.5.6  Joint angle reprodUCHION ..ot 55
3.5.7  Object $ize IdENtfICAHON c.uuvvuveieriecieieiiriice et ssse s enaseae 55
3.5.8 Combined size and compliance identification ..o 55
3.5.9  Multi-joint proprioCePON taSK......cciiivririireiciis s 56
3.5.10 Cognitive 10ad tasK.......ccuuiuiiiiiiiiiiiii e 56
3.5.11 Statistics and data ANAlYSIS.......cceueuiiuirieiriiriiec e sees 56
CONCIUSION. .1ttt b Rt 56
Proprioceptive feedback: comparing invasive and non-invasive strategies........cocervvererererernenrans 59
ADSTIACE covvviiiii st 60
TOEOAUCHON 1ottt 60
Materials ANd MEthOAS .......uuiiiciiiicce et 61
4.3.1  Patient feCIUItMENt . ..iuiiiiiiiciciieiieei ettt r s 61
4.3.2  Bidirectional setup and prosthesis CONLIOL... .o 62



4.3.3 Tactile feedback based on intraneural electrical SHMUIAION ....cvcvevviieieiieieiereeeccee e 62

4.3.4 Sensory substitution for proprioceptive feedback ... 62
4.3.5 Threshold to detection of passive motion (TDPM)......ccccecvuuieuniniieinniniineneienineienessessesieneenees 63
4.3.6  ODJECt SIZE tASK...uivuiiiiiiiici s 63
4.3.7  Object size and COMPUANCE TASK ..ouuverivrireririiieieeieiiiie ettt ssesssasenes 64
4.3.8  EmbOdIMENt @VAIUALON..c..c.ivveeercieiieeiecieieietie ettt asaes 64
4.3.9  Statistics and data ANALYSIS .....eeeveererreriieieeieiieie ettt 64
A4 RESUILS cooc R 65
4.5 DISCUSSION ettt e 68
T R e e oY F OO 70
Chapter 5  Towards more natural tactile sensations in sensory feedback applications.........ceceeerurureereruennes 71
5.1  Restoring biomimetic firing patterns for natural tactile feedback
51T INHOAQUCHON ettt ettt aenee
5120 RESUILS covuiiieiecet e 72
5.1.3  DISCUSSION couvtritiitiriiitcteii ittt 74
52  High-frequency modulated bursts to induce desynchronized neural aCtVIt......cooveurivivrireicininiiieininns 76
521 ADSTIACT ottt 76
5.2.2  INEOAQUCHON .ecvuiiriiiiciirei ettt eaenee 76
5.2.3  RESUILS coouiiiiietc s 77
524 DISCUSSION ettt bbb bbb bbb 81
5.2.5 Materials and MEthOAS ......cciviiiiiiiiii s 83
53 General CONCIUSION ...t 84
Chapter 6  Discussion and future petspectives for sensory feedback in amputees........ceeeeeereienricniesniennes 87
6.1  Non-invasive strategies: an easier path towards clinical availability? ........ccccveveveeeiviineneieirireceinns 87
6.2 Sensory substitution: how far can it take USP........cocuviiiiininiiiinii e 89
6.3 Towards natural feeling ProSthESES. ..o 90
Chapter 7 General CONCIUSION ittt b st b s bbb aes 93
LGS 3 0T OO 95
CULTICUIUIM VITAC vttt bbb bbb e bbb bbb bbb a s b e bbbt es 107







List of Figures

Figure 1.1 | Tllustrative classification of common sensory feedback strategies. ... 2
Figure 1.2 | Sketch of the structure of a single nerve fasciCle. ... 14
Figure 1.3 | Action potential propagation in myelinated and unmyelinated axons. ..o 15
Figure 1.4 | Action potential generation by electrical stimulation of an aXON. ... 16
Figure 2.1 | Characterization results fOr fOur SUDJECES. ... 24
Figure 2.2 | Compliance and shape reCOZNIION. ......iuiviiiiiiiiieiissise s eseies 25
Figure 2.3 | EEG data for all SUDJECES. ..ot saessssssesesssssos 26
Figure 2.4 | EEG data by SUDJECE. cuuiuiiiiiiiiicic s sssssss s ssssassseseas 26
Figure 2.5 | Confusion matrices for object location task. ........cueiiiiieiniiniieieiiecieiseieeiesseessesis 27
Figure 2.6 | Overall results for the force levels generation task........ocieiniciccinincce s 28
Figure 2.7 | Performance duting “sensory BIOCKS” teST. ...iuirriuiiireiiiiiiiienieiisiisiesseisssesssessessessssessessesions 28
Figure 2.8 | Transcutaneous electrical nerve stimulation (TENS) SEtup. .....cccvvvvvriviriiinciniiicicisiccisinienns 34
Figure 2.9 | Schematic overview of the bidirectional experimental setup cOmMpPONENLS. .....ceuvvuivriecieeienns 36
Figure 3.1 | Overview of the multimodal sensory feedback experimental SELUP. ........ccvvveieierivrcveiciniencnnns 43
Figure 3.2 | Reported referred sensations and stimulation parameters. ... 44
Figure 3.3 | TDPM and JAR performance broken down by subject. ......ccccuevviieivcininiiniiiiciniscieicieiees 45
Figure 3.4 | Threshold to detection of passive motion and joint angle reproduction tasks. .......cccocveueueeee. 46
Figure 3.5 | Identification Of ODJECT SIZC.....uuuiuiiiiiiiiiiiiiiieiiiieieiisieie s ssesss s ssessesiens 46
Figure 3.6 | Object size and compliance recognition broken down by subject. ..o, 47
Figure 3.7 | Performance of healthy controls during object identification tasks. .........c.cccecvevveiniininnienninnes 48
Figure 3.8 | Control condition and time progression of object recognition tasks.........cccceeveeieinivieiininienns 48
Figure 3.9 | Identification of object size and cOMPUANCE. ... 49
Figure 3.10 | Multi-joint proprioceptive task perfOrmance. ... 50
Figure 3.11 | Functional tasks performed under increased cognitive 10ad.........cccvvvviviniecincininiineicinicines 50
Figure 4.1 | General overview of the two sensory substitution approaches. ........ceivcveieeeniireieisenenurenns 63
Figure 4.2 | Threshold to detection of passive motion (TDPM) task.........cccoeuevrruninirnninnininiiciciniecieinns 65
Figure 4.3 | Object size tasks and comparative perfOrmance. ... ...ueierieemeiniieiiseneissssseseesssssessesians 66
Figure 4.4 | Object size and compliance task and comparative performance. ... 67
Figure 4.5 | Embodiment qUESHONNAILC.........vviviiiiiiiiiiiis e ssssssss s s sasssssnens 68
Figure 5.1 | Naturalness of the tactile sensations induced using biomimetic encoding strategies. .............. 73
Figure 5.2 | Relationship between JND and passive stimuli classification performance.........ccovvviuccuncnne. 74
Figure 5.3 | In-silico predictions of neural activity induced by standard or biomimetic stimulation........... 78
Figure 5.4 | In-vitro recordings of induced neural activity after stimulation of a bundle of fibers.............. 79
Figure 5.5 | BioS stimulation can be used to control the amplitude of the neural response. .......c.cocovvenee. 80
Figure 5.6 | BioS stimulation can be used to control the frequency of the neural response. ......ccccuevcuieeee. 80
Figute 5.7 | The nerve-on-a-chip platform used duting the in-vitro eXperiments.....oeewereerrerrerereeeereeenne 84
Figure 6.1 | A portable bidirectional prosthesis based on intraneural electrical stimulation. ..........ccceeueweeee 89
Figure 6.2 | Two approaches for biomimetic neural stimulation to deliver tactile feedback.........ccccovuuueeee 91

Xi






o =11 Tl INntroduction

An estimated 35 to 45% of amputees reject their prostheses (Biddiss and Chau, 2007). This humbling sta-
tistic perfectly captures the current situation with prosthetic limbs. Indeed, despite impressive improvements
on many fronts, prosthetic limbs still fall short of a large portion of users’ requirements, indicating the need
for further research and refinement before the advances obtained in the laboratory can translate to mean-
ingful changes in quality of life for the amputee population (Farina and Aszmann, 2014).

It is therefore crucial to listen carefully to what patients have to say and understand what drives such high
numbers away from current solutions. Indeed, only through collaboration with the actual end users can
scientists and engineers design better artificial limbs that will help redefine what it means to live with an
amputation in the future. One approach which has been favored in the field is to rely on large scale surveys
to establish recurring needs and complaints from the amputee population. What has emerged from these
efforts is a wide array of objectives for prosthesis researchers, ranging from the purely mechanical (i.e.
reducing prosthesis weight and power consumption) to difficult neuroprosthetic challenges (i.e. enabling
precise control of single digits). Overall, although the ability to more finely control the prosthesis is often
cited as a major necessity, the lack of sensory feedback and the resulting need to use constant visual attention
is an important concern (Atkins et al., 1996; Cordella et al., 2016). Consequently, improving prosthesis con-
trol (efference) and sensory feedback (afference) are understandably the two main goals being actively put-
sued in the field.

In this work, we will focus on the afferent side of the equation, looking at the various ways in which sensory
feedback for upper-limb prostheses can be improved. As we have seen, delivering sensory feedback to
prosthetic imb users is a self-reported priority, which will hopefully help reduce rates of prosthesis rejection
in the future. As we design novel sensory enabled limbs, the hope is that we will extend the range of actions
that are feasible with a prosthesis, all while boosting confidence, limb ownership and general quality of life.

According to recent estimates, the number of people living with amputation in the United States is expected
to more than double between 2005 and 2050, going from 1.6 million to 3.6 million (Ziegler-Graham et al.,
2008). Similar trends can be expected in other parts of the developed wortld, where these numbers ate
strongly driven by the prevalence of diabetes, a leading cause of limb amputation. Although most amputa-
tions affect the lower limbs, roughly a quarter of amputees are upper-limb amputees, which this work fo-
cuses on. Nevertheless, many of the results about sensory feedback discussed in this work can be generalized
to other levels of amputation. These worrying trends underscore the need for effective replacement limbs
for amputees and frames this work in the larger context of the increasing global disability burden.

1.1 Sensory feedback in upper limb prostheses

Restoring sensory feedback in upper limb prostheses is a relatively broad objective, of which tactile feedback
is only one aspect. Indeed, when one looks at an intact hand, the amount of afferent sensory information
conveyed from the periphery to the central nervous system is extensive. These signals include mechanical
information arising from the four families of mechanoreceptors (Johansson and Vallbo, 1979; Johnson and
Hsiao, 1992), pain signals from cutaneous nociceptors and free nerve endings (Basbaum and T, 2000; Julius
and Basbaum, 2001), temperature information from thermoreceptors (Spray, 1986) and proprioception

1



Chapter 1 — Introduction

from a variety of sources, including tactile, muscle spindle, tendon and joint receptors (Prochazka, 2015;
Proske et al., 1988; Proske and Gandevia, 2009).

Historically, the first sensory modality to be restored in the context of upper-limb feedback was mechanical
touch (or “pressure”) (Childress, 1980; Dhillon and Horch, 2005; Patterson and Katz, 1992; Raspopovic et
al., 2014; Scott et al., 1980; Tan et al., 2014), as it is arguably the more obvious choice, as well as being easier
to elicit with direct nerve stimulation. In fact, this enlightening quote from a 1916 patent by Rosset shows
how keenly this problem was felt already at the start of the 20th century: “An artificial limb, especially a
hand substitute, will always displease the user because of the missing sensation of touch, when grasping
objects. Thus the amputee when using the prosthesis, depends entirely on the visual sense.... It is safe to
assume that one of the chief reasons arm amputees prefer to do without an artificial hand is the absence of
the tactile sense in the substitute...” (Rosset, 1916).

Recently, successful restoration of mechanical tactile feedback using implantable neural electrodes (Raspo-
povic et al., 2014; Tan et al., 2014) has brought the need to restore other types of cutaneous sensations into
sharper focus. Although thermal sensibility has not typically been seen as a priority, conveying propriocep-
tive feedback is thought to be a critical step in the pursuit of more widely useful sensory feedback in uppet-
limb prostheses. In fact, proprioception plays an integral role in active touch, commonly known as haptic
perception (Lederman and Klatzky, 2009), where the interplay between digit movement and mechanical

cutaneous cues creates a complete sensory picture of the objects being manipulated.

In this section, we will look at some of the most important advances in tactile feedback restoration, all while
discussing the diverse strategies used to achieve these results, with varying degrees of success. We will also
mention the preliminary work which has already been achieved with proprioceptive feedback restoration.

1.1.1 Definitions: homologous and somatotopic feedback

When one talks about sensory feedback, there are two important dimensions along which one can distin-
guish various types of sensory feedback strategies: homologous versus non-homologous strategies and so-
matotopic versus non-somatotopic strategies.

somatotopic
A

° e biomimetic intraneural
current
intraneurall e TMR
o TENS e biofimetic TENS
non-homologous » homologous
suboptimal

(

® mechanotactile
e clectrotactile e vibrotactile
\_ (no map) (no map)

non-somatotopic

Figure 1.1 | Illustrative classification of common sensory feedback strategies. The x-axis ranks strategies based on how homologous they are,
the y-axis ranks them based on how somatotopic they are (also considering selectivity). Each feedback strategy’s position in the graph is represented
by a solid dot. Greyed out strategies do not exist yet, or will be introduced by this thesis. This figure is for illustration purposes only and is not based
on quantitative measures.
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A feedback strategy is said to be homologous if the restored feedback matches the subjective perception
of the original sensation (e.g. if a restored temperature feedback feels hot and cold when corresponding
objects are touched). Analogously, a non-homologous feedback is one whete the sensation is completely
unrelated (e.g. if a restored temperature feedback is conveyed using tones with different pitches based on
the temperature of the object being touched). On the other hand, a feedback strategy is said to be somato-
topic if the restored sensation matches the location of the original sensation (e.g. if a touch on the robot’s
index finger is perceived as originating on the index finger). Conversely, a non-somatotopic strategy is one
where the restored sensation is felt in an area unrelated to the original sensation (e.g. when a touch event is
measured on the robot’s index finger, the sensation is conveyed using a pressure on the shoulder) (Zhang
et al., 2015).

Figure 1.1 shows an illustrative representation of some of the most common sensory feedback strategies
based on these two parameters. Although we will discuss most of these strategies in more depth below, the
main messages conveyed by this plot are: (1) the notion that there are some strategies which fall in each of
the four quadrants, indicating that there is no clear tradeoff between the two dimensions (i.e. they are not
correlated), and (2) that the most desirable feedback strategies are those which are both highly somatotopic
and highly homologous. As we will see, some of the main obstacles preventing all feedback strategies from
landing in the top right quadrant are: invasiveness, ease of implementation, cost, availability to all types of
amputees and long-term stability. Importantly, the feedback strategies currently available may differ wildly
based on what sensory modality is being restored (e.g. touch versus proprioception).

These two types of feedbacks are sometimes also called location-matched (somatotopic) and modality-
matched (homologous) (Antfolk et al., 2013b). Throughout this work, we will use the terms somatotopic
and homologous.

1.1.2 Definition: sensory substitution

A special (albeit common) family of sensory feedback is sensory substitution. Sensory substitution works
by exploiting the brain’s impressive ability to adapt to novel situations and can be implemented using either
invasive or non-invasive feedback strategies. The core idea behind sensory substitution is to use one sensory
modality to restore information from another (Bach-y-Rita and W Kercel, 2003). For instance, using audi-
tory feedback to provide information about the amount of pressure being applied to an object would be a
good example of sensory substitution. By definition, sensory substitution cannot be homologous. Although
most types of sensory substitution approaches would typically also be non-somatotopic, in some cases, it is
possible to have an (arguably) somatotopic form of sensory substitution. For instance, in the context of
upper-limb amputation sensory feedback, eliciting a sensation of electricity (non-homologous) at the correct
finger location (somatotopic), could be considered a form of sensory substitution. However, some would
categorize the sensation of electricity as broadly belonging to the sense of touch, and therefore somewhat

homologous.

1.1.3 Proprioception: a brief introduction

Proprioception (a term coined by Sherrington at the beginning of the 20th century) is, literally, the “sense
of self” which allows one to perceive numerous variables about the state of one’s own body (Sherrington,
1909). In its broadest sense, proprioception encompasses all conscious perceptions of self, such as the po-
sition and movement of the limbs, the sense of balance, the sense of muscle effort, and so on. However,
the usually accepted view nowadays in the study of proprioception is a more restricted one, which only
includes the senses of limb position, movement, effort and fatigue. An important remark on terminology is
the existence of two terms, which must be distinguished to avoid any confusion: proprioception (introduced
by Sherrington) and kinesthesia (introduced by Bastian) (Bastian, 1887; Sherrington, 1909). Without entering
into the complex, and at times pedantic, argument about the subtle differences in meaning assigned to these
two terms, here we accept the view, advanced by several authors in the field, that the terms proprioception
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and kinesthesia should be regarded as synonyms, and we will use the term proprioception throughout this
document (Han et al., 2015; Stillman, 2002).

Succinctly, proprioception is the sense of joint position and movement (Han et al., 2015). It enables us to
know precisely where our limbs are in space, and how fast they are moving (both for passive and active
movements). This sense plays a central role in our ability to interact with the world around us, helping plan
and execute movements (Han et al.,, 2014). A striking demonstration of the accuracy of our proprioceptive
sense is to close one’s eyes and bring one’s fingers together. The ability to perform this simple exercise is
driven in large part by our proprioceptive sense providing accurate position information about our arms,
hands and fingers.

1.1.4 Non-invasive sensory feedback

Non-invasive strategies, as their name implies, are all the sensory feedback strategies that exploit superficial
or otherwise non-penetrating interfaces to deliver sensations. Based on such a broad definition, one can
easily see how this category includes a vast array of different feedback methods. Broadly speaking, non-
invasive sensory feedback strategies for amputees tend to be non-somatotopic, as they are unable to induce
sensations in the phantom limb (the sensory representation of the missing limb). Here we will introduce the
main non-invasive sensory feedback strategies.

Mechanotactile feedback. Mechanotactile feedback is simply the delivery of mechanical stimuli to the
skin to induce various cutaneous sensations (Antfolk et al., 2012; Kim et al., 2010; Meck et al., 1989; Patter-
son and Katz, 1992; Rosset, 1916). When used for tactile feedback, this approach is homologous, as it
induces natural mechanical sensations at the level of the skin. Despite their appeal, one of the main draw-
backs of these approaches is the difficulty to miniaturize and integrate these systems into small, low power
devices, therefore reducing their clinical adoption (Antfolk et al., 2013b). A good example of a mechano-
tactile feedback system for upper-limb amputees is the pneumatic actuated feedback system developed by
Antfolk and colleagues, based on the original patent by Rosset in 1916, where an enclosed gas (air) is pushed
through a closed system when a prosthetic finger is touched, expanding a silicon pad which is in direct
contact with an area of intact skin, therefore inducing a sensation which matches the intensity of the applied
stimuli at the fingertip (Antfolk et al., 2012).

Vibrotactile feedback. In a similar fashion to mechanotactile feedback, vibrotactile feedback aims at rec-
reating cutaneous sensations on an area of intact skin. With vibrotactile feedback, vibrating units are used
to generate a range of cutaneous sensations (Antfolk et al., 2013b; Mann and Reimers, 1970; Ninu et al.,
2014). While this approach induces less “natural” sensations compared to mechanotactile feedback (and is
therefore less homologous), it has some benefits, such as the ability to more easily convey rich information
(high bandwidth) with the same number of electrodes, simply by modulating stimulation parameters. How-
ever, vibrotactile feedback systems still maintain some of the same drawbacks as mechanotactile approaches
(due to their conceptual similarity), especially in terms of miniaturization and power consumption. A good
example of a vibrotactile system is the approach proposed by Ninu et al., where vibrotactile units wetre used
to convey pressure information from the prosthetic fingertips, information about contact events, and hand
opening and closing speeds (Ninu et al., 2014). This work is a good example of how the high bandwidth
available can be used to arbitrarily convey different types of information (i.e. hand opening speed was de-
livered by modulating the amplitude of the stimulation at one frequency, while hand closing speed was

delivered by modulating the amplitude at another frequency).

Electrotactile feedback. Like vibrotactile and mechanotactile feedback, electrotactile uses areas of intact
skin to convey the information that is being restored (e.g. touch). With electrotactile feedback, electrical
currents are passed through pairs of electrodes to induce sensations typically reported as vibration, tingling,
paresthesia or electricity (Antfolk et al., 2013b; Kaczmarek et al., 1991; Zhang et al., 2015). Of the three
types of feedback discussed above, electrotactile is the least homologous in the context of tactile feedback,
as the induced sensations least resemble naturally occurring mechanical stimuli of the skin. Despite being
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less homologous, the advantages of electrotactile stimulation are (1) that it can more easily be integrated
into small spaces (such as a prosthesis socket), because the electrical stimulator can easily be located away
from the stimulating electrodes (which is usually not the case for both mechanotactile and vibrotactile stim-
ulation), and (2) that it has lower activation delays, since there is no need to overcome the inertia of moving
components. An important drawback of electrotactile feedback is that it can cause interference with record-
ing systems (such as electromyographic setups typically used to control prosthetic devices) (Dosen et al.,
2014; Hartmann et al., 2014). An illustrative example of an electrotactile feedback system is the setup pre-
sented in Witteveen et al., where an electrotactile display was used to convey hand aperture (Witteveen et
al., 2012). In this particular case, vibrotactile was found to lead to higher performance than electrotactile
feedback. However, electrotactile feedback was also found to be less pleasant (more likely to cause pain or

undesirable sensations) compared to mechanical sensory feedback modalities.

Auditory and visual feedback. Although not playing as large of a role as the other sensory feedback
modalities (in the context of sensory feedback for amputees), both auditory and visual based sensory sub-
stitution strategies have been proposed (Gonzalez et al., 2012; Markovic et al., 2017). As previously dis-
cussed, these types of sensory substitution strategies are both non-homologous and non-somatotopic. A
good example of a visual feedback system used in the context of upper-limb prostheses is the sensory sub-
stitution approach developed by Markovic et al., where an augmented reality system (Google Glass) is used
to convey information about the contact force and other prosthesis variables (Markovic et al., 2017). Alt-
hough promising for certain specific use cases, systems relying on already heavily used sensory systems, such
as vision or hearing, may face obstacles for widespread clinical adoption. Indeed, such systems have high
“sensory invasiveness,” where a user must switch between attending the visual or auditory feedback, while
also continuing to rely on external inputs to the same sensory modalities. This is in stark contrast to systems
relying on electrotactile or vibrotactile sensory substitution (presented above), which typically use a region

of healthy skin already covered by the prosthesis socket, and therefore not actively in use.

Transcutaneous electrical nerve stimulation (TENS). TENS is a common clinical technique, typically
used for the treatment of pain (Sluka and Walsh, 2003), including for the treatment of phantom limb pain
(a common type of pain which occurs after amputation) (Finsen et al., 1988). In the medical community,
the term TENS is often used to refer exclusively to electrical stimulation used for pain relief. However, the
broader neuroprosthetics community has also adopted the term for electrical stimulation in the context of
sensory feedback, which is the usage we will adopt here (Mulvey et al., 2009; Zhang et al., 2015). Broadly
speaking, TENS it is the application of electrical currents to the surface of the skin to activate underlying
neural structures. TENS can be used to activate both the areas directly under or adjacent to the area where
the stimulation electrodes are placed (such as commonly done for pain treatment) or the underlying nerve,
leading to referred sensations in areas downstream of the stimulation site. This second modality is of par-
ticular interest in the context of sensory feedback restoration for amputees, as it can be used to elicit referred
sensations in the phantom hand. Referred TENS can therefore be used to restore somatotopic sensory
feedback (Figure 1.1). As we will see in Chapter 2, we successfully exploited this feedback modality (TENS)

for sensory feedback restoration in upper limb amputees, with very encouraging functional results.

Although a certain amount of overlap exists between TENS and electrotactile stimulation, we distinguish
the two by using TENS to refer primarily to the use of electrical stimulation to activate distal regions (re-
ferred TENS), and reserve electrotactile stimulation to refer to the use of electrical stimulation to activate
areas directly under or adjacent to the electrodes.

Tendon vibration. To complete our overview of the various non-invasive techniques used for sensory
feedback, we must mention the use of tendon vibration to elicit proptioceptive illusions (Burke et al., 1970;
Goodwin et al., 1972; White and Proske, 2008). Indeed, Goodwin et al. reported the ability of targeted
tendon vibration to induce illusions of movement around the elbow joint (Goodwin et al., 1972). More
recently, the same approach has been used to induce more complex illusions of movement in space (Roll
and Gilhodes, 2011). The ability to induce these controlled illusions of movement is very interesting, as it
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opens up a path for restoring homologous and somatotopic proprioceptive feedback in amputees, as long
as some of the muscles and tendons involved in hand movements are preserved (as is usually the case in
trans-radial amputees). Indeed, a recent study by Marasco and colleagues demonstrated the use of tendon
vibration for restoring proprioceptive information in amputees (Marasco et al., 2018). However, tendon
vibration presents several of the same issues as the other modalities which rely on mechanical stimulation
of the body, such as the difficulty to miniaturize and integrate them within a prosthesis socket, lower re-
sponse times and potential cross-talk through mechanical coupling. Nevertheless, tendon vibration offers a
promising path towards homologous and somatotopic proprioceptive feedback, and further research may
unlock its full potential.

1.1.5 Invasive sensory feedback

As we have seen, there are numerous non-invasive sensory feedback strategies which fall in different areas
of the homologous and somatotopic spectrum (Figure 1.1). However, all non-invasive techniques, with the
exception of referred TENS to some extent, cannot offer detailed somatotopic tactile feedback. Doing so
requires a more intimate contact with the nervous system to deliver accurate feedback to individual areas of
the phantom limb. A fully somatotopic tactile feedback system should be able to precisely restore sensations
over the entire region of interest (e.g. hand), with the same resolution as natural touch. Current non-invasive
feedback strategies fall short of this goal. Instead, several invasive stimulation approaches have been pro-
posed, benefiting from a much more intimate contact with the nervous system, and offering the promise of
highly somatotopic sensory feedback. Here we will discuss the various invasive strategies and some of their

advantages and drawbacks.

Direct peripheral nerve stimulation. As we have seen, the ability to precisely activate neural structures is
a key aspect of a system able to deliver fully somatotopic sensory feedback. The capacity of an electrode to
stimulate circumscribed populations of neurons is referred to as selectivity (Navarro et al., 2005). Non-
invasive stimulation strategies (such as TENS) have very low selectivity, as they are unable to specifically
activate small populations of neurons within the peripheral nervous system, acting instead as blunt tools.
On the other hand, direct neural stimulation, where neural interfaces are implanted directly into the body,
in close contact with peripheral nerves, can achieve much higher levels of selectivity. As a general rule, there
exists a tradeoff between implant invasiveness (how deep into the neural tissue the implant penetrates) and
selectivity, with the trend being that higher selectivity usually comes at the cost of higher invasiveness (Na-
varro et al., 2005). There are implantable electrodes which fall at vatious points along the axis of selectivity
(Schultz and Kuiken, 2011). Epineural electrodes, such as the Cuff electrode (Rodriguez et al., 2000) and
the FINE (Tyler and Durand, 2002) do not penetrate the nerve, sitting instead on the outside surface (epi-
neurium). As the least invasive implantable interfaces in use for sensory feedback, they are also the least
selective. However, they have been used in recent years to restore accurate, somatotopic tactile feedback to
amputees with good success (Ortiz-Catalan et al., 2014; Tan et al., 2014). Intraneural electrodes, such as
the TIME (Boretius et al., 2010) and the LIFE (Malagodi et al., 1989), are wire like, semi-rigid structures
which are inserted directly into the nerve, coming into close contact with the population of neurons within
it. More invasive than epineural electrodes, they also offer higher selectivity (Raspopovic et al., 2017). In-
traneural electrodes have been successfully used to restored somatotopic tactile feedback (Raspopovic et al.,
2014), as well as more refined tactile feedback, including texture information (Oddo et al., 2016). Intraneural
interfaces are also the electrode type which will be used in the work presented in this thesis, in Chapter 3
and Chapter 5. Another type of intraneural electrode is the multi-electrode array (MUA), such as the
slanted Utah array (Clark et al., 2011). These electrodes, which resemble “beds of nails,” with up to hundreds
of individuals rigid shafts, are inserted into the nerve, creating multiple points of contact with the undetlying
tissue. Although very invasive, MUAs are also very selective. These properties have recently been exploited
to restore tactile sensations with high spatial precision in amputees (Wendelken et al., 2017).

Other types of implantable electrodes can also be briefly mentioned, such as the regenerative electrodes,
which are highly invasive but also offer the highest amount of selectivity (Akin et al., 1994). The key idea

6



Sensory feedback in upper limb prostheses

behind these electrodes is the ability to have a damaged or sectioned nerve regenerate into the device (e.g.
through microchannels). Although regenerative electrodes offer an interesting avenue for research, they are
not mature enough to have played an important role in recent sensory feedback trials in humans.

Finally, an interesting new area of investigation is the stimulation of dorsal root ganglia close to the spinal
cord (Gaunt et al,, 2009). Although the implantation procedure is likely to be more invasive and entails
higher risks (Saal and Bensmaia, 2015), the advantage of interfacing electrodes at the dorsal root level is that
they only contain sensory afferents (since motor fibers travel through the ventral roots), making it easier to
avoid accidental activation of residual motor functions. Despite its promising outlook, this approach is still
in the carly stages of development.

Targeted muscle reinnervation (TMR) based sensory feedback. Although TMR in itself is not a sen-
sory feedback strategy, it used as a starting point for various feedback approaches, such as mechanotactile
feedback (Kuiken et al., 2004; 2009). As such, it deserves its own mention in this category. TMR is a surgical
approach for amputees, where the nerve branches innervating the amputated limb (e.g. hand) are “redi-
rected” to another area of the body, such as the pectoral region. The “redirected” nerves will then reinner-
vate the region, creating all necessary connections for the sense of touch and proprioception, as well as for
muscle control. Indeed, a hand amputee undergoing TMR to the pectoral region will then be able to feel
tactile cues on the chest as if they were originating from the missing hand. Similatly, trying to move his
phantom hand will induce muscle contractions in different parts of the chest (Kuiken et al., 2009; 2007a;
2007b). This approach has been used successfully in upper limb amputees, showing that the reinnervated
areas can be used for prosthesis control and sensory feedback (using mechanotactile stimulation). In this
case, since the skin which is mechanically stimulated is now interpreted by the brain as belonging to the

missing hand, the sensory feedback is homologous and somatotopic.

The main drawbacks of TMR are the need for a fairly invasive surgery, which requires certain tradeoffs
(reduce or eliminate the sensations and muscle control of certain body areas in favor of the hand), as well
as challenges with designing a system which can efficiently deliver feedback and measure voluntary muscle
contractions from the same area of the body. To mitigate these issues, a recent modification of TMR has
been proposed (Hebert et al., 2014), where the nerves branches responsible for motor control and those for
sensory feedback are reinnervated into different body areas, removing any crosstalk between the two func-
tions. Nevertheless, as the field of neuroprostheses starts moving towards increasingly multimodal sensory
feedback (see Chapter 3), a challenge with TMR will be to deliver different sensations mechanically and
simultaneously to the same area of skin.

Agonist-antagonist myoneural interface (AMI). To offer a comprehensive overview of state of the art
sensory feedback strategies, we must mention another recently developed approach aimed at modifying the
amputation procedure: the agonist—antagonist myoneural interface proposed by Hugh Hert’s group (Clites
et al., 2017; 2018). In this system, aimed at restoring proprioceptive information, the natural agonist-antag-
onist relationship between muscles is preserved (or recreated) during the amputation procedure, to ensure
that muscle groups which formed an agonist-antagonist pair before amputation are again mechanically
linked. This approach takes advantage of the fact that, in many cases, the muscle groups responsible for
controlling the missing limb are still partially preserved (e.g. forearm muscles in a hand amputee), along with
their innate proprioceptive sensing abilities. By allowing these muscle groups to share their natural relation-
ship, the proprioceptive information generated by movements of the prosthesis will induce physiologically
plausible proprioceptive afferent information. This novel technique was tested in the case of lower limb
amputation, delivering promising results in terms of proprioceptive feedback. Since the AMI uses existing
muscle groups previously involved in the control of the missing limb, the proprioceptive feedback is ho-

mologous and somatotopic.

Although this very recent technique has demonstrated strong potential, a major issue is the fact it is mainly
aimed at de novo amputees, as it relies on changes to the amputation surgery. As such, it cannot easily
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benefit the large majority of the existing amputee population. Furthermore, even if this approach is refined
and accepted, it will take many years for such changes in surgical practice to become widely adopted
throughout the world. Nevertheless, a combination of changes to the amputation procedures (e.g. TMR,
AMI) and innovative sensory feedback strategies may prove to be the winning mix in the future.

Brain stimulation. All of the methods we have described so far have involved interfacing with the periph-
eral nervous system. However, it is also possible to restore sensory feedback by stimulating more central
structures, such as the spinal cord, or the brain itself (Tabot et al., 2015). Indeed, direct stimulation of
sensory cortical areas can induce referred sensations (Hiremath et al., 2017). Direct brain stimulation can be
achieved using a variety of techniques, such as implanted multi-electrode arrays or electrocortico-
graphic electrodes (Lebedev and Nicolelis, 2006). A direct brain stimulation approach, using ECoG elec-
trodes, was shown to be effective at providing hand aperture information during a closed-loop hand control
task (Cronin et al., 2016). In the case of amputees, who have a (partially) intact peripheral nervous system,
stimulating the brain may seem like an ovetly invasive approach, which does not take advantage of the
presence of preserved structures. Nevertheless, direct brain stimulation may play a role in the future, espe-
cially with non-invasive or minimally invasive interfaces making these approaches more accessible. In par-
ticular, phantom limb pain, which is common and difficult to treat in amputees, has been successfully alle-
viated with deep brain stimulation (Bittar et al., 2005). Since phantom limb pain can have a strong, debili-
tating effect on quality of life, implanting electrodes into the brain can become a justifiable measure if it can
reliably reduce the pain. In such cases, one could make the case for a hybrid brain stimulation setup aimed
at phantom limb pain reduction and sensory feedback (using two different stimulation methods, such as
DBS and ECoG). Brain stimulation could also potentially be used to restore homologous proprioceptive
feedback, as demonstrated in monkeys (London et al., 2008).

1.1.6 Tactile feedback: additional considerations and state of the art

We have looked at the most common methods for non-invasive and invasive sensory feedback. Most of the
examples we have discussed to illustrate each of the sensory feedback methods we presented above were
centered around providing tactile feedback. We will therefore not review all of those examples in this sub-
section. Nevertheless, there a few important consideration which merit further discussion, which we will

explore here.

Presence of a hand map in amputees. As we have seen, many non-invasive strategies provide non-so-
matotopic feedback, usually by using an area of skin (e.g. the stump) to deliver mechanical or electrical
feedback (e.g. mechanotactile, vibrotactile, electrotactile). An important consideration, however, is the fairly
common phenomenon of a stump hand map present on the remaining forearm of amputees (Bjorkman
et al,, 2012; 2016; Ehrsson et al., 2008). When a stump hand map is present, the amputee will report being
touched on the phantom palm and fingers when touch is applied to the stump area (not unlike what happens
after TMR). Such maps are not present in all amputees (approximately 65% of trans-radial amputees have
some form of hand map), and even when present, are not always complete (e.g. only some fingers are
represented) (Ehrsson et al., 2008; Ramachandran and Hirstein, 1998).

When a hand map is present, many non-somatotopic approaches can be transformed into somatotopic
ones. Indeed, even though mechanotactile stimulation of this stump is generally non-somatotopic (the in-
duced sensations is not felt as originating on the phantom hand), by exploiting the presence of a hand map,
the induced sensations can be transferred to the phantom limb. This technique has been used in several
studies, demonstrating the possibility to functionally exploit stump hand maps (Antfolk, D’Alonzo, Con-
trozzi, et al. 2013; Chai et al. 2015; Chai et al. 2013; Wang et al. 2015). However, since hand maps are often
absent, or incomplete, relying on their presence is no a dependable approach for restoring somatotopic and
homologous feedback in the wider amputee population. Nevertheless, when designing mechanical or elec-
trical sensory substitution systems, exploiting the presence of these maps (when available) is a relatively easy
way to drastically improve the quality of the feedback with modest changes to the system.
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Feedback systems which are already somatotopic, such as referred TENS or direct neural stimulation, by-

pass the possible presence of a stump hand map and are therefore more generalizable.

State of the art in functional performance for upper limb amputees. Although we have seen various
example of how different sensory feedback approaches can provide tactile information to upper imb am-
putees, we have not discussed what levels of functional performance (specifically in sensory tasks) can be

achieved with current systems.

In recent studies, tactile feedback has been limited to a few simultaneous channels at most (e.g. first three
fingers and last two) (Raspopovic et al., 2014). Although this approach leads to limited spatial resolution,
functional results have demonstrated an impressive ability to exploit the few channels of restored sensations
to make precise discriminations about object properties and adjust the motor control of the prosthesis ac-
cordingly. For instance, Raspopovic et al. showed that an amputee subject could exploit two channels of
sensory feedback to voluntarily produce three distinct levels of contraction force with his prosthesis (Raspo-
povic et al., 2014). Furthermore, the subject was also able to detect both the stiffness and the shape of
objects placed in his hand, chosen from a set of three possible objects in each case (Raspopovic et al., 2014).
The same year, Tan et al. used an analogous approach (with only two channels of feedback), and showed
that an amputee could exploit the delivered information to dynamically adapt grip force during a cherry
stem plucking task, without damaging the cherries (Tan et al., 2014). Similarly, Wendelken at al., who im-
planted multiple Utah slanted arrays into the peripheral nerves of four amputees, also opted to use only one
sensory feedback channel, despite being able to elicit sensations on up to 131 channels (Wendelken et al.,
2017).

In a different type of study (without prosthesis control), Oddo et al. were able to restore fine texture dis-
crimination using a sensor-laden finger delivering bio-inspired trains of pulses (Oddo et al., 2016). The

amputee in this study was able to detect which surface was coarser of finer between various pairs of gratings.

To conclude, a common aspect of recent sensory feedback strategies is the use of a limited number of
feedback channels (low spatial resolution) but a finely graded modulation of the feedback on each channel
(high temporal and “intensity” resolution). Despite using only a few channels of feedback, these studies
have demonstrated that amputees can regain the ability to perform relatively complex sensory tasks by rely-
ing on the artificial tactile feedback they receive. We will look at some of the major limitations of current
tactile feedback results in section 1.2.

1.1.7 Proprioceptive feedback: additional considerations and state of the art

Unlike tactile feedback, proprioceptive feedback has not featured prominently amongst the example we
have reviewed in the above paragraphs. This is due, in part, to the focus on tactile feedback restoration in
the field. However, another important reason for this absence is that restoring proprioceptive feedback has
been more difficult with current techniques and therefore more rarely reported in the literature. Here we

will review the existing literature on proprioceptive feedback for upper limb amputees.

As we have discussed, the most effective sensory feedback approaches are those which are somatotopic and
homologous. In the case of proprioception, however, invasive solutions such as direct peripheral nerve
stimulation, have not yet been able to reliably elicit proprioceptive percepts (we will discuss our current
hypothesis as to why this is the case in section 1.2). Consequently, very few studies have been conducted
using direct nerve stimulation to restore proprioceptive feedback information. For instance, Wendelken et
al., despite being able to elicit some proprioceptive illusions using an implanted slanted Utah array, used
sensory substitution (using a cutaneous sensation to provide proprioceptive information) to perform a basic
proprioceptive task, a binary hand aperture reproduction task (Wendelken et al., 2017). In another study,
Horch and colleagues reported proprioceptive percepts using implanted intraneural electrodes (LIFE),
which they exploited to provide one degree of freedom of hand aperture feedback to one amputee with
limited functional results (Horch et al. 2011; Dhillon 2005; Dhillon & Horch 2005; Dhillon et al. 2004).
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Although these results were promising, the studies by Horch, Dhillon and colleagues unfortunately lacked
some important details about the evoked sensations and the stimulation protocols during closed-loop tasks
(Horch etal., 2011). Indeed, it is unclear whether modulation of the stimulation frequency resulted in graded
changes in reported hand aperture. Furthermore, it is also unclear if and how they modulated the stimulation
when no change in hand position was occurring (e.g. once the hand was completely closed). Since induced
activity on proprioceptive afferents (likely Ia fibers) can be expected to induce perceptions of movement,
one would expect the phantom hand to continue closing as long as the stimulation was active (even if the
robotic hand had stopped). In a similar study, Schiefer et al. used Cuff electrodes to restore tactile and
proprioceptive feedback during simple functional tasks (Schiefer et al., 20106). In both studies, out of two
implanted patients, only one in each study reported proprioceptive illusions of some kind. Other studies
where amputees were implanted with peripheral nerve electrodes did not report proprioceptive percepts
(Davis et al., 2016; Raspopovic et al., 2014; Tan et al., 2014), suggesting that the ability to induce proprio-
ceptive illusions is more difficult than inducing cutaneous sensations, which is universally reported.

Given the difficulties with direct elicitation of homologous and somatotopic proprioceptive information,
some studies have explored the possibility to exploit sensoty substitution as an alternative solution. When
using sensory substitution, feedback will be non-homologous and non-somatotopic. As such, there is a large
array of possibilities for delivering the remapped sensation (e.g. using any of the spared sensory modalities).
For instance, Wheeler et al. used mechanical stimulation of the skin (twisting motion of the skin) to encode
proprioceptive information about a virtual prosthesis (Wheeler et al., 2010). Despite the non-homologous
and non-somatotopic nature of this feedback modality, they were able to show reduced error rates during a
motor control task. Interestingly, the proposed skin rotation feedback performed better than vibrotactile
stimulation, despite both approaches being non-homologous, indicating that not all sensory substitution
strategies may be equally intuitive to use (Bark et al., 2008). Others have explored directly stimulating the
brain (in monkeys) and relying on plasticity to allow the monkeys to learn how to interpret this new feedback
channel (Dadatlat et al., 2014), an approach that could potentially be used in humans.

In a proof-of-concept study, Pistohl and colleagues delivered proprioceptive feedback to the contralateral
arm of a subject performing a motor task by moving the arm mechanically, and demonstrated improved
performance (Pistohl et al., 2015). Interestingly, this approach was non-somatotopic (wrong arm) but ho-
mologous, since it relied on the intact proprioceptive apparatus in the stimulated (moved) arm. The draw-
back of an approach which uses the body’s symmetry to restore proprioceptive feedback to the healthy or
intact limb is the likely disruption it might induce on the stimulated limb, which would become hindered by
the feedback system. This would be of particular concern in the case of unilateral amputees, who often rely

heavily on their healthy limb for everyday activities.

Finally, as discussed above, tendon vibration can be used to induce homologous and somatotopic propti-
oceptive illusions. The ability to induce these strong proprioceptive illusions was reported several decades
ago (Burke et al,, 1976; Goodwin et al., 1972), but has only recently been used in closed-loop in the context
of upper limb amputation (Marasco et al., 2018).

In conclusion, proprioceptive feedback remains difficult to restore in amputees, with only a handful of
studies attempting to do so in closed-loop during meaningful functional tasks. Some approaches, including
tendon vibration, have recently shown some promise, but still face significant barriers before reaching wide-
spread clinical adoption. Overall the field of proprioceptive feedback in amputees remains an area of intense
research focus, where the ultimate goal would be to restore somatotopic and homologous proprioception
using electrical nerve stimulation. To achieve this goal, a deeper understanding of how proprioceptive per-

cepts ate generated in humans will likely be needed.

10



Limitations and open questions with current feedback strategies

1.2 Limitations and open questions with current feedback strategies

In section 1.1 we reviewed the current literature on sensory feedback (both for tactile and proprioceptive
feedback). We discussed the state of the art, and presented some of the key results achieved in the field.
Here we will take a closer look at some key limitations of these results, which will serve as the basis for this
thesis, as they will define the areas of focus in this work.

1.21 Direct peripheral nerve stimulation still has some growing up to do

Of all the sensory feedback approaches we discussed in the previous section, direct peripheral nerve stimu-
lation is one of the most promising, as it offers an avenue for homologous and somatotopic tactile and
proprioceptive feedback, with the theoretical ability to reach healthy levels of resolution, number of restored
modalities and sensation quality. However, there are several open questions about direct peripheral nerve
stimulation which need to be addressed before these strategies can become widely accepted in clinical prac-

tice.

An important concern is implant stability. Indeed, intraneural electrodes (TIME, LIFE, slanted Utah arrays),
which have shown greater promise in terms of selectivity, have not been implanted chronically in humans.
Indeed, most studies have reported acute or subacute experimental times, with implant durations usually
measured in months (Davis et al., 2016; Raspopovic et al., 2014). Although recent results have shown that
intraneural electrodes may be stable for longer periods of time in animal models despite damage to the nerve
tissue and extensive immune reactions (Christensen et al., 2014; Wurth et al., 2017), whether they can with-
stand years, or even decades, of use in humans remains an open question. Similatly, epineural interfaces
(Cuff, FINE) have been implanted for longer periods despite using percutaneous leads (Tan et al., 2015),
but have yet to demonstrate true chronic stability. However, spiral cuff electrodes implanted in the context
of muscle recruitment for spinal cord injury have shown promising stability over periods of several years

(Christie et al., 2017), offering some evidence that these implants may be stable over longer timeframes.

Another concern is system miniaturization, encapsulation and power supply. Indeed, all the studies we have
discussed so far have used temporary solutions, which typically rely on percutaneous connectors and exter-
nal stimulators. Although these challenges could be classified as engineering issues, rather than scientific
bottlenecks, they must still be addressed before these feedback systems can become widely used. Some
solutions for fully implantable systems have been proposed (Bjune et al., 2016; Lachapelle et al., 2016), but
have yet to be tested in a fully closed-loop prosthesis with human subjects.

As an alternative to direct peripheral nerve stimulation feedback strategies, in Chapter 2 we will propose a
novel approach which aims at providing some of the advantages offered by invasive neural interfaces, while
stimulating the nerves non-invasively from the surface of the skin, thus forgoing many of the negative effects
discussed above.

1.2.2 Why is proprioception so hard to elicit using direct peripheral nerve stimulation?

As we have discussed in previous sections, elicitation of proprioceptive percepts with peripheral nerve stim-
ulation is rarely reported, and when it is, remains pootly reproducible (i.c. even the interfaces that can induce
proprioceptive percepts do not do so in all implanted subjects). Given the stark contrast with elicitation of
tactile percepts, which are universally reported with peripheral nerve stimulation, this demands further in-
vestigation. In this section, we will discuss our hypothesis as to why this may be the case.

Using microneurographys, it is possible to measure and stimulate single units, and to identify proprioceptive
afferents (Burke, 1997). Using this technique, Macefield et al., showed that stimulating single muscle spindle
afferents does not lead to perceptible sensations of movement or position change (Macefield et al., 1990).
This is in contrast to the stimulation of individual mechanical touch afferents (innervating mechanorecep-
tors), which typically leads to perceptual responses (corresponding to the receptive fields) (Vallbo et al.,
1984). This is an interesting observation, as it informs us about the nature of the perceptual constructs of
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mechanical touch as opposed to proprioception. Indeed, single mechanoreceptor activation is almost a
physiologically plausible stimuli, corresponding to a very localized skin indentation, while on the other hand,
activation of a single muscle spindle is not physiologically plausible, as limb motion would lead to activations
of entire populations of muscle spindles from the same muscle, likely with corresponding inhibition in the
antagonist muscles. This would explain why inducing proprioceptive illusions is more complicated than
inducing mechanical cutaneous sensations, as the former requires more than simple additive activation of
nerve afferents. Fittingly, stimulation of larger populations of muscle spindle afferents can lead to percep-
tions of joint movement (Gandevia, 1985), and is likely the basis for the closed-loop results discussed above
(Horch et al., 2011; Wendelken et al., 2017).

Our hypothesis is therefore that the sporadic ability of current systems to elicit proprioceptive percepts may
come down to (bad) luck. Indeed, patient-specific implant placement and anatomical differences may have
led only certain neural interface to have active sites capable of activating large portions of a single muscle’s
population of spindle afferents selectively. This may also explain why electrodes with higher channel counts,
such as the Utah slanted arrays, appear to have higher chances of eliciting proprioceptive percepts. If this
hypothesis is correct, the ability of future neural interfaces to activate proprioception will hinge on the
development of patient-specific neural models and novel implant procedutres, capable of ensuring optimal
active site placement in all patients, such that entire populations of muscle spindle afferents could be selec-
tively activated. Furthermore, a variant of the selectivity index (Veraart et al., 1993) would need to be defined
for proptioceptive feedback, which would take into account the agonist-antagonist nature of the signal, with
higher “proprioceptive selectivity” scores indicating a higher likelihood of inducing proprioceptive illusions.
Modelling studies could help establish the optimal approach for obtained consistently high “proprioceptive
selectivity” values in all implanted subjects.

Another relevant consideration is the distribution of proprioceptive afferent fibers within the nerve. Indeed,
a study by Ekedahl et al. has suggested that afferent fibers are clustered within the nerve based on their
function (Ekedahl et al., 1997). Furthermore, muscle spindle afferents are clustered with motor neurons and
other efferent fibers innervating muscles (Hagbarth et al., 1975), which are distinct from the fascicles con-
taining cutaneous afferents. This has two implications: (1) that nerve implants which elicit good cutaneous
responses may not necessarily activate the fascicles containing muscle spindle afferents, and (2) active sites
which can activate muscle spindle afferents are likely to easily induce parasitic muscle contractions as well.
An important caveat to these remarks is that fascicular organization may not be conserved at all levels,
especially in very proximal segments (Stewart, 2003). These observations about the distribution of proprio-
ceptive afferents within the nerve led us to change the implantation procedure in our more recent subjects
to target a larger number of fascicles, with limited success in terms of proprioception, as described at the

beginning of Chapter 3.

Ideally, one would like to take advantage of the neural interfaces implanted for tactile feedback to restore
proprioception as well as touch. However, due to the difficulty in doing so with our current levels of un-
derstanding and technology, in Chapter 3, we will introduce a sensory substitution approach for proprio-
ceptive feedback which will exploit unused stimulation channels to deliver remapped hand position infor-

mation and tactile feedback using a single implant.

1.2.3  When tactile feedback doesn’t feel quite right

As we have seen, cutaneous sensations can be readily elicited using a variety of nerve stimulation methods
(both invasive and superficial). However, a common finding reported using all types of neural interfaces, is
that the induced sensations are not recognized by subjects as “natural” tactile percepts. Instead, they are
often referred to as “tingling,” “vibration,” “electricity,” or “fluttering’”’ (D'Anna et al., 2017; Dhillon and
Horch, 2005; Schiefer et al., 2016; Tan et al., 2014). Rarely, some subjects report sensations of “pressure”
or “touch,” (Raspopovic et al., 2014; Tan et al., 2014), but these results are not easily replicated across all
active sites and all subjects, indicating that there is a need to further understand why the induced sensations
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are not perceived as “natural,” and what strategies could be used to improve the quality of the elicited

sensations.

Typically, stimulation of the nervous system relies on the delivery of square current pulses through a pair of
electrodes, which induce charge reorganization in the tissue, and may eventually cause depolarization of
nerve fibers (usually axons, but the cell body and dendrites can also be activated) (Merrill et al., 2005; Rattay,
1999). This general approach is used throughout the literature with very little variation. A major issue, which
we will explore in depth in Chapter 5, is that this type of stimulation induces highly synchronized neural
firing in the entire population of recruited fibers (Saal and Bensmaia, 2015). Naturally occurring neural
activity usually follows a much more desynchronized pattern, which can often be modelled using a Poisson
point process (Johnson and Hsiao, 1992). Certain types of stimuli can lead to more synchronized neural
firing, such as mechanical vibration of the skin, which may explain why the highly synchronous activity
induced using neural stimulation is often perceived as vibration or fluttering, and rarely as static pressure or
indentation (Kim et al., 2011). However, even when the firing of single afferents is time-locked to the stim-
ulation (e.g. during mechanical vibration of the skin), the activity will not be perfectly synchronized at the
population level (Mackevicius et al., 2012). Similarly, in the case of muscle spindle afferents, the responses
of Ia and Ib fibers are modelled using Poisson point processes (Halliday and Rosenberg, 1999; Prochazka,
1999; 1996; Schuurmans et al., 2010). Based on these observations, we will propose a novel approach to
peripheral nerve stimulation in Chapter 5, designed to induce desynchronized neural activity which may
more closely resemble the natural activity measured in sensory afferents.

Another important consideration is that most of the studies based on electrical nerve stimulation use simple
stimulation patterns, consisting of a train of pulses usually with a fixed frequency, or using a linear frequency
modulation scheme to encode stimuli intensity (Horch etal., 2011; Raspopovic et al., 2014; Tan et al., 2014).
Some studies have explored using more complex encoding schemes (Oddo et al., 2016; Tan et al., 2014),
but this important aspect has not been sufficiently investigated. Although the simple trains of pulses used
throughout the field are effective at recruiting afferent fibers, and can successfully encode stimuli intensity
by using frequency or amplitude modulation, they result in non-physiological neural activation (Saal and
Bensmaia, 2015). Indeed, naturally occurring activity typically follows stereotypical patterns of firing, which
are likely to be used by the brain to interpret the quality, intensity and origin of the peripheral signals. For
instance, during mechanical touch, afferents innervating mechanoreceptors typically show a specific dy-
namic activation pattern, characterized by fast initial firing, followed by a lower frequency plateau (Saal and
Bensmaia, 2015).

In Chapter 5, we will also explore a model-based method of inducing neural activity which more closely

follows the natural firing rate observed during healthy touch, to deliver more biomimetic sensory feedback.

1.3  Neural mechanisms of sensory feedback

We have looked at some the most common approaches used to deliver sensory feedback in amputees. In
this section, we will take a closer look at the mechanisms behind a subset of those approaches, namely direct
peripheral nerve stimulation. Indeed, although we have discussed the high-level concepts involved in the
delivery of electrical stimulation using implanted electrodes, we need to dive a little deeper in order to in-
troduce some of the key concepts which we will use in Chapter 5.

1.3.1 A brief overview of the somatic peripheral nervous system

Although a detailed review of the peripheral nervous system is not necessary, a brief overview will help
frame some of the key conceptual issues which we will exploit throughout this thesis and particularly in
Chapter 5. The peripheral nervous system is divided into a somatic component (responsible for motor
control and sensing) and an autonomous component (controlling involuntary body functions, such as heart

rate regulation and digestion). Here we will focus only on the former.

13



Chapter 1 — Introduction

Figure 1.2 | Sketch of the structure of a single nerve fascicle. Different types of connective tissue are depicted: epineurium (Ep), which is the
connective tissue forming the main trunk of the nerve, and surrounding all fascicles, perineurium (Pc), which is a thin layer surrounding each fascicle
and separating it mechanically and electrically from the rest of the nerve, subperineurial collagen sheet (Sf), another structural layer which can be
distinguished from the perineutium, and the endoneurium (En), which serves a similar purpose to the epineurium inside individual fascicles. The
circular structures shown inside the fascicle represent individual axons. Reproduced with permission from Ushiki, T. & Ide, C., Cell Tissue Res,
1990.

The somatic nervous system is composed of both afferent fibers (conveying sensation from the periphery
to the brain) and efferent fibers (conveying motor commands from the brain to the periphery). Individual
afferent fibers terminate in an end organ, such as a mechanoreceptor in the skin, and project to the brain.
Individual afferents form bundles called fascicles with other nearby fibers (Figure 1.2), several of which
are presentin a nerve. Fascicles are separated from the sutrounding tissue by a thin layer called the perineu-
rium, which forms an insulating barrier playing an important role during nerve stimulation and confers
mechanical stability to the fascicles and the nerves (Ushiki and Ide, 1990). Similatly, the whole nerve is

contained in a layer called the epineurium, which occupies much of the space between individual fascicles.

Looking at individual neurons in greater detail, an important structural consideration is the existence of
myelinated and unmyelinated fibers. Fibers transmit information through the process of action potential
propagation, which is an active/passive conduction mechanism dependent on a chain reaction of inflow
and outflow of ionic current through the cell membrane, controlled by a set of ion-specific voltage-gated
channels, each with their particular timing constants (Scott, 1975). Changes in membrane potential are prop-
agated along the fiber through this process, driven by the ability of one segment to induce changes in mem-
brane potential of the next segment, in a replicating chain reaction (Figure 1.3). Specifically, passive currents
allow changes in membrane potential in one segment to spread to the next. When the membrane potential
of the new segment becomes sufficiently positive (depolatized), voltage-gated ion channels open, causing a
large influx of negatively charged ions to further depolarize the membrane. The process will then repeat for

the next segment, allowing propagation of the action potential.

In myelinated fibers, myelin sheets form an insulating layer around the fibers, which is interrupted approx-
imately every Imm by the presence of a node of Ranvier, where the active process described above can
occut. This peculiar design allows for the much faster transmission of neural information through the pro-
cess of saltatory conduction. Indeed, transmission speed along myelinated fibers is significantly faster than
for unmyelinated fibers, which do not have these insulating sheets. These differences play an important role
during electrical stimulation of peripheral nerves, as myelinated fibers are more easily activated than unmy-
elinated fibers of the same diameter (we will explore the reasons why in the next section).
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In addition to the dichotomy between myelinated and unmyelinated axons, afferent fibers differ in their
diameters and conduction speeds, ranging from very small and slow fibers (pain, temperature) to very large
and fast fibers (touch, pressure, proprioception).

Unmyelinated axon

Figure 1.3 | Action potential propagation in myelinated and unmyelinated axons. Representation of the passive current propagation and the
ion flow in myelinated and unmyelinated axons. The membrane is filled with voltage-gated ion channels which are all closed, except in the vicinity
of the action potential (indicated by the yellow lightning). The red circles represent Na* ions (other ions involved are not shown). Arrows along the
fiber indicate the direction of passive current spread. The circular structures around the myelinated axon are the myelin sheets, while the node of
Ranvier are the areas with no myelin sheets, where the membrane has ion channels.

Finally, having looked at both the structure of individual nerve fibers, as well as the organization of an entire
nerve, we must now briefly mention the presence of different nerves and their clinical significance. If we
take the example of the hand, three distinct nerves innervate the skin and muscles of the hand. The median
and ulnar nerve supply the palmar side of the hand, with the median nerve containing cutaneous afferents
originating from the first three fingers, and the ulnar nerve responsible for the last two (Stopford, 1921).
The radial nerve supplies the dorsal aspect of the hand and is less relevant in the restoration of tactile
feedback in upper limb amputees (since the back of the hand is considered a lower priority for sensory
feedback restoration). The presence of two distinct nerves supplying the palmar side of the hand ensures
that even a stimulation strategies which are unable to selectively active subsections of a nerve (such as TENS
in most scenarios), will still be able to induce sensations in two separate hand areas by stimulating each nerve
individually.

1.3.2 Mechanisms of peripheral nerve stimulation

Stimulation of the peripheral nervous system typically relies on the exchange of electrical currents between
an external stimulator and the body (connected through two electrodes in a closed-circuit configuration).
Charge is carried by electrons in the external stimulator circuit and wires, while it is carried by ions inside
the body’s tissues (Merrill et al., 2005). The transduction between the two types of charge carriers happens
at the skin-electrode (or body-electrode) interface using either a combination or only one of two mecha-
nisms: (1) a non-Faradaic reaction, where the interface acts as a capacitor and no electrons ate exchanged
with the body, or (2) a Faradaic process, with a redox chemical reaction at the body-electrode interface,
whereby electrons react chemically with the species in the body (electrolyte) (Merrill et al., 2005).
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When current pulses are passed through electrodes connected to the body, the steady cutrent flow will
create a voltage profile through the tissue. In the simplest case, the voltage at a distance 7 from an electrode
injecting a current [ in a tissue with a uniform conductivity ¢ will be given by equation (1). Activation of
axons by electrical stimulation is somewhat peculiar in that it can be achieved by driving the stimulation
electrode to cither positive or negative potentials, with the most efficacious in most scenarios being negative
potentials (cathodic pulse).

1
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When an electrode is driven to negative potentials, charge redistribution leads to negative charges accumu-
lating on the outside of the axon’s membrane. Inside the axon, positive charges will accumulate under the
electrode, leading to depolarization of the axon and, if enough charge is injected, the initiation of an action
potential. Additionally, positive charges will move inside the axon towards the area under the electrode,
leading to hyperpolarization of the membrane some distance away from the electrode. This process is de-
picted in Figure 1.4. When stimulation is positive (anodic), the opposite happens, with action potential
generation occurring some distance away from the electrode (Merrill et al., 2005).
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Figure 1.4 | Action potential generation by electrical stimulation of an axon. Illustration of the charge redistribution caused by a cathodic or
anodic stimulation pulse from an electrode placed near an axon. In the cathodic case, the electrode causes negative charge redistribution at the
surface of the axon’s cellular membrane (only the accumulated charges are shown). This, in turn, attracts positive charges to the internal area under
the electrode, causing the membrane potential (voltage difference between the inside and the outside of the membrane) to become more positive
(depolarize). At the same time, movement of positive charges from adjacent segments will cause the membrane potential to become more negative
(hyperpolarize) at some distance from the electrode. In the anodic case, the process is the opposite, with the membrane potential under the electrode
become more negative (hyperpolarize) and the membrane potential at some distance from the electrode becoming more positive (depolarization).
Red gradients represent areas of negative charge, while blue gradients represent areas of positive charge.

A useful tool for the analysis of the location of action potential initiation during electrical stimulation is the
activating function desctibed by Rattay in 1986 (Rattay, 1986). Rattay showed that the activation of a nerve
fiber depends on the second spatial derivative of the extracellular potential along the length of the axon, as
given by equation (2).

32V, (x,t)
dx2

@ S(x,t) =

Equation (3) shows the dependence of the membrane potential on the activating function, where S is the

S-‘ — Ven—1—2Ven+Ven+1
Ax?

Cm is the capacitance, 75 is the resistivity inside the axon, d is the axon diameter, V;, is the voltage inside the

discrete activating function, given by , where V, ; is the external voltage at the node,

16



Outline of this thesis and guiding principle

axon at the node n, and I; is the simplified form for the ionic current through the membrane. The more
general continuous form of the activation function S, desctibed in equation (2) is obtained by the taking the
limit for Ax = 0. The slightly different case for a myelinated fiber (taking into account the myelin sheets)
is not shown here, but the results are qualitatively similar.
aVn _ 1 (1 (Van1-2Vn+Vn41 | 6 _
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With the help of this tool, a series of powerful insights have been described, such as the notion that mye-
linated fibres are more readily stimulated than unmyelinated ones, that larger diameter fibres are easier to

stimulate than smaller ones, and that negative stimulation currents are usually more effective than positive
ones (McNeal, 1976; Rattay, 1989; Grill and Mortimer, 1995; Rattay, 1999; Merrill et al., 2005).

1.3.3 Modelling the peripheral nervous system

Although the physics behind electrical stimulation of neural tissue is well understood, in all but the simplest
cases, analytical solutions cannot practically be found to predict the neural response to stimulation. Instead,
a series of computational techniques have been developed, which can be used to simulate arbitrarily complex

electrode configurations, nerve geometries and tissue properties.

The computational models we will use in this thesis are based on the pioneering work by Hodgkin and
Huxley (HH), who developed a set of nonlinear differential equations to desctibe the sodium and potassium
ionic currents involved in action potential propagation and their dynamics (Hodgkin and Huxley, 1952).
The interplay between the changes in permeability of the membrane to the calcium and potassium ions leads
to the typical shape of an action potential. The HH equations allow for an accurate recreation of the mem-
brane voltage over time. Many interesting properties can be deduced from the channel dynamics, such as
the suggestion by Grill and Mortimer to rely on the different time constants of different ion channels to
achieve selective inhibition of large diameter fibers (Grill and Mortimer, 1995).

Arbitrary neuron morphologies can be described using compartment models, where segments with specific
propetties are connected together (Bressloff and Taylor, 1994; Segev and Burke, 1998). The segments must
be small enough so that the electrical properties can be considered not to vary inside the compartment.
Compartment models, where each segment implements the channel dynamics described by the HH equa-
tions can be used to model responses of neuron to arbitrary stimulation waveforms (predicting the extra-
cellular voltage in the case of realistic morphologies typically requires finite element modelling of the volume
conductor to solve Maxwell’s equations) (Mclntyre and Grill, 2002).

We will exploit such compartmental models of axons in the computational-based approach presented in
Chapter 5, where we will introduce a novel stimulation method designed to induce more biomimetic neural

activity.

1.4 Outline of this thesis and guiding principle

Based on the current state-of-the-art, the main objectives of this work were articulated under a leading
framework, which we will revisit throughout this document and will serve as a guiding principle — as the
glue that holds this work together. This principle could be expressed as follows: to use experimental and
modelling tools to improve sensory feedback in upper limb prostheses.

Of course, this goal is faitly broad and can encompass different facets of the larger issues surrounding
sensory feedback restoration. It is therefore important to define in greater detail what our specific goals are.
Here I have identified three specific sub-goals, which can be summarized as: (1) making sensory feedback
more widely available to amputees, (2) restoring more than a single sensory modality and (3) improving the
quality of the restored sensations.
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Throughout this work, the overarching guiding principle, as well as these more concrete objectives, will help
shape the various parts and help them fit together. By treating each chapter as a building block of the closed-
loop upper-limb prosthesis of tomorrow, I hope the reader will appreciate the path this work has tried to
follow and the vision which has guided it.

1.4.1 Making sensory feedback more accessible

Recent work in the field of sensory feedback for amputees has shown exciting results, as discussed in pre-
vious sections. However, approaches which rely heavily on invasive technologies, such as intraneural or
epineural electrical stimulation, may not see widespread clinical adoption for several years to come, facing
challenges such as long-term stability or implant miniaturization and encapsulation. Furthermore, even when
such implantable systems become widely available, they may remain too expensive or otherwise not medi-
cally advisable for certain segments of the population. It is therefore interesting to study non-invasive altet-

natives, which attempt to bring many of the same benefits while using cheaper, less invasive technologies.

In Chapter 2, we will explore a tactile feedback system, based on non-invasive transcutaneous electrical
stimulation (TENS), which is able to preserve most of the functional benefits of a more invasive system,

while avoiding the side-effects associated with an implantable interface.

Similatly, in Chapter 4, we will extend the novel proprioceptive feedback results presented in Chapter 3
(which are obtained using invasive neural interfaces) using a non-invasive alternative. The focus will be on
comparing the performance of both invasive and non-invasive approaches in the context of sensory substi-
tution.

Together, these two chapters will provide ample evidence that non-invasive approaches can bring many of
the benefits usually reserved for their more invasive counterparts. Nevertheless, we will also point out some
of the key differences between invasive and non-invasive strategies, highlichting areas where invasive strat-
egies maintain an advantage.

1.4.2 Restoring multiple sensory streams

As we have seen in some detail, proprioceptive feedback is both critical to upper limb amputees and hard
to restore. Here we will present detailed results on the use of sensory substitution for conveying proprio-
ceptive (position) information to amputees. In addition to providing a remapped sensory stream (proptio-
ception), we will also investigate how it can be combined with somatotopic tactile feedback in a multimodal

prosthesis.

In Chapter 3, we will present the main body of evidence for the restoration of remapped proprioceptive
feedback, showing that invasive sensory substitution enables amputees to gain precise and functionally rel-
evant position information about their hand.

In Chapter 4, we will extend the same sensory substitution based approach to non-invasive technologies,

and explore some of the main tradeoffs that come with the use of a superficial technique.

With these two chapters, we will see how proprioceptive feedback can be restored despite our current lim-
ited ability to elicit it directly, and how this can lead to concrete functional benefits for upper limb prosthesis

usefrs.

1.4.3 Improving the perceptual quality of the restored sensations

In Chapter 5, we will move away from the predominantly experimental first chapters to a more model-
based section. Here, we will investigate how modelling of the peripheral nervous system can lead to the
development of novel stimulation techniques which aim at improving the perceptual qualities of the restored
sensations, ideally moving away from the unnatural sensations commonly recruited with modern systems

towards motre natural sensations.
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1.4.4 Wrapping up and parting thoughts

Finally, in Chapter 6 and Chapter 7 we will draw some conclusions from the body of work presented in

this thesis, discuss the major ramifications and propose some promising directions for future research.
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As we have seen in Chapter 1, sensory feedback restored by means of implanted electrodes offers several
benefits, including greater functional ability and improved prosthesis embodiment (Raspopovic et al. 2014;
Marasco et al. 2011). However, these impressive advances are still at least several years away from wide-
spread clinical adoption. Here we present a non-invasive alternative, based on referred TENS, which is able
to maintain some of the advantages of the invasive strategies, such as somatotopic feedback, despite being
entirely non-invasive. This approach could enable faster translation of the advantages of somatotopic sen-
sory feedback into clinical reality, since TENS could relatively easily be integrated into existing myoelectric
prostheses.

The contents of this chapter are adapted from the manuscript D’Anna et al., “A somatotopic bidirectional
hand prosthesis with transcutaneous electrical nerve stimulation based sensory feedback.” Published in Sci-
entific reports, 7.1 10930 (2017).

Personal contributions as first author: conceived the experiments, prepared the protocols and the experi-
mental setup (hardware and software), conducted the experiment, analyzed the results, prepared the figures
and wrote the manuscript.
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Chapter 2 — Non-invasive somatotopic tactile sensory feedback

A somatotopic bidirectional hand prosthesis with transcutaneous
electrical nerve stimulation based sensory feedback

Edoardo D’Anna'~*, Francesco M. Petrini*, Fiorenzo Artoni'2, Igor Popovic3, Igor Simanic3, Stanisa Ras-
popovic! and Silvestro Miceral?

1 Bertarelli Foundation Chair in Translational Neuroengineering, Centre for Neuroprosthetics and Institute
of Bioengineering, School of Engineering, Ecole Polytechnique Fedérale de Lausanne (EPFL), Lausanne,
Switzetland.

2 The Biorobotics Institute, Scuola Superiore Sant’Anna, Pisa, Italy.

3 Specialized Hospital for rehabilitation and orthopaedic prosthetics, Belgrade, Serbia. Edoardo D’Anna and
Francesco M. Petrini contributed equally to this work. Stanisa Raspopovic and Silvestro Micera jointly su-
pervised this work.
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2.1 Abstract

According to amputees, sensory feedback is amongst the most important features lacking from commercial
prostheses. Although restoration of touch by means of implantable neural interfaces has been achieved,
these approaches require surgical interventions, and their long-term usability still needs to be fully investi-
gated. Here, we developed a non-invasive alternative which maintains some of the advantages of invasive
approaches, such as a somatotopic sensory restitution scheme. We used transcutaneous electrical nerve
stimulation (TENS) to induce referred sensations to the phantom hand of amputees. These sensations were
characterized in four amputees over two weeks. Although the induced sensation was often paresthesia, the
location corresponded to parts of the innervation regions of the median and ulnar nerves, and electroen-
cephalographic (EEG) recordings confirmed the presence of appropriate responses in relevant cortical ar-
eas. Using these sensations as feedback during bidirectional prosthesis control, the patients were able to
perform several functional tasks that would not be possible otherwise, such as applying one of three levels
of force on an external sensor. Performance during these tasks was high, suggesting that this approach could
be a viable alternative to the more invasive solutions, offering a trade-off between the quality of the sensa-

tion, and the invasiveness of the intervention.

2.2 Introduction

Myocelectric prosthetic hands allow upper limb amputees to regain the ability to perform several tasks in-
volved in everyday living, representing a significant functional gain. Despite these advantages, they are often
rejected by patients (Biddiss and Chau, 2007; Davis et al., 2016). Amongst the most common reasons cited
for this reaction is the lack of sensory feedback associated with currently available prostheses, forcing users
to rely on vision to guide their movements (Atkins et al., 1996). This problem is so pronounced, that some
users prefer to use body powered prostheses, where the cables used to actuate the limb provide some rudi-
mentary form of indirect sensory feedback (Antfolk et al., 2013b).

One of the major goals in the development of future upper limb prostheses is thus the restoration of sensory
feedback. Several benefits have been associated with the addition of touch, and include the improved ability
for users to integrate the external limb as their own (Ehrsson et al., 2008; Marasco et al., 2011) and the
possibility to perform certain tasks that might otherwise be arduous (e.g., precise control of prosthesis force)
(Raspopovic et al., 2014).

Sensory feedback strategies can commonly be classified along two dimensions. First, approaches can be
categorized as either non-homologous, where feedback is provided via a different sensory modality (e.g.,
electro-tactile or vibro-tactile stimulation of the skin to convey pressure), or homologous, where the restored
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sensation matches the original sensation (e.g., invasive electrical stimulation of the sensory fibers innervating
the hand) (Kaczmarek et al., 1991). Secondly, approaches can be categorized as either somatotopic, where
the induced sensations are felt as originating from the correct region (e.g., sensation is felt on the phantom
limb), or non-somatotopic, where the sensations are felt in an unrelated region (e.g., vibro-tactile stimulation
of the skin on the arm to convey touch events on the hand) (Zhang et al., 2015).

The ideal solution is to restore sensory information using a homologous and somatotopic approach because
of the inherent simplicity and intuitiveness, which allows for immediate and effortless incorporation of the
feedback within the sensory-motor scheme. This is in stark contrast with non-somatotopic approaches,

which necessarily introduce the need for training.

Several recent studies have demonstrated the effectiveness of homologous and somatotopic approaches in
human patients using implanted neural interfaces (Ortiz-Catalan et al., 2014; Raspopovic et al., 2014; Tan et
al., 2014; Davis et al., 2016). These patients could distinguish the shape and stiffness of objects and perform
precise motor tasks. Although the functional results obtained in these studies are promising, several signif-
icant obstacles still need to be overcome before such solutions can gain widespread clinical adoption, such
as chronic implant stability and system miniaturization (Farina and Aszmann, 2014). Even if these solutions
become widely available, they will still require an invasive intervention, which might not be indicated for
certain amputees, or which the patient might simply not wish to undergo. For these reasons, there is con-
siderable interest in developing a novel approach that might combine the advantages of a somatotopic sen-
sory restitution scheme, while at the same time mitigating some of the drawbacks usually associated with
implantable approaches, such as the need for surgery.

Non-invasive, somatotopic sensory feedback approaches have been demonstrated in the past using me-
chanical or electrical stimulation of the stump (Antfolk et al., 2013a; Chai et al., 2015). However, in order
to achieve a somatotopic scheme, these studies have relied on the presence of a hand map on the stump
(where touching certain areas of the stump induces referred sensations to the phantom limb). Unfortunately,
such hand maps are not present in all amputees (two independent studies found that roughly 65% of trans-
radial amputees have some form of hand map), and when present, may not always be complete, with only
some fingers represented (Ehrsson et al., 2008; Ramachandran and Hirstein, 1998). To the best of our
knowledge, no study currently exists in the literature proposing a non-invasive, somatotopic feedback sys-

tem and testing it in amputees with a closed-loop prosthesis.

In addition to the somatotopic approaches mentioned above, several studies have extensively tested and
discussed non-invasive, non-somatotopic approaches using mechanical (Kaczmarek et al., 1991; Witteveen
etal., 2014), electrical (Anani et al., 1977; Kaczmarek et al., 1991; Szeto and Saunders, 1982) or even auditory
(Gonzalez et al., 2012; Lundborg et al., 1999) feedback modalities. Such non-somatotopic strategies have
been demonstrated to lead to higher difficulty in interpreting sensations, denoted by an increase in response
time, lower discrimination accuracy, and longer learning periods (Chai et al., 2017; Zhang et al., 2015). There
are therefore several reasons to develop a non-invasive, somatotopic feedback approach which does not

rely on the presence of a hand map on the stump, and could thus benefit the entire amputee population.

To address this lack, we developed a non-invasive and somatotopic sensory feedback approach based on
TENS. We first characterized the sensations elicited by TENS in four trans-radial amputees (Anani and
Kérner, 1979; Sluka and Walsh, 2003). We then implemented a non-invasive, bi-directional prosthesis based
on TENS, in which electrodes placed on the skin could activate underlying nerves and generate conscious
sensations of paresthesia referred to the phantom limb. Using this setup, we asked the subjects to perform
several functional tasks to evaluate the potential increase in prosthesis use performance offered by the ad-
dition of sensory information in the human-machine interface.
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2.3 Results

2.3.1 Elicited sensation characterization

We first performed an in-depth characterization of the elicited sensation in all four subjects by exploring
the stimulation parameter space and recording the intensity, location and quality of the sensations. A sensa-
tion of paresthesia referred to the phantom limb was elicited in all four subjects. All subjects described the
sensation as an unnatural feeling over the hand, mentioning sensations such as tingling or vibration (one
patient described the sensation using the following words: “it feels like when you have a speaker over the
skin and the bass vibrates”). However, the subjects were also quick to integrate this information as a touch-
like sensation, often making comments such as “I was #ouched here” while pointing at the experimenter’s
hand. This indicated in a qualitative way that although the sensation did not resemble natural touch, the
subjects quickly and intuitively interpreted the sensation they perceived as a form of touch.

Figure 2.1 reports the results of the characterization test. Two topographically distinct sensations were
elicited, depending on where the electrodes were placed (either over the ulnar nerve, or over the median
nerve). The distinction was clear in all patients: stimulating the ulnar nerve always resulted in a distinctly
different sensation to that obtained when stimulating the median nerve, and both corresponded to the nat-

ural hand innervation areas of the respective nerves.
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Figure 2.1 | Characterization results for four subjects. (a) shows the areas of elicited sensation as described by the patients. The three rows
show the variation of the reported area as the applied charge or frequency are modulated. The intensity of the coloring represents how often an area
was reported (dark coloring means all patients felt a sensation in the corresponding location, while a lighter coloring indicates a region only felt by
a smaller proportion of subjects). The reported areas were extracted from the drawings done by the subjects using the software interface. (b) shows
the reported referred sensation intensity (scale from 1-10) according to the stimulation pulse width (amount of injected chatge). A table repotts the
stimulation currents used in all subjects for the different stimulation channels. (c) shows the evolution of the in loco sensation (under the electrode)
as current is increased. Both bar plots are represented with standard deviation (n=4 subjects).

TENS also always resulted in a local sensation under the stimulating electrode in addition to the distally
referred sensation (in-loco sensation). Depending on the location of the stimulating electrodes, the intensity
of the in-loco sensation compared to the referred sensation changed. With optimal electrode positioning, it
was possible to obtain a weak “in-loco” sensation, which did not distract the subject from the referred

sensation. However, it was never possible to remove the in loco sensation completely. The optimal posi-
tioning was very subject dependent, and was usually attained empitically by moving the electrodes around
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the starting position until the reported sensation resulted in a clearly defined referred sensation to the phan-

tom hand, which was easy to distinguish from the “in-loco” sensation.

The region of elicited sensation and the intensity of the sensation changed when modulating the amount of
injected charge or the stimulation frequency. When varying the amount of injected charge (modulating the
pulse width), the subjects reported a proportional increase in perceived sensation intensity (Figure 2.1.b)
and small changes to the area of the sensation (Figure 2.1.a). Surprisingly, when varying the stimulation
frequency, the subjects reported a change in the area of elicited sensation (Figure 2.1.a), as well as in the
intensity of the sensation. Because of the variability in the area of elicited sensation using frequency modu-
lation, pulse width modulation was used to deliver tactile information during bidirectional prosthesis use.
Sensation quality did not change significantly as we modified the various stimulation parameters, and was

always perceived as paresthesia.
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Figure 2.2 | Compliance and shape recognition. (a) and (b) show the delivered stimulation profile used to emulate stiffness and shape respec-
tively. These profiles were extracted from a previous study and were matched to the experimental force profiles measured in that work. (c) shows
the confusion matrix for the identification of the three compliances profiles delivered. (d) shows the confusion matrix for the identification of the
two shape profiles. For all the virtual objects tasks, three subjects performed the experiments. The results shown are the average from all subjects.
For compliance recognition subjects 1, 2 and 3 performed respectively 93, 59 and 59 repetitions while for shape recognition 39, 34 and 94. h=hard,
m=medium, s=soft.

To study the ability to perceive temporal changes in stimulation parameters, we delivered time-dependent
patterns of stimulation designed to replicate the sensations felt during manipulation of various objects (with
varying compliance or shape). When such dynamic stimulation profiles were delivered, Subjects 1, 2 and 3
could recognize the different virtual objects above chance level. Figure 2.2 shows the stimulation profiles,
as well as the overall performance for the two types of tasks. In the first task, which consisted in determining
if a virtual object was “hard”, “medium” or “soft”, the overall task performance was 60% correct answers
(chance level for this task was 33% correct answers). The subjects reported difficulties in performing this
task, stating that the difference between the objects was not always very clear. Although the subjects did
many errors, they very rately confused a hard virtual object for a soft one, ot the opposite (Figure 2.2.c).

Most errors were done between adjacent levels (e.g., soft confused with medium, and medium with hard).

The second task, which consisted in differentiating between a spherical virtual object (delay between the
contact of the different finger segments) and a cylinder (simultaneous contact on all fingers), was reported
as much easier to perform. This was reflected in a higher performance for this task (83% of correct answers,

whereas chance level for the task was 50% correct answers).

2.3.2 EEG recordings

EEG data was acquired concurrently with TENS stimulation of either channels (ulnar and median) or both
together. Figure 2.3.a shows the grand-average event related potentials (ERPs) for the first subject. The
electrical stimulation elicits clear somatosensory evoked potentials (SEPs), mainly distributed contra-laterally
to the stimulated hand. Figure 2.3.b shows a comparison of SEPs elicited by bipolar, ulnar and median
nerve stimulation in contralateral (C3) and ipsilateral (C4) derivations. SEPs as early as 35ms (Subject 3) or
45-50ms (Subjects 1 and 3) are significantly modulated by the type of stimulation, in contralateral derivations
only. For subjects 1 and 2, a separate interval around 200ms with respect to the stimulus onset is also
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modulated. Subject 3 is charactetized by significant contralateral SEP differences throughout the whole
35ms-200ms interval.
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Figure 2.3 | EEG data for all subjects. (a) shows the grand-average event related potentials (ERPs) for bipolar (blue), median (red) and ulnar
(green) electrical stimulation in the scalp topography of the first subject. ERPs range from -100 ms to 250 ms time locked to the onset of the
stimulation. (b) shows the grand-average event related potentials (ERPs) for bipolar (blue), median (red) and ulnar (green) electrical stimulation in
contralateral (channel C3) and ipsilateral (channel C4) average-referenced derivations with statistics. Significant differences (as revealed by cluster
statistics, see methods) are marked in black at the bottom of each panel. The timeline is referenced to the onset of the stimulus. S1 = subject 1, S2
= subject 2, S3 = subject 3.

In addition, scalp topographies (Figure 2.4) are consistent with a generator localized at the post-central
gyrus. Additional cortical regions, such as posterior parietal and frontal cortices are activated after 100ms
with respect to the stimulus onset, and are marked by a posterior parietal P100 and bilateral frontal N140
in Figure 2.4.
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Figure 2.4 | EEG data by subject. Butterfly plots of the grand-average event related potentials (ERPs) for subjects 1, 2, and 3 during bipolar
stimulation. Topographies are represented at latencies of 45, 65, 100, 150 and 200 ms with respect to the stimulus onset.

2.3.3 Functional tasks

To study the performance of the proposed TENS-based bidirectional prosthesis setup, we performed three
functional tasks involving both motor control and sensing, putting the subjects in situation reminiscent of

everyday living tasks.
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In the location recognition task, subjects were asked to close their hands around an object, and determine
if it had been placed in the ulnar side of the hand, the median side or across the entire hand. All three
subjects tested could perform this task with high accuracy (84-85% correct answers, as opposed to a 33%
chance level), as reported in Figure 2.5. This high level of performance indicated that the sensations elicited
through stimulation of the ulnar or the median nerves were easily distinguishable for all subjects. Addition-
ally, these results confirmed that there is very little crosstalk between the two stimulation channels, as pre-

viously reported in the characterization tests.

Object location recognition using the bidirectional prosthesis setup

Experimental Subject 1- B1 Subject 2 - B1 Subject 4 - B2
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Figure 2.5 | Confusion matrices for object location task. Detailed confusion matrices are shown for the object location task for three subjects.
The first row indicates which experimental setup was used. The second row shows the performance over all trials, shown as a confusion matrix.
The third row indicates the overall task performance for each subject. The total number of repetitions was n1=50, n2=33 and n4=30, for subjects
1, 2 and 4 respectively.

In the force generation task, subjects were asked to grasp a dynamometer with either a low, medium or
strong grip force. We first tested four healthy control subjects, who were all able to successfully generate
three different levels of force with high accuracy (average 93% correct levels). When asked to generate four
distinct levels of force, the subjects often complained that the task was hard and that they were unsure about
how well they were performing. Although performance was lower (75% correct levels on average) they were
still able to perform this task successfully (capable of generating four statistically different levels of force)
except for Subject 2. Indeed, Subject 2 had a much harder time controlling the output force, and obtained
poor performance compared to the other subjects, both when generating three and four levels of force
(73% and 57% tespectively). Subject 1 also asked to try generating 5 distinct levels of force in a separate
trial, and was successful in generating 5 statistically different levels of force with relatively high performance
(72% correct levels).

Three subjects performed the force generation task. Two different experimental setups were tested, which
we will call Bl and B2 in the rest of this manuscript. The difference between the B1 and B2 setups was the
way we handle stimulation artifacts in the sSEMG signals. B1 was based on software multiplexing, while B2
was based on hardware blanking (additional details on these two approaches and the motivation for both

are given in the materials and methods).

All three subjects could generate three statistically different levels of force using three types of grasping
patterns (ulnar, median and power grasps), as reported in Figure 2.6, with the only exception being the
median grasp (also referred to as pinch grasp) when using the B1 setup. Using B1, the overall performance
obtained for all grasping types was: 59% of correct trials for power grasp, 44% for pinch grasp and 86% for
ulnar grasp. The subject using the B2 setup was able to achieve higher levels of performance, with an average
percentage of correct trials of 84% (80% for power grasp, 83% for pinch grasp and 89% for ulnar grasp).
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a Force levels generated using the B1 bidirectional prosthesis setup
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b Force levels generated using the B2 bidirectional prosthesis setup
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Figure 2.6 | Overall results for the force levels generation task. (a) shows the force profiles measured from the hand’s internal force sensors,
as well as the average force reached for each of the three force levels performed when using the B1 prosthesis setup for all grasping types. Also
reported are the overall performance levels. (b) shows the same results as (a) but for the B2 prosthesis setup. The Bl setup was tested with 2
subjects, while the B2 setup was tested with one subject. For the B1 setup, n=186 repetitions were done with the power grasp, n=106 with the
pinch grasp and n=33 for the ulnar grasp (all subjects included). For the B2 setup, n=120 repetitions were done with each grasp type. The bar charts
are reported with standard error, and the shaded areas in the plots represent +- standard error.
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Figure 2.7 | Performance during “sensory blocks” test. (a) shows the average score (points per 2-minute trial) for two subjects for each session.
(b) shows the average number of errors for two subjects across sessions (errors per 2-minute trial). All bar charts are reported with standard
deviation. A total of n=24 trials were performed (6 two minute trials per session).

We then investigated the performance of bidirectional prosthesis setup, in a more complex functional task
with two subjects (Subjects 1 and 2). In this task (“sensory blocs”), subjects were asked to move as many
blocs as possible over a central separation during a 2-minute period. The blocs were not always placed in
the hand, thus forcing the subjects to rely on their artificial sense of touch to decide whether or not to move
their hand to the other side. Figure 2.7 shows the results obtained during this task. The two subjects quickly
increased their overall performance as they performed more and more sessions. Indeed, the average score
in the first session was 8 (corresponding to eight blocs moved within a period of two minutes), while after
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four sessions, the mean score moved up to 17 in the same period of time. Similarly, the mean number of
errors decreased from session to session as the subjects gained confidence with the setup. In the last session,
no errors were observed.

2.4 Discussion

241 Pulse width modulation with TENS is a suitable candidate for prosthesis sensory feedback

This study showed that TENS can be used within a bidirectional prosthesis setup to restore a referred
sensation on the phantom limb, and to improve performance during motor tasks. We extensively charac-
terized the changes in reported sensation as we explored the stimulation parameter space. We found that
although the area of elicited sensation may not easily be modified in a controllable way, the strength of the
induced sensation can be very well controlled (Figure 2.1.a). This makes TENS a suitable candidate for
restoring graded information of touch to prosthesis users.

Opverall, within single channels, there was only a very limited possibility to modulate the area of sensation
when modulating the intensity of the stimulation. This seems to indicate that the delivered stimulation
quickly activates most of the large diameter fibers whose receptive fields cover large areas of the phantom
hand. Still, the activation of smaller diameter fibers, whose receptive fields were likely superimposed with
the previously recruited afferents, was enough to achieve sensation intensity modulation. Our results are
thus in accordance with findings from Kuhn et al. who showed it is possible to modulate motor fiber re-
cruitment using superficial stimulation (Kuhn et al., 2008).

The reported areas of sensation rarely corresponded to the whole region of innervation for the stimulated
nerve (Figure 2.1.a). Although it appears that almost all the hand is covered, some areas, such as the middle
finger, show a very light coloring, indicating that only one patient reported a sensation on that finger). The
likely mechanism underlying these observations is the lower current needed to stimulate superficial fibers
within the nerve (closer to the stimulating electrode), as opposed to deeper structures (McNeal, 1976). Our
subjects would thus be expected to report muscle twitches or painful sensations in the areas innervated by
superficial fibers, before reporting sensory perceptions in areas innervated by fibers deeper within the nerve,
or further from the electrode.

Additionally, cortical remapping occurring after amputation (Kaas et al., 1983) may have extensively altered
the brain’s response to touch afferents coming from the phantom limb. Stimulating peripheral sensory fibers
may no longer elicit the appropriate response within the sensory cortex.

Finally, our results do not appear to be in accordance with the results reported recently by Chai et al., who
were able to elicit selective referred sensations of touch on single fingers. We argue that the dissimilarities
in these two works arise from a subtle difference, which might not be apparent at first. Although both works
are based on TENS, the two techniques are targeting different underlying structures. In our work, we are
using TENS to stimulate the underlying nerve as a whole, in an approach similar to what has been done
previously with more invasive techniques (Raspopovic et al., 2014; Tan et al., 2014). Instead, Chai et al. are
targeting local cutaneous afferents in the undetlying skin. Since the skin, in their case, may have been natu-
rally re-innervated by sensory fibers, they are able to elicit referred sensations of selective touch (which can
also be achieved by simply touching the subjects on the stump in these cases). Although more selective,
their approach requires that such petipheral reorganization has taken place, which holds true only in a pot-
tion of the amputee population (Chai et al., 2015). In our case, we did not find any such sensibility in any of
the four subjects included in our study.

2.4.2 Frequency modulation with TENS modulates the area of the reported sensation

An unexpected result was the observation that the area of the reported sensation changed when modulating
the stimulation frequency. Since the firing rate of sensory afferents encodes sensation intensity (Muniak et
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al., 2007), and not sensation area (this is encoded at the population level, where each afferent reports touch
events in its receptive field), we would not expect frequency modulation to have any effect on the reported
area. One hypothesis is that the capacitive components of the epidermis and the electrode-gel junction,
which confer a frequency dependent property to the system’s impedance, may cause variations in the voltage
field within the tissue with varying stimulation frequency, resulting in modified fiber recruitment patterns.
A thorough modelling study may be required to better explain these results.

2.4.3 Precise, open-loop sensory tasks are possible using TENS

To complete our characterization, we performed two simulated tasks in open-loop (with no prosthesis con-
trol). In these two tasks, we emulated the stimulation profiles that would be generated when touching objects
with different properties. We reported that all tested subjects could sense the emulated compliance or shape
of a virtual object. Our results suggest that our system would potentially be able to provide basic compliance
and shape information to the users.

The EEG results, despite limitations in terms of spatial tesolution, suggest that the tactile sensation gener-
ated by the three types of provided stimulation elicit early and late SEP components. Early SEP components
around 40—70ms were characterized by a positive deflection on parietal contralateral channels (e.g. C3) and
a negative deflection on frontal channels (e.g. FC1) symmetrically distributed across the CPz—C1-FC3 line
(Figure 2.3.a). Scalp topographies (Figure 2.4) of early stage potentials confirm the compatibility of early
stage SEPs with a generator localized at the post-central gyrus (Broadmann areas 2 and 3) and are consistent
with a physiological tactile activation of the primary and secondary somatosensory cortices (Nierula et al.,
2013; Oddo et al., 2016; Tame et al., 2016). Late Somatosensory Evoked Potentials (SEPs) are compatible
with bilateral generators in the frontal lobes, including orbito-frontal, lateral and mesial cortex (Allison et
al., 1992), which confirms the secondary somatosensory cortex (SII) support of bilateral tactile representa-
tion also seen in (Genna et al., 2017; Tame et al., 2016). The compatibility of elicited SEPs with literature
and the significant differences among stimulation modalities seem to confirm the prevalence of a main
referred sensation. This by no means excludes contamination by non-somatotopic in-loco sensations, but
suggests a representation of touch in the brain compatible with the referred sensation reported by the sub-
jects. The topogtraphical differences across subjects in late SEPs (140-300ms) can be attributed to the phys-
iological differences in high level processing of the stimuli among subjects.

Zhang et al. adopted EEG to quantify vibration and pressure sensation with different intensities elicited by
electrical cutaneous stimulation at varying frequencies of the middle finger, in healthy subjects (Zhang et al.,
2016). They demonstrated that only late components (i.e. 200-300ms) and topographical differences suc-
cessfully encode the stimulation modality (vibration vs pressure). In our work, we used a different stimula-
tion paradigm (single pulse), a different region of superficial stimulation (stump) and a different population
(amputees). However, we showed similar topographies and confirmed that SEPs amplitudes can discrimi-
nate different stimulation modalities (median, ulnar, bipolar) as soon as 50ms after stimulus onset, even in

amputees.

244 Subjects can localize where an object touched the hand

We reported that all three subjects who used the bidirectional system could successfully distinguish touch
events happening on either the ulnar side of the hand, the median side or both at the same time. Perfor-
mance at this task was high across all subjects, indicating that the restored sensation is perceived clearly
enough to accurately judge whether the touch occurred in the median region of the hand, the ulnar region
or both at the same time. In other terms, this stimulation method allows for some basic spatial selectivity

by selecting which channel to inject charge from.

Furthermore, the performance in the location discrimination task remained unchanged regardless of the
different experimental setups used (B1 or B2). This result is expected, since this simple task does not depend

on the timing of the delivery of the sensation. Indeed, the user simply closed the robotic hand, and waited

30



Discussion

for a sensation. If the sensation was delayed (as was the case when using the Bl setup), the subject simply
had to wait longer until he could determine where the object was located, but no additional errors were
introduced.

2.4.5 Subjects can generate three statistically different levels of force

When using their prosthesis with sensory feedback turned on, all subjects could generate three statistically
different levels of force consistently (with one exception being the pinch grasp when using the B1 setup).
These results indicate that the sensory information provided by means of TENS was sufficient to reliably
understand the amount of force being applied to an external object within a bidirectional setup. It is im-
portant to note that although the open loop characterization had indicated that TENS was able to provide
graded sensation over a range of values (patient used a 10-point scale to rate the intensity), this did not
necessarily imply that the sensation would remain as clear during an active control task (we speculated that

interfering muscle activity and reduced attention to the sensation may affect performance).

Additionally, we measured the performance of healthy subjects at the same task, to establish a baseline
success rate to compare our results against. Healthy subjects were easily able to generate three different
levels of force very reliably (of all four subjects tested, three could perform this task with 100% accuracy,
while one had lower performance). When asking for four different force levels, the performance dropped
significantly, indicating that even for healthy subjects, this task is not trivial. We argue that the limiting factor
when increasing the number of requested force levels is cognitive (e.g. remembering exactly what force was
used previously for level 2 as opposed to level 4), rather than related to motor control or sensory feedback.
These results indicate that although prosthesis users can reach high levels of performance at this task when
using sensory feedback (73% correct overall for three force levels), there is still progress to be made before

reaching the same level of performance achieved by healthy individuals (93% overall for the same task).

2.4.6 Increase in control and stimulation delays may degrade performance

The difference between the two setups (B1 and B2) became apparent in the force levels generation experi-
ment. Our results for these tests indicate that the B2 setup resulted in overall higher task performance. The
additional delay introduced in the Bl setup resulted in lower performance, confirming that increases in
system delay may negatively impact prosthesis control performance (Farrell and Weir, 2007). Special care
must be taken in insuring low overall system delay when implementing bi-directional prosthetic solutions,
to minimize the negative effects introduced by the use of higher delays. No statistical analysis was performed
to support these observations regarding the difference between the two setups, because only one subject
used the B2 setup. Further experiments would be needed to confirm these preliminary observations.

Although hardware blanking (B2) resulted in a lower maximum stimulation frequency, in our case this did
not impose a practical difference since the stimulation frequencies used were relatively low. However, this
may be an important consideration when choosing between the two approaches if higher stimulation fre-
quencies are required. A further practical consideration is that hardware blanking (B2) may not be widely
available, while software multiplexing (B1) is a more universal approach which could be implemented using

any existing system.

2.4.7  Subjects displayed unexpected behavior when performing complex motor sensory tasks

During the “sensory blocks” task, on some trials the subjects would drop the object as they were moving it
from one side to the other. Although they had received no instruction regarding this specific scenario, the
reactions we observed were surprising and indicative of the users relying heavily and intuitively on their
artificial sense of touch. For instance, one subject announced, immediately after dropping the object, that it
had slipped and that he wished to begin a new trial, moving his hand back to the starting position. In a
similar scenario, sometimes the subjects did notlet go of the object (insufficient open command) and started
moving back to the starting position. In these cases, the subjects would quickly realize their mistake and
bring back the object to the correct side, and release it.
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Such examples of unexpected interactions between the amputee and their environment constitute further
evidence supporting the idea that an intuitive sensory restoration scheme (somatotopic) may much more
easily be understood and incorporated by the subject, leading to a faster learning phase and a better outcome.

2.4.8  Afeasibility study for a new type of non-invasive somatotopic bidirectional prosthesis

The experimental system described in this work constitutes, to the best of our knowledge, a first experi-
mental proof of a non-invasive, somatotopic bi-directional prosthesis in upper-limb amputees. Several sys-
tems for non-invasive feedback have been proposed in the past, using such techniques as vibro-tactile and
electro-tactile stimulation of the stump or other body regions (Dosen et al., 2017; 2015). However, the
novelty of the approach proposed in this work resides in the use of non-invasive stimulation techniques
(here TENS) to elicit somatotopic sensations referred to the phantom limb, without relying on the presence
of a phantom hand map on the stump. We argue that delivering somatotopic sensations is preferable, since
it has been shown to lead to a more intuitive system requiring a shorter learning phase and shorter response
times (Chai et al., 2017; Zhang et al., 2015). This may in turn translate into increased prosthetic limb control
performance. Additionally, prosthesis embodiment has been shown to increase when the sensory inputs
coming from different modalities are congruent (Marasco et al., 2011). In this case, having a referred sensa-
tion of touch that is spatially congruent to the site of physical contact (as seen visually by the subject) may
lead to an increase in prosthesis embodiment, which has several beneficial effects for the user. However,
objective measurements regarding robotic hand embodiment would need to be performed to confirm the
hypothesis that in this scenario, somatotopic feedback increases prosthesis embodiment.

Demonstrating the real-world feasibility of this approach provides stronger clinical evidence of the potential
benefits compared to simply demonstrating the availability of the individual components in isolation. This
is particularly true in the case of upper limb prosthetics, where often single components are not tested on
amputees, relying on indirect results obtained in healthy subjects instead (Hartmann et al., 2014), or by
performing experiments in virtual environments presented on screen (Dosen et al., 2015). Although the
individual components used in this study have been described to some extent in the literature (even if not
extensively in the case of TENS for eliciting referred sensation to the phantom limb), demonstrating the
clinical feasibility of a combination approach constitutes a novel and important step forward. Some of the
effects described in this work could only be observed by combining sensory feedback and sEMG based
control within a closed-loop setup. Indeed, many of the results reported here arise from an interesting in-

terplay between control strategies and sensory feedback.

249 Comparison of TENS based feedback to invasive sensory feedback strategies

It may be of interest to compare our results to previous studies where invasive stimulation electrodes
(TIMEs and cuff electrodes) were used to elicit touch in a bi-directional prosthesis setup (Ortiz-Catalan et
al., 2014; Raspopovic et al., 2014; Tan et al.,, 2014). Indeed, what was demonstrated in this study may be
proposed as a suitable alternative to more invasive approaches, for instance for patients who may not qualify
for surgery, for patient who may prefer not to undergo surgery, or for scenatios where lower costs may be
required (low income countries). Since no standardized tests exist to quantify the closed-loop performance

of a prosthetic limb (or ate not widely used), we may only compare our results qualitatively.

Using our system, subjects could determine where a touch event had occutred on the robotic limb (they
could recognize one amongst three possible regions of touch). This ability was similar to what had been
reported in the literature previously (Raspopovic et al., 2014). Furthermore, the subjects from this study
could control the output force of the robotic hand to generate three statistically different levels of force.
This was directly comparable to the results obtained by Raspopovic et al., since we did not find significantly
lower performance in this task between the two studies, while in Tan et al. such a quantitative measure is
missing. Finally, regarding the experiments we performed in open-loop, where we asked our subjects to
identify the stiffness and shape of virtual objects, the reported performance using TENS was lower than
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what was found using neural electrodes in previous studies. Although both techniques allowed users to

perform this task successfully, invasive neural stimulation resulted in higher task performance.

Long-term stability remains an open question for invasive technologies. TENS on the other hand, offers a
solution which is likely to remain functional for as long as necessary, if stimulating electrodes are replaced
when needed, like SEMG electrodes. Electrode placement is critical in obtaining suitable referred sensations.
However, once the positions were found, we had no difficulty re-placing the electrodes before every session,
and this step would be further improved if the electrodes were directly integrated within the socket. Once
the electrodes are placed on the skin and under the socket, they are unlikely to become sufficiently displaced
to disrupt proper functioning of the system. In our experiments, we never observed a loss of referred sen-

sation during arm movements in space (such as during the “sensory blocks” task).

There are certain aspects where the non-invasive alternative falls short of its invasive counterpart. The big-
gest concern in this regard is the quality of the sensation. Even though invasive interfaces do not always
elicit natural sensations of touch (subjects often report paresthesia, or other slightly more natural sensations,
such as vibrations or pressure waves), the reported sensations are much closer to a naturally elicited touch
than what we report with TENS. For example, Tan et al. reported a “natural pressure perception” when
using certain stimulation paradigms, and Raspopovic et al. reported sensations as corresponding to the
“physiological sensory mapping of touch” (Raspopovic et al., 2014). We were able to test TENS on one
subject who had previously undergone invasive nerve stimulation (Subject 4). Although this is an isolated
observation, it may be of interest. This subject reported that the sensation elicited through TENS was in no
way comparable to the sensation he had previously experienced with an implanted electrode. He described
the sensation obtained using TENS as “much less natural”. Furthermore, the stimulation artefacts induced
by TENS and measured in the sSEMG signals represent an additional technical challenge which is not en-

countered when using invasive bidirectional prostheses.

The possibilities offered by TENS are much more limited in terms of selectivity, modulation, and natural-
ness of the induced sensation compared to what can be achieved using invasive technologies. These limita-
tions may potentially be improved with novel approaches, such as by using an array of stimulating electrodes
combined with a beamforming approach to improve selectivity, or using more sophisticated encoding ap-
proaches to obtain natural sensations ot to offer a wider range of modulation. However, the limitations of
TENS are likely to remain challenging. Additionally, it is unlikely that TENS could provide the type of fine
sensation described by Oddo et al. using implanted intra-neural electrodes (Oddo et al., 2016). Nevertheless,
the actual functional petformance of out system, in the scenarios tested, was comparable to the performance
reported in previous studies using invasive approaches, indicating that subjects using our non-invasive bidi-
rectional prosthesis did not have severe functional disadvantage compared to users using invasive alterna-

tives.

It remains undisputed that invasive approaches may provide much more function in the future. Current
studies on invasive methods for restoring sensory information have not exploited the richness of the re-
stored sensation to its full potential. Only future studies may truly reveal the extent to which neural interfaces

will be able to restore natural and complete sensations to the users.

2.5 Materials and Methods

2.5.1 Patient recruitment

Four subjects participated in the study (36 years old male with a distal right arm amputation, 29 years old
male with a distal right arm amputation, at the level of the wrist junction, 38 years old female with a distal
right arm amputation, 36 years old male with a distal left arm amputation). All four patients had very distal

amputations, situated close to the wrist.
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Ethical approval was obtained by the cantonal Ethical committee of Vaud, and the Specialized Hospital for
Rehabilitation and Orthopedic Prosthetics in Belgrade, and informed consent was signed by all volunteers.
During the entire length of our study, all experiments were conducted in accordance with relevant guidelines
and regulations. In addition, specific informed consent was obtained for publication of identifying images
when relevant.

2.5.2 Elicited sensation characterization

TENS was applied over residual median and ulnar nerves, to elicit a referred sensation on the phantom
hand. TENS was delivered using an electrical stimulator commonly used for functional electrical stimulation
(RehaStim, Hasomed, Germany). The stimulator delivered square charge balanced biphasic pulse trains,
with controllable amplitude (steps of 2 mA), pulse width (steps of 20 us) and frequency (externally imposed).

By placing electrodes on the skin (PALS neurostimulation electrodes, Axelgaard, US) in specific areas where
the underlying nervous structures are close to the surface of the skin and easily accessible, it is possible to
elicit activation of hand afferents, leading mainly to a paresthesia reported over the phantom limb (Figure
2.8.a). Initially the stimulating and return electrodes were round with a radius of 2.5 cm. In some cases
(Subjects 1, 3 and 4), the round stimulation electrodes were cut with scissors to a more oval shape, which
resulted in a smaller contact surface with the skin.

Figure 2.8.b shows the precise electrode positioning used for each of the four subjects. The electrode
placement and stimulation parameters were calibrated during an initial extensive exploration phase.
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Figure 2.8 | Transcutaneous electrical nerve stimulation (TENS) setup. (a) schematic representation of transcutaneous electrical nerve stim-
ulation in the context of upper limb sensory restitution. This figure schematically illustrates how an electrode placed on the skin can generate a
voltage field within the residual forearm’s soft tissue. By placing the electrodes in the appropriate positions, the voltage field can elicit referred and
clear sensations from the missing hand, corresponding to median and ulnar nerve innervations, as shown in transparent green and red. This allows
for a certain amount of selectivity in the elicited response. (b) shows the exact electrode placements for each of the four subjects. The stimulation
parameters (fixed amplitude, range of pulse widths) are also shown. The positions of the electrodes were patient specific.

To fully characterize the quality, intensity, location and extent of the elicited sensations, a characterization
test (mapping or calibration procedure) was performed, using a custom designed graphical user interface
(LabView). During this procedure, an extensive parameter search in the stimulation variables space was
performed, varying one of three parameters (pulse width, pulse intensity or pulse train frequency). More
specifically, we first found the range of acceptable stimulation currents for each subject using a fixed pulse
width of 250 ps. Since the stimulator did not allow for very fine control of the stimulation intensity (steps
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of 2 mA), this step was usually very short, and resulted in two or three acceptable values for the intensity.
Then, for each stimulation current found in the first step, the pulse width was varied from 0 to 500 ps with
steps of 20 us. For every set of parameters, each subject was asked to describe the quality of the elicited
sensation using one of the proposed keywords (tingling, vibration, natural touch, pulsing) or their own
words. Additionally, the subjects were asked to rate both the sensation directly under the electrode (in-loco),
and the referred sensation (on the phantom hand) using a visual-analog scale ranging from 1 to 10. Finally,
the subjects were required to draw the region corresponding to the induced sensation on a picture of a hand
and forearm. When either the local or referred sensations were reported as too strong or produced muscle

twitches, the stimulation was stopped.

A second test (emulation of compliance) was performed to explore how well the subjects could under-
stand the time course of the provided sensation. In this experiment, three different electric current profiles
were delivered in open loop. These three profiles (ramps) were trains of pulses where the amplitude in-
creased with different speeds. The durations of the ramps were extracted from a previous study (Raspopovic
etal., 2014), and corresponded to three objects with different compliances (the faster the increase, the lower
the compliance) (Figure 2.2.a). These three profiles were extracted from a previous study from Raspopovic
et al., where they were obtained using a prosthesis and three every-day object with different compliances
(Raspopovic et al., 2014). These three profiles represent a subset of the possible interactions between a
prosthesis and object encountered in activities of daily living. The patients were instructed to imagine that
they were pressing on an object, and to announce whether the object was hard, medium, or soft.

A third experiment (emulation of shape) was performed using a virtual ball and a virtual cylinder, where
the cylinder induced simultaneous activation of the ulnar and median channels, while the ball activated the
ulnar channel with some delay compared to the median, replicating the way a ball might first come in contact
with some fingers, and only later with the rest of the hand as the fingers close around the object (Figure
2.2.b). Subjects 1, 2 and 3 performed all three experiments, while Subject 4 only performed the first one.

During both open-loop experiments described above, the subjects were allowed a short familiarization ses-
sion (approx. 1-2 minutes) during which they received each type of stimulation together with an explanation
of what it represented (e.g. “this is a hard virtual object”). Once this short session was over, the recorded
experiments started, during which each answer was recorded to compute task performance. A minimum of

30 repetitions per subject were performed for each type of experiment.

2.5.3  Electroencephalographic recordings

Neural correlates of transcutaneous electrical nerve stimulations were investigated by acquiring 64-channel
electroencephalographic (EEG) data. Three amputees were recruited and underwent one rest session (10
minutes) and three stimulation sessions (median nerve, ulnar nerve and both nerves simultaneously) lasting
20 minutes each. During stimulation, the inter-stimulus interval was set to 700ms, allowing an average of
1500 stimuli per session. Subjects were instructed to fix a point in front of them, to keep their facial muscles
relaxed and to avoid sudden head movements.

Signals were recorded using a 64 channel EEG device (ActiveTwo, Biosemi B.V., Amsterdam) with a 2 kHz
sampling rate. The montage was in accordance to the 5% 10/20 system (Oostenveld and Praamstra, 2001).
Electrode impedance was kept below 10 k€2 in at least 95% of derivations throughout the experiment. Data
were analyzed with Matlab scripts based on the EEGLAB toolbox (Delorme and Makeig, 2004). To max-
imize dipolarity and the reliability of the extracted Event Related Potentials (ERPs), EEG signals were pro-
cessed using the Reliable Independent Component Analysis (RELICA) method to remove non-neural
sources of noise and other artefacts before epoching (Artoni et al., 2012b; 2014). To optimize the ICA
decomposition the raw data were high-pass filtered using a zero-phase, 1 Hz, 24t order, Chebyshev type 11
filter to increase stationarity and low-pass filtered using a zero-phase, 45 Hz, 70t order, Chebyshev type 11
filter before being resampled at 256 Hz. Channels with probability more than five times the standard devi-
ation or with prominent artefacts (as confirmed by visual inspection) (Artoni et al., 2012a; Sebastiani et al.,
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2015) and remaining channels were average-referenced. More than 55 channels remained for every subject.
Epochs containing high-amplitude artefacts or high-frequency muscle noise were removed. The remaining
data was submitted to RELICA with Infomax (Makeig et al., 1996) as core and 100 point-by-point bootstrap
repetitions. The ICA decomposition was saved and re-applied to the raw data, which was then high-passed
using a 0.5 Hz, 94 order, Chebyshev type 11 filter and a custom 50 Hz comb notch filter (Menicucci et al.,
2013). RELICA allowed reliable identification of stereotyped artefacts such as eye movements and eye
blinks, which were removed from the data. Epochs ranging from -100ms to 250ms, and time locked to the
onset of each stimulation pulse were extracted. Noisy epochs were rejected by careful visual inspection. As
with continuous data, the critetia for epoch removal was the presence of high amplitude artefacts (e.g., Jaw
clenching). Trials were normalized using the pre-stimulus baseline average (Makeig et al., 2004). ERP’s sta-
tistical significance between stimulation types (ulnar, median, bipolar) was assessed using a Montecarlo sta-
tistic with cluster correction for multiple comparisons (Maris and Oostenveld, 2007), adapted from the
FieldTrip toolbox (Scheeringa et al., 2011). Scalp topographies were drawn directly from ERPs by associat-
ing to each channel location its channel value at a defined latency, color coded by amplitude (blue — negative

values; red — positive values; green — null values).

254 Bidirectional setup

An overview of the bidirectional prosthesis setup can be seen in Figure 2.9. To implement a fully bi-direc-
tional hand prosthesis setup, we integrated the sensory feedback modality within a myoelectric control
scheme. The resulting setup allowed the subject to control a robotic hand using his/her residual muscle
activity, while at the same time receiving relevant tactile information by means of TENS.
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Figure 2.9 | Schematic overview of the bidirectional experimental setup components. First (a) the sSEMG signal is acquired from the residual
stump muscles. Features are extracted from the signals and the classifier predicts the desired output class. The corresponding command is sent to
the robotic hand (b), which moves accordingly. A force signal is measured from the robotic fingers sensors. This signal is then processed by the
embedded computer (c), which computes the appropriate stimulation signal to elicit the desired sensation. This signal is then sent to the stimulator
(d), which delivers the stimulation pulses to the subject’s stump via stimulation electrodes.

To achieve this integration, the bidirectional prosthesis setup was based on a combination of custom de-
signed hardware and software, as well as commercially available components. The Hasomed surface
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stimulator was connected to a central single board computer (Odroid U3, Hardkernel) where a custom,
multithreaded C++ code was running. Also connected to this central device were a multichannel surface
electromyography (sSEMG) recording apparatus (Neural Interface Processor, Ripple, US) and a robotic hand
with integrated tension sensors fitted to each finger (Prensilia Azzura, Prensilia, Italy). Stimulation intensity
(pulse width modulation) was associated to the output from the corresponding hand sensors in such a way
as to optimally cover the whole dynamic range of sensations reported by the subject. Since sensors were
present on each finger, but only two areas of stimulation were used (median and ulnar), the maximum value
from the sensors for each area was used (first three fingers for median, last two for ulnar). The relationship
between hand sensor readout and stimulation pulse width was as follows: when the sensor reached a mini-
mum value (set just above the sensor noise floor), the pulse width was set to its minimal value (correspond-
ing to a very light, but perceptible, sensation). Then, pulse width varied linearly with the hand sensor readout

until it reached its maximum value (corresponding to the strongest sensation below pain).

For the control, a standard pattern recognition based controller with 5 classes was used (Fougner et al.,
2012). In our case, we used the following classes: median grasp (closing the three first fingers of the hand,
also referred to as pinch grasp), ulnar grasp (closing the last two fingers of the hand), power grasp (closing
all fingers), open (opening all fingers) and rest (no movement at all). The classification was based on a 4
channel EMG recording from the patient’s residual muscles (palpation was used to identify muscle groups
which were active during specific grasping patterns). SEMG data were acquired with a sampling frequency
of 1 kHz. The signal was filtered using an IIR filter with 4t order Butterworth characteristics, between 15
and 375 Hz. An additional notch filter was used to remove 50 Hz noise. Our classification windows were
set to 100 ms, which has been shown to be a good value for classification accuracy (Farrell and Weir, 2007).
The robotic hand was controlled using position control with the following approach: every 33ms, the ro-
botic hand’s finger positions would increment in the direction of the last decoded grasp type (e.g. if power
grasp was the last decoded class, all fingers would close a little more (each “step” is approximately 1.5°), if
open was the last, all fingers would open a little more). This approach resulted in a smooth movement of
the hand. In the case of contact with an object, prosthesis output force thus increased progressively over
time as a given class continued to be decoded. We extracted a single feature per channel (i.e. mean absolute
value). A training dataset for the classifier was acquired every time the electrodes were applied, in which the
subjects were asked to hold each class successively for three seconds. They were instructed to use a level of
contraction which was comfortable for them. The classifier (K-nearest neighbors classifier, with IK=3) was
then trained and the same parameters were used until the electrodes were removed or until performance
degraded noticeably.

Particular attention was devoted to address issues due to the appearance of large stimulation artefacts in the
EMG signal. Since stimulation electrodes and EMG recording electrodes are placed in proximity on the
same forearm, the severity of these artefacts can be very high. This problem has been studied extensively in
the context of electro-cutaneous feedback, and several software and hardware approaches have been pro-
posed to mitigate some of the complications these artefacts may occasion (Dosen et al., 2014; Hartmann et

al., 2014).

In the first experimental setup (B1), software time division multiplexing was used (Dosen et al., 2014). This
approach consists in dividing time into two types of windows: stimulation windows, in which stimulation is
delivered and no EMG data is recorded, and classification windows, in which no stimulation is delivered
and EMG data is recorded and classified. The transient response caused by the stimulation artefact reaching
the amplification stage, lasted up to several hundreds of milliseconds. Correspondingly, long durations for
each stimulation window (300 ms) were chosen to allow all stimulation artefacts to settle before switching
to a recording window. The overall delay in resituating sensory information after a touch event was, in the

worst case, 0.4 seconds when using the B1 setup.

In the second experimental setup (B2), hardware blanking was used as a method to remove stimulation
artefacts (Hartmann et al., 2014). In this approach, EMG data was continuously acquired, and small
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segments of signal were removed every time a stimulation pulse was delivered. In our case, 20 ms of signal
were removed starting right before each stimulation pulse. When using a stimulation frequency of 30 Hz,
the maximum feedback delay obtained using the B2 setup was approximately 35 ms, considerably lower
than with the B1 setup. Such a low value of delay is not perceptible to the user (Farrell and Weir, 2007).
However, the drawback of this approach is that maximum stimulation frequency is limited.

During bidirectional prosthesis experiments, stimulation parameters were set as follows: stimulation fre-
quency was fixed at 50 Hz for B1, and 30 Hz for B2. In both cases, amplitude and pulse-width were cali-
brated independently for each patient based on the characterization results.

Subjects 1 and 2 performed the functional experiments using the B setup, while Subject 4 performed the
experiments using the B2 setup. Subject 3 was unable to perform any functional experiments, because she

was unable to generate reliable control commands due to strongly atrophied muscles.

255 Wearable system and custom sockets

For some of the functional experiments requiring the subject to move the robotic limb independently, cus-
tom molded sockets were built with an integrated screw to easily fix the robotic hand on the end. Holes
were drilled in the appropriate positions to allow for the placement of sEMG and stimulation electrodes on
the stump. The hardware for the setup was entirely battery powered, and could either be worn by the subject

in a small backpack or be placed on a table nearby.

2.5.6 Functional tasks

In the first functional experiment (object location recognition), subjects were asked to close the robotic
hand using their voluntary muscle activity. When the hand was closed, an object was presented to the hand
in either of three positions: over the whole hand, in the ulnar region (little finger and ring finger) or in the
median region (thumb, index finger and middle finger). After each trial, the patients had to announce where
the object had been placed (full hand, median or ulnar position). The subjects were blindfolded and acous-
tically isolated to ensure that they were not relying on any external cue to make their judgment. Since this
task was very intuitive, the subjects did not perform a familiarization session for this experiment. Instead,
we directly initiated the recorded trials. A minimum of 30 repetitions per subject were done.

In the second functional experiment (generation of different force levels), the robotic hand was placed
against an external dynamometer (hand dynamometer, Vernier, US). Any force the hand generated was
measured by the sensor. Subjects were instructed to close the hand and generate one of three levels of force
(low, medium or high). They were instructed to rely on the sensory information to judge how much force
they were applying and to stop when they considered they had reached the desired level. The subjects per-
formed a short familiarization session (approx. 5 minutes), during which they could squeeze the dynamom-
eter with their prosthesis and the experimenter made sure they had understood the task. A minimum of 30

repetitions per subject were performed for each type of experiment.

To obtain a comparison point, for this experiment, we asked four healthy subjects to perform a force gen-
eration task using their dominant healthy hand. To explore the abilities of healthy subjects, we performed
the experiment twice, asking for either three or four levels of force. Each subject performed a trial consisting
of 10 repetitions per force level, asked in a random order.

In a third experiment (“sensory blocks” test), subjects were asked to perform a more complex functional
task in which the hand was connected using a custom-built socket. In this task, patients were sitting in front
of a table divided in the middle by a 15 cm high plane. They were asked to close their robotic hand whenever
they wished. If they felt an object, they were instructed to grab the object securely, and move it from the
left side of the table to the right side, making sure to pass above the separation. They then dropped the
object on the other side, and came back to the starting position. If no object was felt, the subjects were
instructed to reopen the hand and start over. Objects were placed in the hand 80% of the time. Each trial

38



Conclusion

lasted for two minutes, during which a point was attributed for every block that was successfully moved.
Additionally, a point was also awarded when the subjects correctly identified that the object slipped from
the hand and took actions to correct it. Errors were recorded when the subject moved the hand despite no
object being presented, or when the object slipped and the subject took no corrective action (did not notice
it). This task allowed us to observe the evolving and emerging behavior that the subjects displayed when
confronted with an everyday life task. This task was separated into four different sessions, each with a
minimum of 3 repetitions per subject (each repetition lasting 2 minutes). There was no familiarization ses-

sion, and performance was evaluated independently for each session to search for learning effects.

2.5.7 Data analysis and statistics

The data from all experiments were extracted in Matlab (R2014b, The Mathworks, Natick, US), where all
the analyses were performed. Statistical tests were applied when appropriate. The results for the statistical
tests, as well as the relevant metrics (number of repetitions, type of test performed, significance) are reported
alongside the corresponding figures. Unless otherwise stated, a statistical level of significance of 0.05 was
used. For the analysis of the force levels (Figure 2.6), a one-way ANOVA test with a Tukey-Kramer post-
hoc test for multi group compatison was performed. For each trial, the duration was normalized, and an
average force value was computed over a fixed interval (interval from 60% to 90% of trial completion). To
compute the “performance” score (given as a percentage of correct trials), we first obtained the average
force value for each force level, using the method outlined above. Then, we assigned each repetition to the
nearest force level. Finally, we computed the performance score as the percentage of repetitions correctly
assigned to the right force level. In order to ascertain that the data was normally distributed and allowed the

use of the ANOVA, a one-sample Kolmogorov-Smirnov test was performed.

2.6 Conclusion

In this chapter, we saw a novel approach for restoring somatotopic tactile feedback in upper limb ampu-
tees, which took advantage of referred TENS applied to the median and ulnar nerves. This important step
demonstrates the possibility to replicate some of the key results recently reported in the literature with

invasive interfaces and to make them more easily accessible to amputees in clinical practice.

As we conclude this chapter, we must keep in mind that there is no “single-size-fits-all” solution to sensory
feedback. Instead, each patient’s history, motivations and goals will help define the approach that best fits
their needs. In this context, the addition of a non-invasive somatotopic feedback strategy, as described in
this chapter, to the list of available solutions may help answer the needs of a specific subset of the popula-
tion. In particular, the potentially low cost of the approach, its lack of surgery requirements, and somatotopic
feedback scheme make it an interesting candidate for amputees who may not wish to undergo implantation,
or who may not have access to the necessary funds (e.g. depending on health insurance policies or socio-
economic status).

Where this chapter’s focus was on designing a system with the potential for rapid clinical deployment, the
coming chapters will focus on novel techniques designed to push the boundaries of what can be achieved
in terms of multimodal and biomimetic sensory feedback by relying on the most accurate tools available
today: implantable electrodes.
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As we saw in Chapter 1, providing homologous and somatotopic proprioceptive feedback using electrical
stimulation of the nerves remains an unmet goal. Restoring proprioceptive feedback was one of the major
objectives of this thesis. The possibility to restore it homologously using implanted neural interfaces was
actively pursued. Specifically, based on our understanding of the neurophysiology of proprioception and
peripheral nerve stimulation, we hypothesized that our inability to induce proprioceptive illusion using direct
neural stimulation in the past was caused by the implantation procedure. Indeed, we modified the procedure
so that the surgeon would further expose the nerve fascicles by opening the epineurium, before inserting
the electrode by making sure to thread through each visible fascicle. In addition to ensuring potentially
higher coverage of the corresponding nerve’s dermatome, this approach made sure that all fascicles, includ-
ing those likely to contain proptioceptive fibers, would be addressed by the neural interface. This was in
contrast with the previously used procedure, which specifically attempted to avoid implanting certain fasci-
cles (e.g. motor fascicles). Despite these changes, implemented in three patients, this new technique never

led to reports of proprioceptive precepts in response to neural stimulation.

Being unable to elicit any proprioceptive sensations which could be exploited directly for a somatotopic and
homologous approach (as is done in the case of tactile feedback), we turned to the literature on sensory
substitution. This led to the interesting idea of exploiting some of the unused stimulation channels of our
implant (i.e. a neural interface typically has a high number of active sites, only a subset of which are eventu-
ally used for tactile feedback) to deliver remapped proprioceptive feedback. As we will see in this chapter,
this idea resulted in very interesting results from a functional perspective, which establishes sensory substi-
tution as a promising avenue for the delivery of proprioceptive information to amputees.

The contents of this chapter are adapted from the manuscript D’Anna et al., “A closed-loop hand prosthesis

with simultaneous intraneural tactile and position feedback,” currently under consideration.

Personal contributions as first author: conceived the experiments, prepared the protocols and the experi-
mental setup (hardware and software), conducted the experiment, analysed the results, prepared the figures

and wrote the manuscript.
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A closed-loop hand prosthesis with simultaneous intraneural tactile
and position feedback

Edoardo D’Annal*, Giacomo Valle!:2*, Alberto Mazzoni?, Ivo Strauss?, Francesco Iberite2, Jérémy Pat-
ton'!, Francesco Petrini!, Stanisa Raspopovic!, Giuseppe Granata’, Riccardo Di Iorio?, Marco Controzzi?,
Christian Cipriani?, Thomas Stieglitz4, Paolo M. Rossini?5, and Silvestro Micera!-2*

Bertarelli Foundation Chair in Translational Neuroengineering, Centre for Neuroprosthetics and Institute
of Bioengineering, School of Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzetland.

2The Biorobotics Institute, Scuola Superiore Sant'Anna, Pisa, Italy.

3nstitute of Neurology, Catholic University of The Sacred Heart, Policlinic A. Gemelli Foundation, Roma,
Italy

4Laboratory for Biomedical Microtechnology, Department of Microsystems Engineering—IMTEK, Univer-
sity of Freiburg, Freiburg D-79110, Germany.

5Brain Connectivity Laboratory, IRCCS San Raffaele Pisana, Roma, Italy

3.1 Abstract

Current myoelectric prostheses allow transradial amputees to regain voluntary motor control of their artifi-
cial limb by exploiting residual muscle function in the forearm (Micera et al., 2010). However, the over-
reliance on visual cues resulting from a lack of sensory feedback is a common complaint (Biddiss and Chau,
2007; Engdahl et al., 2015). Recently, several groups have provided tactile feedback in upper-limb amputees
by using implanted electrodes (Ortiz-Catalan et al., 2014; Raspopovic et al., 2014; Tan et al., 2014; Davis et
al,, 2016; Oddo et al., 2016), surface nerve stimulation (Chai et al., 2015; D'Anna et al., 2017) or sensory
substitution (Dosen et al., 2017; Kaczmarek et al., 1991). These approaches have led to improved function
and prosthesis embodiment (Clemente et al., 2016; Marasco et al., 2011; Oddo et al., 2016; Ortiz-Catalan et
al., 2014; Raspopovic et al., 2014; Tan et al., 2014). Nevertheless, the provided information remains limited
to a subset of the rich sensory cues available to healthy individuals. More specifically, proprioception, the
sense of imb position and movement, is predominantly absent from current systems. Here we show that
sensory substitution based on intraneural stimulation can deliver position feedback in real-time and in con-
junction with somatotopic tactile feedback. This approach allowed two trans-radial amputees to regain high
and close-to-natural remapped proprioceptive acuity, with a median joint angle reproduction precision of
9.1° and a median threshold to detection of passive movements of 9.5°, which was comparable to results
obtained in healthy subjects (Ferrell et al., 1992; Hall and McCloskey, 1983; Wycherley et al., 2005). The
simultaneous delivery of position information and somatotopic tactile feedback allowed both amputees to
discriminate object size and compliance with high levels of accuracy (75.5%). These results demonstrate
that touch information delivered via somatotopic neural stimulation and position information delivered via
sensory substitution can be exploited simultaneously and efficiently by trans-radial amputees. This study
paves the way towards more sophisticated bidirectional bionic limbs conveying rich, multimodal sensations.

3.2 Introduction

Despite recent advances in peripheral neuromodulation, direct elicitation of selective proprioceptive pet-
cepts remains elusive and is only rarely reported (Ortiz-Catalan et al., 2014; Raspopovic et al., 2014; Tan et
al., 2014; Davis et al., 2016; Oddo et al., 2016). Efforts to restore proprioceptive feedback invasively have
been limited to preliminary studies, showing only modest functional benefits or lacking extensive character-
ization (Dhillon and Horch, 2005; Horch et al., 2011; Pistohl et al., 2015; Schiefer et al., 2016). Using a
different approach, Marasco et al. recently exploited the well documented muscle vibration illusion to pro-
vide homologous proprioceptive feedback in amputees having undergone targeted muscle reinnervation,
with promising functional results (Marasco et al., 2018). However, reinnervated muscle vibration often
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induced accompanying referred cutaneous sensations on the phantom hand, limiting the possibility to pro-

vide tactile feedback simultaneously without interference, a key aspect for clinical translation.

Proptioception is known to be mediated in part by Ia and type 11 sensory afferents from the muscle spindles
(Proske and Gandevia, 2012). The proximity of proprioceptive afferents and motor neurons within the
nerve may explain the difficulty in activating proprioceptive pathways without inducing undesirable motor
twitches. Indeed, neurophysiological evidence indicates that microstimulation of proprioceptive afferents
does not lead to perceptual responses, unless accompanied by muscle activity (Macefield et al., 1990). This
suggests that selective homologous proprioceptive feedback (i.e., whete the restored sensation closely
matches the natural sensation, and where there is no co-activation of muscles) could be difficult to achieve
with current neural stimulation approaches (in trans-radial amputees). Instead, sensory substitution (re-
mapping) may be a viable alternative, potentially enabling significant functional gains. Sensory substitution
has been used extensively in other applications, pioneered by Bach-Y-Rita and colleagues (Bach-y-Rita et
al,, 1969; Kaczmarek et al., 1991), including recently using brain implants in non-human primates (Dadatlat
et al., 2014; London et al., 2008), and augmented reality in healthy subjects (Clemente et al., 2017; Markovic
et al,, 2017), with promising results.

Multimodal intraneural sensory feedback
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Figure 3.1 | Overview of the multimodal sensory feedback experimental setup. The robotic hand is driven using sSEMG activity acquired
from the subject’s forearm muscles, and classified into distinct motor commands (bottom left). As the robotic hand closes its fingers around an
object, both pressure and position are measured in real-time (bottom left). Information about pressure and position is then encoded into stimulation
pulses, whete stimulation amplitude is directly proportional to finger position or pressure (top left). Pressure perception is restored using a somato-
topic approach, where the induced sensation corresponds to the fingers being touched. Position information (proprioception) is restored using
sensory substitution, whereas the sensation does not correspond to the natural area (top left). Both sensory streams are delivered using intraneural
stimulation through TIME electrodes implanted in the median and ulnar nerves (top right). The TIME implant is inserted transversally through the
exposed nerve fascicles (bottom right).

For this reason, we implemented a “hybrid” approach to restore multimodal sensory information to trans-
radial amputees, where position information (proptrioception) was provided using sensory substitution based
on peripheral intraneural stimulation, while pressure information (touch) was restored using a somatotopic
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approach, where the elicited sensation was correctly perceived on the fingers and palm, as previously shown
(Raspopovic et al., 2014; Tan et al., 2014). Specifically, joint angle information was delivered through spared
neural afferent pathways using intraneural stimulation of the peripheral nerves in the amputee’s stump. Two
trans-radial amputees were implanted with transverse intrafascicular multichannel electrodes (TIMEs) in the
ulnar and median nerves (Boretius et al., 2010) (Figure 3.1). Subject 1 performed a pilot study, while Subject
2 performed a more comprehensive set of experiments. Both subjects reported stable sensations of vibra-
tion, pressure, and electricity over the phantom hand and stump during intraneural stimulation (Figure 3.2).
Position information was provided using active sites which elicited sensations referred to the lower palm
area or the stump. This choice avoided any conflict with tactile feedback, which used active sites providing
sensations referred to the phantom fingers (Raspopovic et al., 2014). The feedback variable was the hand
aperture (either one or two degrees of freedom depending on the experiment, see methods), encoded using
linear amplitude modulation.
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Figure 3.2 | Reported referred sensations and stimulation parameters. (a) the areas of reported referred sensations for the active sites used
during the experiments. For each area of reported sensation, the electrode (El) and active site (As) are reported. (b) the first table displays general
information about the intraneural stimulation induced sensations. The occurrence frequency of each type of sensation quality over all active sites is
reported, as well as the number of functional active sites and the proportion of active sites giving rise to sensations in the stump and in the phantom
hand. The second table reports each set of stimulation parameters used during the experiments (only a subset of all available active site). E refers to
the electrode number (out of four) and AS refers to the active site (14 per electrode). The experiments were performed with the same parameters
within sessions, but parameters sometimes changed between days, leading to a high number of different combinations used over the entire duration
of the experiments. (c) the threshold charges for the active sites used for proprioceptive and tactile feedback, for both subjects. The area of referred
sensation is also shown for the first and last session with each set of stimulation parameters. During each session, the best combination of electrode
and active site was used for both types of sensory feedback, even if the previously used parameters still resulted in exploitable sensations.

3.3

We first characterized the acuity of the remapped proprioceptive sense alone. We administered two clinical
tests, namely threshold to detection of passive motion (TDPM) and joint angle reproduction (JAR) (Han et
al,, 2015). During the TDPM test, we measured the smallest prosthesis displacement necessaty for the sub-

Results

jects to detect passive motion of the artificial hand, starting from randomly chosen positions across the
hand’s range of motion (constant speed, 27.5 deg/s). This test measured the sensibility to stimulaton
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amplitude, and is reported in terms of remapped hand aperture. The overall TDPM was 9.5 degrees (inter-
quartile range, IQR = 9.1), with 12.5 degrees IQR = 10.4) for Subject 1 and 6.5 degrees IQR = 6.6) for
Subject 2 (Figure 3.3). No statistically significant correlation was found between TDPM and initial hand
position (p = 0.52), or with movement direction (p = 0.11), indicating that proprioceptive sensibility was
equal across the range of motion and independent of the direction of movement of the hand (Figure 3.4.a).
Previous results show that healthy individuals obtain TDPM values for single finger joints between 6.5 and
1.5 degrees (Hall and McCloskey, 1983). Although these results are not directly comparable, it is interesting
to note that our approach enabled Subject 2 to obtain an acuity within this range, while Subject 1 obtained
a lower acuity. This indicates that the “resolution” of the remapped position sense, determined by the ability
to discriminate current amplitudes, may be sufficient for a wide range of functional tasks.
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Figure 3.3 | TDPM and JAR performance broken down by subject. (a) TDPM (left) and JAR (right) measures for Subject 1, presented in the
same format as Figure 2, without the histogram. A total of 115 measures were collected for the TDPM task, and 81 measures were collected for the
JAR task. (b) TDPM (left) and JAR (right) measures for Subject 2, presented in the same format as Figure 3.4, without the histogram. A total of 129
measures were collected for the TDPM task, and 90 measures were collected for the JAR task.

During a first variant of the JAR test (fixed positions), both subjects were asked to actively move the hand
to one of four self-selected angular positions. The angle of closure was measured from the fully open state
(Figure 3.4.b). For cach reproduced position, the median absolute deviation from the median (MAD, a
robust measure of variability) was computed. MAD was measured at 10.2 degtrees for Subject 1, and 4
degrees for Subject 2 (Figure 3.4.c). Overall, MAD was significantly lower when the target position was at
the extremes of the range of motion (fully open or fully close) compared to intermediate positions due to
the impossibility to “overshoot” the target at both extremes of movement (p<0.05, Figure 3.4.d).

Subject 2 also performed a control condition to dismiss the possibility of using movement duration to infer
finger position. Indeed, duting the same task, hand prosthesis actuation speed was randomly switched be-
tween three values (22, 43, and 68 degtrees/s), without the subject’s knowledge. Despite receiving unreliable
information about timing, no significant increase in spread was observed for any of the tested actuation
speeds (p = 0.76), not for the overall performance (p = 0.75), indicating that timing did not play a critical
role in achieving high task performance (Figure 3.4.e).
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Figure 3.4 | Threshold to detection of passive motion and joint angle reproduction tasks. (a) the threshold to detection of passive motion
is reported for each prosthesis position tested. The median is reported as a dashed line. A histogram of the data, with bin sizes = 3°, is shown on
the right. A total of 244 measures were collected with two subjects (115 for Subject 1 and 129 for Subject 2). (b) the robotic fingers’ range of motion,
and the way the angle is reported. (c) JAR accuracy during the fixed position reproduction task for 4 target positions. The reproduced positions are
reported as median (full, colored line) and inter-quartile range (shaded area). The median absolute deviation for the pooled performance on all
positions is reported for each subject. (d) box plots reporting the detailed absolute deviation for each requested position. The median is reported as
a blue line, while the box represents the inter-quartile range. The whiskers encompass all data samples (no outliers removed). A total of 80 (40 for
Subject 1 and 40 for Subject 2) repetitions were collected for the task. Asterisks indicate conditions found to be statistically different after a Kruskal-
Wallis test with multi group correction (e) a box plot showing the absolute deviation around the median for randomly switched prosthesis actuation
speeds (3 speeds). For this task, only Subject 2 participated, and a total of 48 repetitions were performed. (f) a scatter plot shows the measured error
in joint angle reproduction for each position tested during the joint angle reproduction task with random and continuous positions. A histogram of
the data, with bin sizes = 3°, is shown on the right-hand size. A total of 171 measures were collected with two subjects (81 for Subject 1 and 90 for
Subject 2).
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Figure 3.5 | Identification of object size. (a) schematic representation of the four different objects used during the object size identification task,
and their labelling (not to scale). (b) overall performance during the task with remapped proprioception only for the amputee subject in the form
of a confusion matrix (left) and performance in identifying each object (right). Median correct identifications and a 95% confidence interval for each
object are reported alongside the matrix. Stars identify levels which were statistically different from chance level. A total of 160 repetitions (40 for
Subject 1 and 120 for Subject 2) were performed with two amputee subjects. (c) overall performance during the object size recognition task with
simultaneous touch and proprioceptive feedback in the form of a confusion matrix. A total of 100 repetitions were performed with Subject 2. (d)
representative position traces obtained during the experiments. One example was chosen for each cylinder size, to illustrate the difference in meas-
ured position obtained in each case. In addition, the stimulation amplitude computed from the position is reported on the second y-axis. (e) overall
performance for each tested hand actuation speed during a control trial with changing speeds. A total of 96 repetitions were performed with Subject
2. (f) the performance obtained during a control condition whete only touch feedback was delivered. In this case, 100 repetitions were performed
with Subject 2.
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We also performed a more challenging JAR experiment using random and continuous positions. In this
case, the robotic hand was first passively closed with a random joint angle. Then, the hand was passively
opened again, and the subjects were asked to control the robotic hand and bring it back to the same position.
The JAR accuracy was constant across the entire range of motion (p = 0.68), with a median error of 9.1
degrees IQR = 14.6) (Figure 3.4.f). Median error was 8.6 degrees for Subject 1 (IQR = 12.7) and 9.9
degrees for Subject 2 IQR = 15.9) (Figure 3.3). Despite the imprecision introduced by the controller delay
(approximately 100ms), these errors compare favourably to results obtained with healthy individuals (match-
ing error for the metacarpophalangeal joint was measured between 5.94 degrees and 10.9 degrees for healthy
subjects (Ferrell et al., 1992; Wychetley et al., 2005)).

To study how the remapped position sense could be exploited during functional tasks, we performed an
object size identification experiment, where subjects had to determine the size of an object chosen randomly
from a pool of four cylinders with varying diameter (Figure 3.5.a). The objects resulted in different final
degrees of closure of the hand (Figure 3.5.d). Overall, the two subjects identified the objects correctly in
78% of cases (77.5% for Subject 1 and 80% for Subject 2, Figure 3.5.b and Figure 3.6), while five healthy
controls had a higher score of 98.5% (Figure 3.7.a). Supplementary video S1 shows a few example trials of
the object recognition task.
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Figure 3.6 | Object size and compliance recognition broken down by subject. (a) Object size (left) and object size and compliance (right)
tasks performances for Subject 1, presented in the same format as Figure 3.5 and 3.9. A total of 40 measures were collected for the object size
recognition task, and 40 measures were collected for the object size and compliance recognition task. (b) Object size (left) and object size and
compliance (right) tasks performances for Subject 2, presented in the same format as Figure 3.5 and 3.9. A total of 120 measures were collected for
the object size recognition task, and 180 measures were collected for the object size and compliance recognition task.

Several control conditions were tested with Subject 2. First, the same task was repeated with tactile feedback
alone (Figure 3.5.f). In this scenario, petrformance was poor, but remained above the 25% chance level
(47% correct identification, 95% CI [36.9, 57.2]). However, further analysis showed that only the largest

object was correctly identified above chance level (Figure 3.5.f). Second, the task was performed with both
tactile and remapped position feedback. The measured performance (70% cotrect identification) was not

47



Chapter 3 — Remapped position feedback in upper-limb amputees

statistically lower than the performance obtained with remapped proprioception only (p = 0.449, Fisher's
exact test), indicating that the addition of touch did not interfere with the interpretation of position feedback
(Figure 3.5.c). Third, when remapped proprioception was provided alone, and the prosthesis movement
speed was randomly switched between three values, the performance was 67%, which was not statistically
different from the condition with constant speed (p = 0.2206, Fishet's exact test, Figure 3.5.e).
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Figure 3.7 | Performance of healthy controls during object identification tasks. (a) the object size identification experiment was performed
with 5 healthy subjects, with 80 repetitions performed with each healthy control, leading to a total of 400 repetitions. (b) the object size and
compliance identification task was performed with 2 healthy subjects, with 80 repetitions performed with each healthy control, leading to a total of
160 repetitions.

Data obtained with Subject 2 for the object size task shows a steady increase in performance over time,
indicating that although remapped proprioception can successfully be exploited almostimmediately, training
may confer an advantage, and could lead to further improvements in performance over time (Figure 3.8).
Additional measurements, obtained over longer periods of time, could confirm the effect of training on
performance.
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Figure 3.8 | Control condition and time progression of object recognition tasks. (a) overall performance over the various days for each type
of object recognition task variant (with control conditions). The results reported are for Subject 2. The first subject did not perform the same
experiment on multiple days. Only a subset of the experiments was performed each day, as shown. (b) confusion matrix reporting the performance
of the object recognition task with only three objects, reported for a single subject, with 45 repetitions.
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Both subjects were also asked to identify the size and compliance of four different cylinders (Figure 3.9.a).
In this case, tactile and proprioceptive feedback was provided simultaneously (Figure 3.9.d). Overall, per-
formance for this task was high, with 75.5% correct answers (87.5% for Subject 1 and 73% for Subject 2)
(Figure 3.9.b and Figure 3.6). By comparison, two healthy controls had a perfect score of 100% (Figure
3.7.b). Subject 2 performed the same task while receiving only remapped position (Figure 3.9.c) or tactile
(Figure 3.9.e) feedback. In both cases, performance significantly worsened (no overlap of 95% confidence
intervals). Interestingly, when only position feedback was provided, object size was identified above chance
level, while object compliance was not (Figure 3.9.c). Conversely, when tactile feedback was provided, only
object compliance was correctly identified (Figure 3.9.e). This shows that each sensory modality mainly
provides information regarding one object feature (touch informs about compliance, and position feedback
about size). Furthermore, providing both modalities simultaneously can improve performance, as seen from
the supetior compliance decoding achieved using both touch and proprioception compared to either mo-

dality individually, for the large object (Figure 3.9.f).

In another experiment, we provided two channels of remapped proprioceptive feedback simultaneously
(one channel for the first three digits and one for the last two). In this case, two channels giving rise to
different sensations on the stump were used. Using this “multi-joint” feedback, Subject 2 could simultane-
ously detect the diameter of two cylinders with a very high performance of 93.7% (Figure 3.10), demon-
strating that the sensory remapping approach presented here can also be applied to more than one finger
simultaneously.

Finally, Subject 2 performed all three functional tasks reported above during a demanding verbal fluency
task, to test the effect of cognitive loading on task performance. For both purely proprioceptive tasks, pet-
formance remained statistically unchanged (Figure 3.11.a). For the combined tactile and proprioceptive
task, performance was diminished, in accordance with the anecdotal reports that judging object compliance
was more challenging, requiring higher focus. In all cases, tasks were performed above chance level, even in
the presence of cognitive loading (Figure 3.11.b, c and d).

a Experimental setup b Task performance with touch and proprioception (n=2) c Proprioception only control condition (n=1)

ss —small soft  sh—small hard

® @

Is—large soft  Ih—large hard

UK

d Representative position information and pressure information e Touch only control condition (n=1) f Compliance by size (n=1)

— Small object
; :
- —force

100%

5

@
3

s

50%

o
o
5

N
S

5 5
= =
F H
g N
© ©
o 2
£ 2
8 3
o o
S S
w w

Correct identifications [%]
5
Correct identifications [%]

o
9
%

0%

size compliance ss sh Is Ih size compliance
Object presented Object feature Object presented Object feature

Overall performance: 75.5% correct Overall performance: 41.3% correct

large & soft large & hard small & soft small & hard

Ih X
3 . @ 60
- *® C —
3 - i g sxw
3 ' J 2 3 = © 'y 20
o 4 1 s 2ls 5] 3]
I (0 @ B o = 9
L5} t ! =% £ Ec 0
® b= =]
= ] 0 g 2 = g8
S g 8 3 B g Large object
2 ! & geh = 5 5100 %
g 1 5 3 © © 8o
8 o g ® g 3% 6 ) L
(& T o AL (S
© \ 3 s o 4 '}: 50%
5 | g 2
N~ N = ss sh Is Ih size compliance "
Object presented Object feature
start time [normalised] end touch proprio  both
Overall performance: 27.5% correct Sensory modality

Figure 3.9 | Identification of object size and compliance. (a) schematic representation of the four different objects used during the object size
and compliance task, and how they were labelled (not to scale). (b) overall task performance with both remapped proptioception and touch, for
both subjects, reported as a confusion matrix. The combined performance is shown under the image. Median correct identifications and a 95%
confidence interval for each object feature (size and stiffness) are reported alongside the matrix. Stars identify levels which were statistically different
from chance level. A total of 220 repetitions were performed with two subjects (40 for Subject 1 and 180 for Subject 2). (c) performance during
the same object size and compliance task when only proprioceptive feedback is provided. A total of 80 repetitions were performed with Subject 2.
(d) representative force and position traces, as measured by the robotic hand, for each object type. The full lines represent hand position (0°-110°),
while the dashed lines represent measured force (normalized). The four patterns are not contiguous (illustrated by dashed lines), but the relative
duration of each pattern is conserved, to allow meaningful comparison of the slopes. (e) performance during the same task when only touch feedback
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Multi-joint proprioception task (n=1)
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Figure 3.10 | Multi-joint proprioceptive task performance. Confusion matrix showing the overall performance measured during the multi-joint
proprioception task. The labels indicate the type of objects presented; ss: small and small, sl: small and large, Is: large and small, 1I: large and large. A
breakdown of the performance by object is also shown, with 95% confidence intervals. A total of 80 repetitions were obtained with Subject 2.
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Figure 3.11 | Functional tasks performed under increased cognitive load. (a) the word rate for each of the functional tasks. 80 repetitions of
the object size task were performed under cognitive loading, 60 repetitions of the object size and stiffness task, and 80 of the multi-joint proprio-
ception task. Also shown is the overall performance for the three tasks with cognitive loading and without (cognitive loading is indicated with a
lowercase “c”). (b) detailed performance information for the object size task performed under cognitive loading, shown as a confusion matrix and
a breakdown of correct identifications for each object with 95% confidence intervals. A total of 80 repetitions were done with Subject 2. (c) detailed
performance for the object size and stiffness task performed under cognitive loading, with a confusion matrix and a breakdown of the performance
per object feature with 95% confidence intervals. A total of 60 repetitions were done with Subject 2. (d) detailed performance of the multi-joint
proprioception task performed under cognitive loading, with a confusion matrix and a breakdown of cortect identifications per object type with
95% confidence intervals. A total of 80 repetitions were done with Subject 2.

3.4 Discussion

The TDPM experiment indicates that intraneural sensory substitution is capable of restoring high proprio-
ceptive acuity, defined as the subjects’ ability to perceive small changes in hand aperture (conveyed as small
changes in injected current). Indeed, previous results have shown that healthy individuals obtain TDPM
values for single finger joints between 6.5 and 1.5 degrees (Hall and McCloskey, 1983). Although these
results are not directly comparable, it is interesting to note that our approach enabled Subject 2 to obtain an
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acuity within this range, while Subject 1 obtained a slightly lower acuity. This indicates that the bandwidth
of the remapped position sense, which in this case is driven by the subject’s ability to discriminate changes

in current amplitude, may be sufficient for a wide range of functional tasks.

Furthermore, high JAR values demonstrate that the subjects are capable of exploiting the precise infor-
mation provided via sensory substitution during an active task, to efficiently close the loop. The median
joint angle reproduction errors measured during the experiment (8.6 and 9.9 degrees) were consistent with
the subjects fully exploiting the precise position information they received. The slightly higher errors ob-
tained, when compared with the passive ability to perceive the degtee of aperture of the robotic limb as
measured by TDPM, are likely explained by the subject’s inability to perfectly control their prosthetic limb.
In fact, despite the imprecision introduced by the controller delay (approximately 100ms), the JAR errors
compare favorably to results obtained with healthy individuals, where the matching error for the metacar-
pophalangeal joint was measured between 5.94 degrees and 10.9 degrees (Ferrell et al., 1992; Wycherley et
al., 2005).

Functionally, this ability to accurately sense hand aperture, even during active movements, translated into
high performance during the object size sensing task. Indeed, both subjects were able to fairly easily recog-
nize the four different cylinders presented to them, despite this task being impossible to achieve without
sensory feedback. This laboratory based object exploration task maintained some of the characteristics a
patient is likely to encounter during everyday life, such as the necessity to identify an object despite not
having access to visual cues (e.g. moving in the dark or grabbing an object from inside a bag). The fact that
sensory substitution can provide functionally meaningful information during a simplified object exploration

task offers promise that such an approach could lead to clinical benefits for prosthesis users.

Interestingly, the ability to interpret the provided position information was preserved even when we intro-
duced an additional feedback variable, namely somatotopic tactile feedback. We demonstrated that each
feedback variable mainly informed the user about one of the object’s physical properties (compliance or
size). Specifically, touch feedback informed about object compliance, while position feedback provided in-
formation about object size. The performance obtained by both subjects was higher than previous results
reported in the literature (Horch et al. reported approximately 54% correct identification in one patient)
using direct elicitation (Horch et al., 2011), indicating that sensory substitution may be more effective at
restoring position information. The high bandwidth of the proprioceptive sensory substitution channel re-

ported here may help explain these differences.

We carefully designed control conditions to eliminate the most obvious potential bias, which was the pos-
sibility that the subjects were relying on timing as a proxy for hand aperture. The results reported here
indicate that this was not the primary strategy employed by the subjects, as performance remained un-

changed despite significant and randomized modifications of the robotic hand’s actuation speed.

Surprisingly, even under cognitive load, the subject’s ability to interpret the remapped position information
remained high. The sense of limb position and movement arises from a complex interplay between various
afferent signals, coming from the skin, muscle spindles, Golgi tendon organs and joint capsules (Gandevia
and McCloskey, 1976; Gandevia et al., 1983; Macefield et al., 1990; Prochazka, 2015). To this day, the exact
contribution of each of these factors remains debated (Gandevia et al., 1983). In the case of the hand,
cutaneous information is believed to play a major role (Macefield et al., 1990). In this study, the channels
used to deliver proprioceptive information resulted in cutaneous sensations referred to the palm and stump.
Since skin stretch mediates proprioception in the healthy hand, using cutaneous channels for artificial pro-
prioceptive feedback may arguably not be entirely non-somatotopic, perhaps helping to explain the limited
cognitive burden reported here.

To extend the main results of this study, we showed that the sensory substitution approach presented here
can be generalized to more than one degree of freedom. The limit of how many simultaneous degrees of
freedom could be restored using this approach remains an open question. However, the limited cognitive
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load shown for the use of one or two channels indicates that it might be possible to further increase the

number of restored channels while maintaining good performance.

Finally, current implantable nerve stimulation systems have high redundancy, usually offering dozens of
actives sites over all electrodes. In practice, only a fraction of these active sites are used for tactile feedback.
Our approach takes advantage of an existing implant by exploiting unused channels. This makes it easier to
implement a multimodal feedback scheme on top of existing sensory neuroprostheses with minimal added

cost and engineering burden.

This study shows that trans-radial amputees can effectively exploit a hybrid multimodal stimulation ap-
proach, which combines somatotopic feedback (touch) with sensory substitution (remapped propriocep-
tion). The functional results demonstrate that the two streams of information can be used simultaneously
to achieve high task performance. Our results pave the way towards more sophisticated bidirectional bionic
limbs conveying rich, multimodal sensations.

3.5 Materials and methods

3.5.1 Patient recruitment and experiment logistics

Two amputees participated in the study (a 54-year-old female with a left wrist disarticulation incurred 23
years prior to the study, and a 54-year-old female with a proximal left trans-radial amputation incurred 2
years prior to the study). Ethical approval was obtained by the Institutional Ethics Committees of Policlinic
A. Gemelli at the Catholic University, where the surgery was performed. The protocol was also approved
by the Italian Ministry of Health. Informed consent was signed. During the entire length of our study, all
experiments were conducted in accordance with relevant guidelines and regulations. This study was per-
formed within a larger set of experimental protocols aiming at the treatment of phantom limb pain and
robotic hand control. The clinical trial’s registration number on the online platform www.clinicaltrials.gov
is NCT02848840.

The data reported in this manuscript was obtained over a period of several days in two amputees. The first
patient (Subject 1), was recruited as a pilot case towards the end of an ongoing long-term study of intraneural
electrodes (5 months after implantation), and performed a more limited number of experiments (particulatly
with regards to control conditions). Subject 1 performed all experiments reported here over a period of four
days (divided in two sessions of 2 back-to-back days over two weeks), although each type of experiment
was not performed more than once (there is no data for the same expetiment over multiple days). The
second patient, (Subject 2), was recruited at an earlier stage (2 weeks after implantation), performed a larger
number of trials and a more complete set of control experiments. All data for Subject 2 was obtained over
a period of 6 days (sessions spread over a period of six weeks), with several experiments grouping data over
multiple days (and allowing a comparison of performance over days, as shown in Figure 3.8.a).

3.5.2 Bidirectional setup and prosthesis control

For the functional tasks, subjects were fitted with a custom bidirectional research prosthesis, allowing con-
trol of hand opening and closing by processing surface electromyographic (sSEMG) signals, and providing
sensory feedback by means of electrical stimulation of the peripheral nerves. A robotic hand with tension
force sensors integrated within each digit IH2 Azzurra, Prensilia, Italy) was controlled using a custom,
multithreaded C++ software running on a RaspberryPi 3 single board computer (Raspberty Pi Foundation,
UK). A recording and stimulating device (Neural Interface Processor, Ripple, LLC, US) was also connected
to the central single board computer, acquiring sSEMG data from two or four bipolar channels, and providing
stimulation outputs to the four neural electrodes. Custom moulded sockets were built with integrated screws
to easily fix the robotic hand on the end. Holes were drilled to allow for the placement of SEMG electrodes
on the stump.
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For prosthesis control, a simple 3 state (open, close, rest) threshold controller was used for Subject 1, and
Subject 2 used a KNN (k=3) classifier with 3 classes (Fougner et al., 2012). Two or four bipolar channels
of sSEMG were acquired from forearm residual muscles (for Subject 1 and 2 respectively), where palpation
was used to place the electrodes in the optimal positions. The sEMG data were acquired with a sampling
frequency of 1 kHz, and filtered using an IIR filter with 4% order Butterworth characteristics, between 15
and 375 Hz, as well as a notch filter to remove 50 Hz power hum. For the threshold controller, the mean
absolute value (MAV) was computed for each channel, and a threshold was set manually to indicate when
the hand should be opened or closed. the amplitude of the sSEMG signal (MAV) controlled hand actuation
speed (proportional control). For the KNN classifier, the waveform length was computed over a window
of 100ms for each channel and fed to the classifier every 100ms. The decoded class was used to send open

or close commands to the prosthesis.

3.5.3 Tactile feedback based on intraneural electrical stimulation

Both subjects were implanted with four TIMEs in the median and ulnar nerves (two per nerve), above the
elbow, each with 14 active sites and two counter electrodes on the substrate (Boretius et al., 2010). A total
of 56 actives sites per subject were thus available. After an extensive mapping phase, during which the
stimulation parameter space (defined by the following variables: electrode, active site, stimulation amplitude,
stimulation pulse width and frequency) was explored, a relationship between stimulation parameters and
sensation quality, location and intensity was established, as described in Raspopovic et al., where an analo-
gous preparation was used (Raspopovic et al., 2014). Briefly, for every active site, injected charge is increased
progressively at a fixed frequency and pulse width, by changing the stimulation amplitude. If the range
afforded by the selected pulse width and the maximum deliverable current amplitude (imposed by the stim-
ulator) is too small, the pulse width is incremented and the same thing is done again. The threshold for
minimum sensation is noted as soon as the subject detects any sensation related to the stimulation. The
maximum parameters are saved when the sensation becomes painful, starts inducing a muscle twitch or
simply if the patient does not feel comfortable increasing it further. This is repeated three times per active
site, giving an average value. These two values, threshold and maximum, are saved for every active site, and
can later be used when choosing a modulation range. The effects of changing frequency were not investi-
gated in this work, and it was always fixed at 50Hz. Injected current levels were always below the chemical
safe limit of 120nC for each stimulation site.

During the experiments reported in this work, a single tactile channel was used for sensory feedback in both
subjects at any given moment (the optimal electrode and active site for the experiments were chosen every
week based on the sensations reported by the subjects, and were not always the same). The measured force
applied by the prosthetic digits was encoded using a linear amplitude modulation scheme, designed to asso-
ciate perceived stimulation intensity with measured force. Parameters were chosen in such a way as to opti-
mally cover the whole dynamic range of sensations reported by each subject. For Subject 1, tactile feedback
was provided using charge-balanced, square pulses with an amplitude between 230uA and 500uA, and a
pulse width duration between 80us and 120us, which resulted in a sensation of vibration referred to the base
of the middle finger. For Subject 2, tactile feedback was provided using an amplitude between 90uA and
980uA, and a pulse width duration between 50us or 200us depending on the day, which always resulted in
a sensation of pressure or contraction referred to most of the ulnar innervation area (although less intense
over the fourth finger). A more detailed set of parameters is provided in the Figure 3.2.b. Only two sets of
parameters were used simultaneously at any given time (one for each feedback channel). The high number
of parameters reported in the table are a result of changes in parameters between days and sessions, espe-
cially for Subject 2 who petformed these experiments soon after implantation, when stimulation parameters
may still vary significantly from day to day. Indeed, the mapping procedure was repeated every week, often

leading to the discovery of better active sites and sensations which were then used during the experiments.

For the typical time scales involved in our experiments (trials lasting in the order of minutes), neither of our
subjects reported relevant changes in sensation intensity, which would indicate the presence of adaptation.
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Indeed, such effects were anecdotally observed only for much higher stimulation durations (tens of

minutes). For all practical purposes, adaptation was insignificant during our experiments.

3.5.4 Sensory substitution for proprioceptive feedback

To convey position information to the subjects, sensory substitution was employed. To avoid any cross-talk
with tactile feedback, an active site resulting in a sensation which was not referred to the fingers was used.
In Subject 1, the selected stimulation parameters resulted in paraesthesia located in the lower palm area,
while in Subject 2, the area involved was the medial part of the forearm, occasionally extending into the
lower palm and wrist. Encoding of the position information retrieved from the robotic hand (a value be-
tween 0-255, corresponding to hand aperture angles of 0-110 degrees, as measured on the robotic hand)
was achieved using a simple linear encoding scheme. After establishing a suitable modulation range for each
selected active site, the hand position value was used to modulate stimulation amplitude, while pulse-width
and frequency were kept constant (f = 50Hz). Amplitude modulation resulted in changes to the perceived
sensation intensity. The range of parameters used for stimulation were as follows: an amplitude between
230pA and 260uA, and a pulse width duration of 80us for Subject 1, and an amplitude between 100pA and
600pA, and a pulse width duration of 100us or 200us depending on the day for Subject 2.

Both subjects underwent a brief learning session (<20 min) to help map the stimulation intensity to the
prosthesis opening angle. We first instructed each subject to explore the new information by looking at the
robotic limb while it was passively opened and closed. Then, we turned the control on and instructed the
subjects to actively explore their environment, grasping various objects and performing opening and closing
movement with the prosthesis. Both subjects quickly expressed confidence in interpreting the sensation, as
well as a readiness to initiate the trials. Over the entire duration of the trials, the subjective experience
associated with the remapped proprioceptive stimulation remained constant (perceived as paraesthesia or
contraction respectively).

Both subjects reported a complete inability to perform the functional tasks reported in this study when not

provided with sensory feedback.

3.5.5 Threshold to detection of passive motion

During the TDPM task, the robotic hand was moved passively using a software interface controlled directly
by the experimenter. Proprioceptive stimulation was provided during the entire trial. The subjects were
instructed to announce when a movement was felt, and in what direction. Whenever a movement was de-
tected, the initial position and the detection position were saved. Then, after a small pause, the experiment
continued starting from the last position. During these experiments, the subjects were acoustically and vis-
ually isolated, using a sleeping mask and a set of headphones playing music. Falsification trials with no
stimulation were also cartied out. Prosthesis actuation speed was 27.5 deg/s. To eliminate the possibility
that time of actuation was being used as a proxy for degree of closure, a random amount of time was used
between each repetition. Thus, the time between the beginning of each trial and the first movement of the

hand was not fixed.

An important limitation in the setup used to perform the TDPM test with Subject 1 was found « posteriori,
and subsequently resolved for the experiments with Subject 2. Specifically, the software used to generate
passive movements (used for Subject 1) was found to be inaccurate, resulting in an average minimum finger
movement of 9.525.5 degrees. In other words, in the case of Subject 1, when passively moving the hand,
the experimenter could not generate movements smaller than 9.5° on average. Consequently, if the “true”
TDPM accuracy was lower than this (as it was found to be for Subject 2) our experimental setup would not
have been accurate enough to measure it. This is an important limitation to keep in mind when looking at
the TDPM results for Subject 1. For Subject 2, the control algorithm for passively moving the hand was
modified to ensure that the minimum finger displacement would be of lower magnitude (1.25 degrees,

fixed).
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3.5.6 Joint angle reproduction

We performed two variants of the JAR test. In the first variant, the subjects were instructed to bring the
hand to one of four self-selected positions. Before starting the experiments, we asked each subject to show
us the chosen positions using their intact hand. This was done to ensure they had understood the task.
During the rest of the trial, the positions were recalled from memory. For every requested position, the final
position of the hand was recorded, and after a brief pause, the next position was requested (the same posi-
tion was never asked twice in succession). Subject 2 performed an additional set of control trials, where the
prosthesis actuation speed was randomly drawn from a set of three possible speeds (22, 43 and 68 de-
grees/s).

In the second JAR variant, there were no pre-defined positions. Instead, the robotic hand was closed to a
random and continuous position passively by the experimenter, and the subjects could “feel” the sensation
for a few seconds. The hand was then opened again, and the subjects were instructed to bring it back to the
same position actively. Both the initial position and the reproduced position were recorded, before the next
repetition would start. During all variants, the subjects were acoustically and visually isolated, as described
above. Additionally, falsification trials with no stimulation were carried out. As with the TDPM task, the
time between the beginning of each trial and the first movement of the hand was not fixed during the last
JAR wvariant (this was impossible during the first variant, since the trial was initiated by the subject).

3.5.7  Object size identification

During the size identification task, four 3D printed cylinders of equally spaced diameters were used (2cm,
4.33cm, 6.66cm and 9cm, referred to as sizes very small, small, large, and very large, respectively). The choice
of four cylinders was based on pilot results which indicated that using a smaller number would result in the
task not being challenging enough (Figure 3.8.b). After being acoustically and visually isolated, both sub-
jects were asked to close the robotic hand, while one of the four objects was placed in its grip. The subjects
announced which object was thought to be held in the hand, and both the actual object and reported object
were recorded. A simple control trial with no stimulation was also carried out. Additionally, Subject 2 per-
formed a series of control trials. First, the same task was carried out using only tactile feedback. Second, the
task was performed with both tactile and proprioceptive feedbacks together. Finally, the task was performed
while prosthesis actuation speed was randomly drawn from a set of three possible speeds (43, 68 and 86
degrees/s).

To establish a baseline accuracy of natural hand proprioception, five right-handed healthy subjects were
recruited to perform the same size recognition task. Their right arms were placed in a fixed position on a
table, allowing for palmar grasps. To more closely match the experiment performed with the robotic limb,
the objects were presented in such a way that they would not touch the thumb, being wedged instead be-
tween the fingers and the palm.

3.5.8  Combined size and compliance identification

The combined size and compliance identification task was performed the same way as the object size iden-
tification experiment described above. Here, the objects had two different sizes and two different compli-
ances (hard 3D printed plastic and soft foam), allowing a total of four different combinations. In addition
to the proprioceptive stimulation provided in all the other experiments, touch feedback was delivered by
means of electrical nerve stimulation during this trial. Both subjects performed this task. In addition to the
base task, Subject 2 performed two control conditions. In the first, the same task was performed while only
proprioceptive feedback was turned on. In the second, the same was done with only tactile feedback turned

on.

To establish a baseline accuracy of natural hand proprioception, two right-handed healthy subjects were

recruited to perform the same size recognition task.
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3.5.9 Multi-joint proprioception task

Instead of providing one channel of tactile feedback and one channel of proprioceptive feedback, as in
previous tasks, Subject 2 also performed a task where two channels of proprioceptive feedback were pro-
vided simultaneously. In this case, one channel encoded the degree of closure of the median area (first three
fingers), while the second channel encoded the degree of closure of the ulnar area (last two fingers). In this
case, two channels giving distinct sensations on the forearm were used, with the same overall approach
described above. With this multi-joint feedback, Subject 2 was asked to recognize four conditions: two small
objects placed in the median region and ulnar region, a small object placed in the median region and a large
object placed in the ulnar region, the opposite condition with the small object in the ulnar region and a final
condition with two large objects. The rest of the task’s details were kept identical to the object size experi-

ment described above.

3.5.10 Cognitive load task

All functional tasks were repeated under increased cognitive load with Subject 2. A verbal fluency task was
performed alongside the experiments, where the subject was given a letter, and was asked to say words
starting with the chosen letter as quickly as possible. The average spoken word rate was computed for each
task (words/minute) to confirm that the subject was constantly performing the verbal task with the same
intensity. Task performance for each type of experiment (object size, object size, and compliance and multi-
joint proptrioception) was measured the same way as during the non-cognitive loaded tasks, to compare the

effect of performing a mentally demanding task in parallel with each of the functional experiments.

3.5.11 Statistics and data analysis

All data was analyzed using Matlab (R2016a, The Mathworks, Natick, US). All statistics were performed
using the available built-in functions. A one-sample Kolmogorov-Smirnov test was used to determine if the
datasets associated with the various experiments were normally distributed. None of our datasets passed the
test as they are highly asymmetrical due to the nature of the tasks. We therefore used non-parametric altet-
natives (Kruskal-Wallis instead of Anova) and reported the median and inter-quartile range instead of the
average and standard deviation. All reported p-values resulting from Kruskal-Wallis tests measure the sig-
nificance of the chi-square statistic. When appropriate, multi group correction was applied using Tukey's
Honestly Significant Difference Procedure (multcompare(), Matlab). Spearman's rank correlation coefficient
was used to test if the scatter plots shown in Figure 3.3 had correlation values significantly different from
0. Spearman's rank cotrelation was used instead of Pearson's linear correlation coefficient which assumes
normality. To measure the spread of data in the JAR experiments (Figure 3.3), the robust and non-para-
metric median absolute deviation from the median (MAD) was used. In Figure 3.3.f, a Kruskal-Wallis
statistic was computed to test the hypothesis that the measured deviation was dependent on the position
tested. A multiple comparison correction was applied. Levels that were found to be statistically different are
marked with a star (p < 0.05). All plots representing median and 95% confidence interval in Figure 3.5.b,
¢, e and f and Figure 3.9.b, c, e and f were generated using a binomial parameter estimate, with chance
level being estimated at 25% for correctly recognizing one amongst four objects, and 50% for correctly
identifying one feature (hard vs soft, big vs small). Non-ovetlap of 95% confidence intervals was used as a
sufficient criterion to identify statistically significant differences, while a Fishet’s exact test was used in cases
where it was not possible to draw conclusions directly from the intervals (i.e. 95% confidence interval over-
lap). Additional details about the number of repetitions for each experiment are reported in the correspond-
ing figure legends. When random numbers were needed (e.g. generating object presentation sequences),

random permutations of an equi-populated sequence (randpern (), Matlab) were used.

3.6 Conclusion

This study demonstrated an effective multimodal sensory feedback system capable of providing functionally
useful tactile and proprioceptive feedback to upper limb amputees. As we discussed in Chapter 1, restoring
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homologous and somatotopic proprioceptive feedback is a very challenging pursuit, which has yet to be
satisfactorily resolved. By exploiting intraneural sensory substitution, we were able to show how existing
state-of-the-art neural interfaces could be repurposed to deliver remapped proprioceptive feedback along-
side with somatotopic tactile feedback.

Despite the drawbacks associated with a non-somatotopic and non-homologous sensory feedback scheme,
we demonstrated that intraneural sensory substitution based proprioceptive feedback unlocked interesting
functional capabilities, which could not be achieved by users who did not receive any form of proprioceptive

feedback.

Considering the difficulty of restoring direct proprioceptive percepts, and the high functional performance
enabled by the delivery of remapped proprioceptive information, we argue that his work presents compel-
ling evidence of actively pursuing sensory substitution for the delivery of multimodal tactile and proprio-
ceptive sensory feedback in upper limb prostheses.

In the next chapter, we will look at how these results on remapped proprioceptive feedback can be replicated
using non-invasive techniques (i.e. TENS), in an approach analogous to what was done for tactile feedback
in Chapter 2.
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In Chapter 3, we introduced a sensory substitution approach to restore proprioceptive feedback by exploit-
ing unused channels in an intraneural implant. This approach led to impressive functional performance
during purely proprioceptive and also mixed tactile and proprioceptive tasks. However, as we discussed in
Chapter 1, sensory substitution can be achieved using a variety of methods, since there is no requirement
for the stimulation to be homologous or somatotopic. As reported in the literature, different sensory sub-
stitution protocols can lead to different levels of performance, presumably because some approaches lead
to more intuitive sensory experiences than others.

In this chapter, we will implement the same proprioceptive feedback approach described in Chapter 3, but
using non-invasive stimulation of the skin (electrotactile) instead of intraneural stimulation. We will explore
whether using electrotactile feedback leads to measurable differences in functional performance and pros-
thesis embodiment. In a similar fashion to the setup presented in Chapter 2 (based on TENS), the approach
presented in this chapter could more readily be implemented in clinical practice, since it does not rely on
implanted interfaces. However, the question we wish to answer here is whether using intraneural stimulation
for sensory substitution of proprioception leads to any advantages that may provide further support for the
use of invasive sensory feedback strategies (in addition to the advantages offered in the context of tactile

feedback, namely the ability to restore high resolution, somatotopic and potentially homologous touch).

The contents of this chapter are adapted from the manuscript D’Anna et al., “Comparing sensory substi-
tution based position feedback delivered using either invasive or superficial electrical stimulation,” currently
under consideration.

Personal contributions as first author: conceived the experiments, prepared the protocols and the experi-
mental setup (hardware and software), conducted the experiment, analysed the results, prepared the figures

and wrote the manuscript.
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Comparing sensory substitution based position feedback delivered
using either invasive or superficial electrical stimulation

Edoardo D’Anna!, Giacomo Valle!2, Alberto Mazzoni2, Ivo Strauss?, Francesco Iberite?, Jérémy Patton!,
Francesco Petrinil, Stanisa Raspopovic!, Giuseppe Granata’, Riccardo Di lorio3, Marco Controzzi2, Chris-
tian Cipriani?, Thomas Stieglitz*, Paolo M. Rossini?5, and Silvestro Micera!-2*

Bertarelli Foundation Chair in Translational Neuroengineering, Centre for Neuroprosthetics and Institute
of Bioengineering, School of Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzetland.

2The Biorobotics Institute, Scuola Superiore Sant'Anna, Pisa, Italy.

3nstitute of Neurology, Catholic University of The Sacred Heart, Policlinic A. Gemelli Foundation, Roma,
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4Laboratory for Biomedical Microtechnology, Department of Microsystems Engineering—IMTEK, Univer-
sity of Freiburg, Freiburg D-79110, Germany.

5Brain Connectivity Laboratory, IRCCS San Raffaele Pisana, Roma, Italy

4 1 Abstract

Objective. Restoring sensory feedback in upper-limb prostheses is critical in the pursuit of high functional
performance, heightened embodiment, and improved limb acceptance. While early efforts have focused on
the restoration of tactile information, recent studies have shown the benefits and feasibility of providing
proprioceptive information, either alone or in combination with tactile feedback. More specifically, sensory
substitution based on intraneural stimulation has been used by our group to provide position feedback to
amputees. Here we show the possibility of providing position feedback using non-invasive electrical stimu-
lation, and we highlight the differences between a sensory substitution scheme based on non-invasive strat-
egies compared to an analogous scheme based on intraneural stimulation.

Approach. We used non-invasive electrical (electrotactile) stimulation of the skin as a source of sensory
substitution to provide position information to one uppet-limb amputee, while simultaneously delivering

tactile feedback using intraneural stimulation.

Main results. Here we show that proprioceptive sensory substitution can also be achieved using electro-
tactile stimulation of the skin. We perform a quantitative comparison of invasive and non-invasive sensory
substitution strategies for position feedback, and show that overall performance is comparable. However,
we also highlight significant differences in terms of sensitivity and prosthesis embodiment.

Significance. Our results demonstrate that non-invasive electrical stimulation can be used to restore pro-
prioceptive feedback in upper-limb amputees, and highlight the key differences with invasive strategies.
These insights may help guide the development of future multimodal prosthetic limbs.

4.2 Introduction

Myoelectric prostheses allow upper-limb amputees to perform a limited number of functional tasks. These
devices exploit the user’s residual forearm muscles to extract movement intention (Zecca et al., 2002). De-
spite the availability of sophisticated prosthetic hands, a large share of the amputee population rejects them,
citing the lack of sensory feedback as a major issue (Biddiss and Chau, 2007; Engdahl et al., 2015). Several
research groups have led efforts to provide tactile feedback to amputees by exploiting implanted electrodes
(Ortiz-Catalan et al., 2014; Raspopovic et al., 2014; Tan et al., 2014), surface electrical stimulation (Chai et
al,, 2015; D'Anna et al., 2017) and sensory substitution (Dosen et al., 2017; Kaczmarek et al., 1991). These
eatly efforts have been focused on the restoration of tactile information. Recently, restoring proprioceptive
information has become an important focus, and has been achieved using intraneural stimulation based
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sensory substitution (D'Anna et al., 2018) and muscle vibration (Marasco et al., 2018). The major challenge
with providing position information is the limited ability of current neural interfaces to elicit homologous
and somatotopic proprioceptive sensations (i.e. where the quality and location of the sensation match the
naturally occurring one) (Raspopovic et al.,, 2014; Tan et al., 2014; Davis et al., 2016). A small number of
studies have reported proprioceptive percepts using neural stimulation of the peripheral nerves, but with
low reproducibility and limited functional results (Horch et al., 2011; Pistohl et al., 2015; Schiefer et al.,
2010).

One hypothesis for this difficulty is the proximity of proprioceptive afferents (Ia and type 1I sensor fibers)
and motor neurons innervating the same muscle within the nerve, making it difficult for current neural
interfaces to selectively active one without also activating the other (D'Anna et al., 2018). Furthermore,
microstimulation of proprioceptive afferents has been shown to be insufficient for inducing proprioceptive
percepts, while microstimulation of cutaneous afferents leads to localized referred sensations on the skin
(Macefield et al., 1990). This evidence indicates that reliably eliciting proprioceptive sensations using neural
stimulation may require neural population level encoding considerations which are not strictly necessary in
the case of tactile feedback.

Since direct neural stimulation does not appear to be a viable and robust method for providing homologous
and somatotopic proprioceptive feedback with current neural stimulation protocols, other approaches have
been proposed, such as exploiting the muscle tendon vibration illusion (Burke et al., 1976; White and Proske,
2008), as shown by Marasco and colleagues (Marasco et al., 2018). Although promising, this technique may
not prove to be clinically viable, as the vibration itself often induces parasitic tactile sensations on the phan-
tom hand, especially in the case of targeted muscle reinnervation. Another approach, proposed by our own
group, involves using sensory substitution to provide position information through a neural interface, ex-
ploiting unused active sites to convey the additional information alongside tactile feedback (D'Anna et al.,
2018). Sensory substitution has been used extensively in a large number of applications, with generally pos-
itive results (Bach-y-Rita et al., 1969; Bach-y-Rita and W Kercel, 2003; Kaczmarek et al., 1991). We recently
reported promising functional results using this approach. We showed how intraneural electrical stimulation
based sensory substitution can exploit redundant tactile channels (which are unused in a typical neural im-
plant destined for tactile feedback), thus removing the need for additional sensory feedback systems (e.g.
vibrotactile, electrotactile). However, since sensory substitution can be implemented using a large number
of approaches (i.e. using any other sensory modality to the one being substituted), we wanted to evaluate
the hypothesis that another sensory substitution approach (in this case, electrotactile stimulation) would
result in similar functional performance. Furthermore, we hypothesized that different sensory substitution
channels may be able to convey different amounts of information to the subject (i.e. feedback channel
resolution), therefore potentially leading to differences in the effectiveness of each approach in encoding

proprioceptive information during functional tasks.

4.3 Materials and Methods

4.3.1 Patient recruitment

A single patient participated in this study after providing her informed consent: a 54-year-old female with a
proximal left trans-radial amputation incurred 2 years prior to the study. Ethical approval was obtained by
the Institutional Ethics Committees of Policlinic A. Gemelli at the Catholic University, and the protocol
was approved by the Italian Ministry of Health. All experiments were conducted in accordance with relevant
guidelines and regulations. This study was performed within a larger set of experimental protocols designed
for the treatment of phantom limb pain and robotic hand control. The clinical trial’s registration number
on www.clinicaltrials.gov is NCT02848846. The patient who participated in this study was the same subject
(subject 2) desctibed in D’Anna et al. (D'Anna et al., 2018).
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4.3.2 Bidirectional setup and prosthesis control

The bidirectional control setup is described in detail in (D'Anna et al., 2018). Briefly, for prosthesis control,
surface electromyographic signals were acquired from the forearm muscles and decoded using a KNN clas-
sifier (3 classes). The decoded movement was sent to a prosthetic hand (IH2 Azzurra, Prensilia, Italy),
equipped with tension and position sensors in each digit. Based on the recorded position and tension infor-
mation, stimulation pulses were delivered through the four TIME electrodes.

4.3.3 Tactile feedback based on intraneural electrical stimulation

Intraneural tactile feedback was delivered using the same setup described in (D'Anna et al., 2018). Briefly,
the subject was implanted with four TIMEs, two in the median nerve and two in the ulnar nerve (above the
elbow). Overall, 56 active sites were available (14 per electrode). After an extensive mapping phase, as de-
sctibed in (D'Anna et al., 2018), we identified the optimal parameters for each channel, such as perceptual
threshold stimulation charge and pain thresholds. Stimulation frequency was always fixed at 50Hz, and
injected current levels were always below the chemical safe limit of 120nC. To achieve sensation modulation,
the injected charge was modulated by changing the injected current amplitude. Stimulation amplitudes be-
tween 90uA and 980uA, and a pulse width duration between 50us or 200us were used depending on the
day. In all cases, the resulting sensation was described as pressute or “contraction” referred to most of the
ulnar innervation area (although less intense over the fourth finger).

A single channel was used for tactile feedback. However, the active site used for tactile feedback was not
necessarily the same each week, since the optimal configuration was established during the weekly mapping
procedure. More detailed information about the active sites and referred sensations is available in (D'Anna
et al., 2018).

4.3.4 Sensory substitution for proprioceptive feedback

Both non-invasive and invasive sensory substitution were used to convey proprioceptive information to the
subject (Figure 4.1). The novelty of this work was the introduction of non-invasive electrical stimulation to
perform sensory substitution (to serve as a comparison point to invasive sensory substitution), and this

section will therefore primarily focus on the methodological aspects relating to non-invasive feedback.

Invasive electrical stimulation based sensory substitution, used for comparison purpose in this work, was
taken from our previous study (D'Anna et al., 2018). We therefore invite the reader to refer to the relevant
sections of that paper for more in depth methods. Briefly, for invasive sensory substitution, an active site
which resulted in a referred sensation of paraesthesia located in the lower palm, wrist and forearm areas was
used to encode position information. The whole hand aperture (value between 0 and 255) was encoded
using linear amplitude modulation of the injected cutrent. The amplitude used varied between 100pA and
600pA, with a pulse width duration of 100us or 200us depending on the day. The subject underwent a brief
learning session (<20 min) to learn to associate the sensation with the degree of closure of the hand. In the
absence of sensory feedback, the subject reported a complete inability to perform the functional tasks re-
ported in this study.

For non-invasive sensory substitution, electrotactile stimulation was used (Szeto and Saunders, 1982). A
surface stimulator (RehaStim, Hasomed, Germany) was used to deliver square charge balanced biphasic
pulse trains with a fixed frequency (50Hz). A pair of stimulation electrodes were placed on the shoulder of
the subject (PALS neurostimulation electrodes, Axelgaard, US, round, 2.5cm diameter), in such a way as to
elicit only in-loco sensations under the electrodes (without distally referred sensation as described in
(D'Anna et al., 2017)). Perceptual thresholds and pain thresholds were identified using the same approach
used for intraneural stimulation and described in (D'Anna et al., 2018).

In the case of non-invasive sensory substitution, the prosthetic hand’s finger position was encoded using
pulse-width modulation of the delivered pulses. Pulse-width modulation was used rather than current
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amplitude modulation, simply because the RehaStim stimulator offers finer control over pulse-width than
amplitude (amplitude in steps of 2mA, pulse width in steps of 20us).

a Electrical stimulation approaches b Sensory substitution data flow
superficial and intraneural superficial and intraneural

/

Electrotactile sensation
. superficial electrode

Surface stimulator
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50Hz and 12mA

Example parameters

Prosthetic hand movement
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Referred sensation Finger position readout
intraneural electrode

Position feedack Position feedback
TIME electrode superficial intraneural
Active site 6
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Example stimulation parameters modulation Current (4A) modulation
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Figure 4.1 | General overview of the two sensory substitution approaches. (a) sensory substitution is performed either using electrotactile
stimulation, where surface electrodes stimulate the skin electrically (i.e. sensation is located right under the electrode), or intraneural stimulation,
where implanted neural electrodes elicit referred sensations perceived on the phantom limb. (b) position information is recorded as the prosthetic
hand moves and interacts with objects. The position information is then transmitted to the user using either of two approaches: superficial stimula-
tion (electrotactile), where the degree of closure of the robotic hand is conveyed using pulse-width modulation, or intraneural stimulation, where
the degree of closure of the robotic hand is conveyed using amplitude modulation.

4.3.5  Threshold to detection of passive motion (TDPM)

During the TDPM task, the subject was asked to report when he felt the robotic hand had moved. The
hand was passively moved (subject hand control was disabled during TDPM) using a software interface
controlled directly by the experimenter. The experimenter generated small movement steps (1.25 degrees
pet step, hand actuation speed set at 27.5 deg/s) in a randomly chosen direction (hand opening or closing).
The hand was moved in the chosen direction until the subject reported a detection, or the end of the range
of motion was reached. Proprio- ceptive stimulation was provided during the entire trial. Whenever a move-
ment was detected, the initial position and the detection position were saved. After a brief pause, the exper-
iment was resumed starting from the last position. During all functional experiments, the subject was acous-
tically and visually isolated using a sleeping mask and a set of headphones playing music. The time between
the beginning of each trial and the first movement of the hand was not fixed.

4.3.6 Object size task

The object size task required the subject to identify one of four 3D printed cylinders, which differed in
diameter (2cm, 4.3cm, 6.6cm and 9cm, referred to as sizes very small, small, large, and very large,
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respectively), as shown in Figure 4.3.a. The subject, while visually and acoustically isolated, was asked to
close the robotic hand (through a tap on the shoulder), while one of the four objects was placed in the
prosthetic hand. The subject opened the hand as soon as the object was identified, and the answer as well

as the actual object were recorded.

Additionally, the same task was repeated with two channels of proprioceptive feedback (multi-joint). In this
case, the two remapped sensations were delivered using two stimulation sites leading to distinct spatial sen-
sations (two different locations on the shoulder for electrotactile stimulation, and two different forearm
locations for intraneural stimulation). In this case, the task was identical to the single joint case, except that
the four objects were double cylinders (with two different diameters for the two hand regions), with all four

combinations obtained by using the large and small diameters (2cm and 9cm), as shown in Figure 4.3.a.

4.3.7 Object size and compliance task

During the combined size and compliance task, the subject had to identify objects with different sizes and
compliances. There were two possible sizes (the large and small objects from the object size task) and two
possible compliances (hard 3D printed plastic or soft foam). Considering all combinations, there were four
different objects (Figure 4.4.a). In this case, simultaneous tactile and remapped proprioception feedback

were delivered. The specifics of the expetiment were the same as in the object size.

4.3.8 Embodiment evaluation

The embodiment questionnaire was administered after each type of active task (object size, multi-joint ob-
ject size and object size and compliance tasks). A series of ten questions were used, adapted from previous
studies on prosthesis embodiment to fit our expetiments (proprioceptive feedback instead of tactile feed-
back) (D’Alonzo et al., 2015; Ehrsson et al., 2008; Marasco et al., 2011). Half of the questions were control
questions, designed to dismiss the possibility that the subject was suggestible. The subject was asked to

report how much she agreed with each statement on a scale ranging from 0 (not at all) to 6 (completely).

The five questions which tested embodiment are reported in Figure 4.5. The five control statements were:
“I felt like the stump started to move towatds the robotic hand,” “I felt like I had three hands,” “I felt the
sensation somewhere between the stump and the robotic hand,” “I felt like the robotic hand started to
move towards the stump,” “The robotic hand started to look like my real hand, in terms of shape, skin tone,

or other characteristics.”

4.3.9 Statistics and data analysis

All data was analyzed using Matlab (R2016a, The Mathworks, Natick, US), using available built-in functions
for all statistical tests. A one-sample Kolmogorov-Smirnov test was used to determine if the datasets asso-
ciated were normally distributed. None of our datasets passed the test as they are highly asymmetrical due
to the nature of the tasks (since hand aperture is limited, leading to border effects at both extremes). We
therefore used non-parametric statistics (Kruskal-Wallis instead of Anova) and reported the median and
inter-quartile range instead of the average and standard deviation. All reported p-values resulting from Krus-
kal-Wallis tests measure the significance of the chi-square statistic. When appropriate, multi group correc-
tion was applied using Tukey's Honestly Significant Difference Procedutre (multcompare(), Matlab).
Spearman's rank cortelation coefficient was used to test if the scatter plots shown in Figure 4.2 had corre-
lation values significantly different from 0. Spearman's rank correlation was used instead of Pearson's linear
correlation coefficient which assumes normality. All plots representing median and 95% confidence interval
in Figure 4.3 and Figure 4.4 were generated using a binomial parameter estimate, with chance level being
estimated at 25% for correctly recognizing one amongst four objects, and 50% for correctly identifying one
feature (hard vs soft, big vs small). Non-overlap of 95% confidence intervals was used as a sufficient crite-
rion to identify statistically significant differences, while a Fisher’s exact test was used in cases where it was
not possible to draw conclusions directly from the intervals (i.e. 95% confidence interval overlap). Addi-
tional details about the number of repetitions for each experiment are reported in the corresponding figure
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legends. When random numbers were needed (e.g. generating object presentation sequences), random per-

mutations of an equi-populated sequence (randperm(), Matlab) were used.

4.4 Results

We began by measuring the acuity of the remapped proprioceptive sense, using the TDPM test, in which
the smallest prosthesis displacement required for the subject to perceive the presence of movement is meas-
ured. The median TDPM for position information provided using superficial stimulation was 12.5 degrees
(interquartile range, IQR = 11.8) (Figure 4.2.a). We found a statistically significant correlation between
starting robotic hand position and proprioceptive acuity (p = 0.0003, Spearman’s correlation), indicating
that the subject was able to perceive finer movements when the hand was closer to fully open (low angle

values) than when the hand was closer to being closed (high angle values).
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Figure 4.2 | Threshold to detection of passive motion (TDPM) task. (a) TDPM values are reported for all tested starting positions. Median
TDPM is reported as a dashed line. A histogram of the data, with bin sizes = 1.5°, is shown on the right. A total of 65 trials are shown. (b) a
comparison of TDPM task metrics between the two approaches used for sensory substitution (invasive and supetficial electrical stimulation). Both
median TDPM (shown with IQR) and the number of direction detection etrors are shown (along with the 95% confidence interval). A total of 65
TDPM trials were performed using non-invasive stimulation, while 129 trials were performed using intraneural stimulation.

We then compared these results to the TDPM values obtained when invasive electrical stimulation was used
for sensory substitution, and found a statistically significant (p = 0.00000006, Kruskal-Wallis) in median
TDPM values between the two conditions (Figure 4.2.b). Specifically, proprioceptive acuity was lower
when sensory substitution was provided using non-invasive stimulation, compared to intraneural stimula-
tion. Furthermore, a significant difference was also observed in the number of direction detection errors
(i.e. when the subject correctly detects the presence of movement, but not the direction of the movement),
with errors being more common during non-invasive sensory substitution (p = 0.000000002, Fisher’s exact
test).

After having measured remapped proptioceptive acuity, we performed a seties of functional experiments,
starting with the object size task. Here, subjects were asked to determine the size (radius) of a cylinder placed
in the prosthetic hand, out of four possible sizes (Figure 4.3.a). Overall, the subject recognized the cylinders
with a median accuracy of 81% (Figure 4.3.b). The subject was able to correctly identify all four cylinders
with above-chance performance (chance level not contained in the 95% confidence interval).

We also performed a task involving the identification of two joint positions simultaneously (Figure 4.3.a).
In this case, overall performance was measured at 89% correct answers (Figure 4.3.c). All four objects were
also cotrectly identified with above-chance performance (chance level not contained in the 95% confidence
interval).

When compared to the result obtained when using intraneural stimulation as a source for sensory substitu-
tion, we found no statistically significant difference in task performance (p = 0.83 and p = 0.82, Fisher's
exact test) (Figure 4.3.d).
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a  Experimental setup overview b Object size task performance, superficial stimulation
Object size task 2 100 ¥ *  x *
§ —
& g0}
3 £
H 2 60l
very small small large very large X % _S
(vs) (s) U} (vl) 3 » =
i c 40
O ()
Multi-joint object size task L |
2 § 20 25%
S
° O o
© 1 [ 1 1
Vs s | vi Vs s | vl
small-small small-large large-small large-large Object presented Object presented

&) - ) L) Overall performance: 81% correct

¢ Multi-joint object size task performance, superficial stimulation d Superficial vs intraneural performance

100 Object size Multi-joint object size

- I B 100 B 100

& 8ol 3 3

= %) = =
2 s 8 &0 8 80

2 g %r 2 2
@ b= 8 60 g 60

..6 c 40 c =

) 3 IS ©
ey T —p—— E 40 E 40

= e 9,

a § 20 25% o L
5 3 20 8 20

O o 2 X

[72] [%]
1 1 1 1 ® o © o

s-l I-s -l ss sl s @
Object presented Object presented @{k\" é\e}’
R &
Overall performance: 89% correct > &

Figure 4.3 | Object size tasks and comparative performance. (a) schematic representation of the experimental setup, with both the normal
object size task (above), where all fingers wrap around four objects of different sizes, and the multi-joint object size task (below), where the first
three fingers, and the last two, come into contact with different parts of the objects, which can be of different sizes. The naming convention for
both tasks is also shown. (b) overall performance during the object size task performed with non-invasive sensory substitution, reported in the form
of a confusion matrix (left). Identification performance broken-down by object is reported with 95% confidence intervals (right), and stars identify
levels which were statistically different from chance level. Overall (median) correct identifications are reported underneath the plots. A total of 80
trials were recorded for this task. (c) performance of the multi-joint object size task displayed using the same data presentation structure as in panel
b. A total of 80 trials were recorded for this task. (d) comparison of overall task performance for both the object size (left) and the multi-joint object
size (right) tasks using either supetficial or intraneural stimulation as a source of sensory substitution. A total of 80 trials per task were recorded with
superficial stimulation, while 120 and 80 trials were recorded respectively for both tasks, with intraneural stimulation.

A second, more challenging functional task was also administered to the subject: the object size and com-
pliance task (Figure 4.4.a). In this case, the subject needed to identify both object size and compliance
simultaneously using two streams of information (tactile and proprioceptive). In this case, three encoding
strategies were compared. Indeed, although the aim was to compare the use of superficial and intraneural

electrical stimulation to convey remapped proprioceptive information (as above), in this case we also tested
conveying tactile feedback using either invasive somatotopic stimulation or superficial (Figure 4.4.a).

Opverall performance for the task using the TSPS encoding was 68% correct identifications (Figure 4.4.b),
while performance using the TIPS encoding was 73% correct identifications (Figure 4.4.c). For both TSPS
and TIPS, all objects were recognized above chance level. In both cases, size was recognized with signifi-
cantly higher accuracy than compliance, indicating that the lower performance obtained for this task was
driven by the difficulty in decoding compliance. When comparing all three encoding strategies (Figure
4.4.d), no statistically significant differences in task performance was observed for the different conditions.

Finally, to evaluate the impact of the two types of sensory substitution approaches on subjective prosthesis
embodiment, we administered a ten item embodiment questionnaire (Figure 4.5). Out of the 10 adminis-
tered questions, only 5 are reported in Figure 4.5. The other 5 questions, which were control questions
testing for subject suggestibility, were consistently answered with a score of 0 (not at all) for all conditions,
indicating that the subject was not suggestible.
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Figure 4.4 | Object size and compliance task and comparative performance. (a) schematic representation of the experimental setup. During
this task, two feedback variables were transferred to the subject: size and compliance. This was done using two non-invasive approaches (TSPS and
TIPS). In both cases, size (proprioception) was encoded using non-invasive sensory substitution. In the case of TSPS, tactile feedback was also
encoded using non-invasive sensory substitution. In the case of TIPS, a hybrid approach was used, where tactile feedback was encoded using
intraneural electrical stimulation leading to somatotopic tactile sensations. Also shown are the abbreviations used for the vatious objects. (b) the
overall performance during the size and compliance task using the TSPS encoding. The left panel shows the identification performance broken
down by object, while the right panel shows the percentage of correct identification broken down by object feature (both panels shown with 95%
confidence intervals). Under the panels, the overall task performance is reported. A total of 160 trials were recorded for this task. (c) e overall
performance during the size and compliance task using the TIPS encoding displayed using the same data presentation structure as in panel b. A total
of 160 trials were recorded for this task. (d) comparison of the performance obtained using the three possible encoding strategies (TSPS, TIPS, or
both channels conveyed using intraneural stimulation). A total of 160 trials were performed for TSPS and TIPS, while 180 trials were performed
for the full intraneural condition.

Statistically significant differences were observed for all questions between the no feedback condition and
the invasive proprioceptive feedback condition (Figure 4.5). However, the superficial proprioceptive feed-
back resulted in a statistically significant difference in question rating for certain question (question 2 and
10), but not for others (questions 1, 2 and 9). Furthermore, for questions 2 and 10, the answers given during
the superficial proprioceptive feedback condition were not statistically different from those given with in-
vasive stimulation. Considering all questions, prosthesis embodiment was lower when providing proprio-
ceptive feedback using non-invasive electrical stimulation, and higher when providing the same feedback

using intraneural electrical stimulation, but was always higher than in the absence of any stimulation.
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Embodiment illusion questionnaire results
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Q10

Qi It seemed like | was feeling the stimulation in the point where
the robotic hand was moving

Q2 It seemed like the sensation | was feeling was caused by the
movement of the robotic hand

Q3 i felt as if the robotic hand was my real hand

Q9 It seemed like | was grasping a real object

| felt the degree of closure of the robotic hand as it grasped
Qio
the object

Figure 4.5 | Embodiment questionnaire. Embodiment questionnaire results for the 5 non-control questions (4-8 were control questions).
Ratings were given on a scale from 0 (not at all) to 6 (completely agree). Stars indicate statistically different question ratings. The full questions are
reported under the bar plot for convenience. The control questions are reported in the methods section. The questionnaire was administered a total
of N=5 times for each condition (no feedback, invasive sensory substitution feedback and superficial sensory substitution feedback). The question-
naires were administered right after functional experiments.

4.5 Discussion

Intraneural based sensory substitution leads to lower TDPM values than non-invasive based sensory sub-
stitution (Figure 4.2.b), indicating that the subject was able to perceive smaller changes in intraneural stim-
ulation parameters. Indeed, in terms of hand aperture, TDPM was 12.5 degrees using non-invasive stimu-
lation, while it was 6.5 degtees for intraneural stimulation. As a point of reference, previous results have
shown that healthy individuals obtain TDPM values for single finger joints between 6.5 and 1.5 degrees
(Hall and McCloskey, 1983).

It’s important to note that these differences are driven by the subject’s ability to perceive changes in the
amount of injected charge (since the injected charge is directly proportional to hand aperture), and the
charge modulation range. These two factors will determine the amount of information that can be reliably
transmitted through a given sensory substitution channel. In our case, almost twice as much information
about hand position was relayed to the subject using intraneural stimulation compared to non-invasive stim-

ulation.

Furthermore, we observed a significant difference in the number of direction errors during the TDPM task
(where both direction and presence of movement must be announced). Indeed, with surface stimulation,
the subject did 17 errors in judging the direction of movement, while no errors were recorded when using
invasive stimulation. It has been previously shown that movement direction is harder to detect then the
mere presence of movement (Hall and McCloskey, 1983), which may help explain the observed difference
in the following way: we can expect the range in which movement presence (but not direction) could be
perceived to be larger in the case of supetficial stimulation, making it mote likely that the hand (which was
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moved in discrete “steps” by the experimenter) would fall within the range and cause a movement direction

€rrofr.

Despite these significant differences in remapped proprioceptive acuity, no significant changes were ob-
served in task performance (Figure 4.3 and Figure 4.4). This indicates that the lower proprioceptive sen-
sitivity achieved using superficial stimulation based sensory substitution was not sufficient to affect the types
of functional tasks performed in this study. Although one might expect a drop in sensitivity to be accom-
panied by a corresponding drop in task performance, the tasks performed by the subject may not have been
challenging enough to detect such differences. Indeed, recognizing three or four different object sizes does
not necessarily require high proprioceptive acuity (since the objects differ by large amounts of hand aperture
when grasped). We hypothesize that the observed differences in remapped proprioceptive acuity would lead
to differences in performance for tasks requiring finer position sensibility. However, it is important to note
that the types of tasks studied here were designed to account for the robotic limb’s mechanical characteris-
tics, the SEMG based control accuracy as well as the sensory feedback. Indeed, what amputees can do with
their robotic limbs is dictated by several co-dependent factors, requiring a holistic approach to prosthesis
design. For instance, a proportional controller enabling accurate single finger movements would benefit
from a more sophisticated type of proprioceptive feedback which would not benefit a user with a simple

classifier based control scheme.

Overall, with the current levels of dexterity, controllability and mechanical properties, both types of sensory
substitution feedback approaches lead to similar functional outcomes. Both approaches are therefore viable
tools for improving task performance during sensory exploration.

Finally, we looked at prosthetic limb embodiment, and while both types of sensory substitution resulted in
an improved sense of embodiment, superficial stimulation led to a weaker sense of agency. Since prosthesis
embodiment is likely to play an important role in limb rejection rates (Marasco et al., 2011), this factor may

play an important role when choosing between both strategies for a proprioceptive sensory feedback system.

In this study, the non-invasive electrotactile stimulation used for sensory substitution was delivered in the
shoulder area of the corresponding hand. Theoretically, such a sensory substitution approach could be ap-
plied to any part of the body, with potentially differing results in terms of prosthesis embodiment (e.g. if
the stimulation is applied contralaterally). Indeed, we cannot exclude the possibility that the difference in
prosthesis embodiment observed between the two feedback strategies was driven mainly by the respective
positions of the applied stimuli (Figure 4.1.a). Applying the non-invasive stimulus in the same location as
the invasive one would not have been possible, since the invasive stimulus was perceived on the phantom
limb (i.e. wtist). On the other hand, applying the non-invasive stimulus closer to the phantom hand would
have required additional processing steps to remove the stimulation artefacts from the sEMG signal used
for prosthesis control (D'Anna et al., 2017). Although several such approaches have been described in the
literature (Dosen et al., 2014; Hartmann et al., 2014), they are dependent on the hardware specifics (e.g. an
amplifier stage which does not saturate ), and were not implemented in our setup. We therefore chose a
location sufficiently removed from the site of SEMG acquisition, bypassing any difficulties with the stimu-
lation artefacts.

Our results indicate that it is beneficial to use intraneural stimulation as a source of sensory substitution
when providing proprioceptive feedback to upper-limb prostheses. However, considering the absence of
functional differences between intraneural and superficial stimulation, we argue that the reported results are
not sufficient to justify a neural implant for the sole purpose of providing remapped proprioceptive feed-
back. Instead, intraneural sensory substitution may be the optimal choice when a neural interface is already
in place, such as for providing tactile feedback (Raspopovic et al., 2014). In instances where such interfaces
are not available, superficial sensory substitution could provide similar functional benefits with minimal

invasiveness.
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4.6 Conclusion

Non-invasive electrical stimulation of the skin can be used as a reliable source of sensory substitution to
provide position information to upper-limb amputees. When compared to intraneural electrical stimulation
as a source of sensory substitution, we found that non-invasive stimulation resulted in lower proprioceptive
acuity and lower prosthesis embodiment. Nevertheless, this reduced sensibility did not translate into signif-
icantly lower performance during purely proprioceptive or multi-modal functional tasks. Non-invasive elec-
trical stimulation may therefore be a good alternative for providing proprioceptive feedback in cases where
a neural interface is not already implanted for other purposes (e.g. restoring tactile feedback) or is otherwise
not indicated for medical or personal reasons.

Sensory substitution can be implemented using a variety of methods. However, significant differences in
performance have been reported using different sensory substitution strategies for the same task (Bark et
al., 2008), suggesting that there may be optimal sensory substitution approaches for restoring specific senses
(whether such differences would persist after long-term use remains an open question). In this study, we
demonstrated that although there are measurable differences between using electrotactile or intraneural
electrical stimulation to convey remapped proprioception, they do not translate into a significant impact on
functional performance for the tasks studied here. Nevertheless, it is possible that the lower “bandwidth”
afforded by electrotactile stimulation would allow for a lower number of simultaneous feedback channels,
as the feedback is less “intuitive,” as suggested by the diminished sense of embodiment during electrotactile
sensory substitution. If this hypothesis was confirmed, it would provide further support for the use of in-
traneural sensory substitution for conveying multi-joint proptrioceptive information. Further experiments
(for instance using more simultaneous proprioceptive channels) would be needed to detect a possible dif-
ference on this front between the two feedback strategies.

In Chapter 3, we introduced a sensory substitution method based on intraneural stimulation to deliver
proprioceptive feedback to amputees. This approach enabled two subjects to perform proprioceptive tasks
with high performance and could be combined with somatotopic tactile feedback, with interesting synergis-
tic effects. In this chapter, we revisited this concept by implementing the same approach but using non-
invasive electrotactile feedback instead. This allowed us to achieve two things: (1) we demonstrated that
using intraneural stimulation as a source for proprioceptive sensory substitution has several advantages,
including heightened embodiment, but that these advantages did not translate to higher performance in our
subset of tasks, and (2) offered an alternative non-invasive setup, which is functionally comparable, but can
be implemented more readily and at a lower cost, in essence providing an analogue for proprioception of
what Chapter 2 did for touch.

Having described in detail methods for both tactile and proprioceptive feedback in the last three chapters,
we will now focus our attention on the quality of those sensations, and how they can be improved, in

Chapter 5.
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sensations in sensory feedback applications

Current neural stimulation strategies do not systematically induce natural tactile sensations. Instead, stimu-
lation of cutaneous afferents often results in sensations of electricity, tingling, vibration or paresthesia (as
we discussed in Chapter 1). Occasionally, naturalistic sensations are also reported, such as pressure. Current
stimulation protocols induce neural firing patterns which do not resemble the firing patterns measured dur-
ing natural touch in a healthy hand (Saal and Bensmaia, 2015). Although the precise mechanisms involved
in the generation of cutaneous percepts from specific afferent activity are not fully understood, it is reason-

able to assume that attempting to replicate the natural firing patterns would lead to more natural sensations.

There are two important ways in which the neural activity induced using standard electrical stimulation
differs from naturally occurring activity. The firstis that the activated population of fibers (a mix of various
mechanoreceptor afferents) does not follow the typical changes in firing rate from touch onset to release
(Saal and Bensmaia, 2015). Indeed, current approaches deliver stimulation with a constant (or linearly mod-
ulated) frequency, whereas in healthy touch, mechanoreceptor afferents follow very specific patterns of

activity, typically involving a rapid burst of firing at touch onset, followed by a plateau at lower frequencies.

The second difference is that neural stimulation induces highly synchronized activity, where each fiber in
the activated population fires at the same time (Saal and Bensmaia, 2015; Tyler, 2015). This type of synchro-
nous activity motre closely resembles the neural signals recorded during mechanical vibration of the skin,

rather than during maintained pressure (skin indentation).

In this chapter, we will explore two different solutions, each aimed at overcoming one of these differences.
In the first section, we will address the issue of population firing patterns, while in the second we will look

at neural firing synchronicity.

Section 5.1is a summary of a manusctipt by Valle et al., Biomimetic intraneural sensory feedback enhances
sensation naturalness, tactile sensitivity and manual dexterity in a bidirectional prosthesis, published in Neu-
ron. Unlike in previous chapters, the content of the paper will be briefly summarized instead of reported in
full. The work on which this section is based will also be a core part of the first author’s PhD thesis (Gia-
como Valle). Section 5.1 is therefore the only section in this thesis which is not based on work in which I
am the main contributing author. Personal contributions for section 5.1: as fourth author of this paper, 1
participated in the expetiment design, developed the software and the overall system integration and con-

tributed to writing the manuscript.

Section 5.2 is be based on recent experimental work which will be the object of a publication (currently
under preparation). The results and their discussion as presented here are therefore likely to differ from the
upcoming manusctipt in its final form. The method introduced in this section is cutrently being evaluated
for protection by a patent. Personal contributions for section 5.2: as first author of this (upcoming) paper,
I conceived the experiments, prepared the protocols and the experimental setup (hardware and software),
conducted the experiment, analyzed the results, prepared the figures and wrote the manuscript.
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5.1 Restoring biomimetic firing patterns for natural tactile feedback

511 Introduction

Direct electrical stimulation of the peripheral nervous system has been successfully used in amputees to
elicit referred sensations of touch on the fingers and palm. Most approaches use trains of pulses delivered
at constant (or linearly modulated) frequencies, therefore inducing non-biomimetic firing patterns in the
activated populations of afferents (Horch et al., 2011; Raspopovic et al., 2014; Tan et al., 2014; Wendelken
et al., 2017). Indeed, naturally occurring neural activity in mechanoreceptor afferents in response to skin
indentation typically follows a more complicated time course, marked by rapid changes in firing frequency
at the onset and offset of a tactile stimulus (Saal and Bensmaia, 2015).

In their study, Tan et al. explored the possibility of delivering more complex stimulation patterns to elicit
natural tactile sensations (Tan et al., 2014). Their approach, which was not based on a biomimetic model of
touch but rather built empirically, resulted in more natural sensations of touch in two patients. Although
this study lacked in-depth characterization of the subjective percepts reported by the patients (the quantita-
tive study of perceptual differences in evoked sensations is very challenging), their qualitative reports indi-
cate that the proposed stimulation approach was promising. In fact, the patterns of induced neural firing
obtained with the cyclic pulse width modulation stimulation scheme proposed by Tan et al., more closely
resembles the natural pattern of activity observed during healthy touch. These findings therefore represent
an encouraging sign that achieving higher levels of biomimicry could elicit even better sensations of touch.

In this study, we proposed an approach to biomimetic peripheral nerve stimulation which takes advantage
of the field’s accumulated knowledge on tactile encoding at the periphery. This knowledge has been distilled
by Saal and colleagues into a real-time model dubbed TouchSin (Saal et al., 2017). The TouchSinm model can
be used to precisely predict the neural firing of a population of cutaneous afferents based on arbitrary me-
chanical stimuli of the skin. The model predicts both the mechanical response of the skin to deformation,

as well as the neural activity of vatious types of mechanoreceptors embedded within the virtual skin.

The resulting biomimetic encoding strategies were tested during both passive sensing tasks and active func-
tional tasks with an amputee. We investigated the naturalness of the evoked tactile perception, as well as
prosthesis embodiment and functional performance during closed-loop tasks.

51.2 Results

By using the output from the TouchSinz model (for a given indentation), which predicts the neural activity of
three populations of mechanoreceptors (SA1, RA and PC), we computed an overall “mixed population”
firing rate by taking the sum of the population firing rates of each afferent subtype.

In a first approach dubbed frequency neuromodulation (FNM), the predicted “mixed population” firing
rate was used to modulate the frequency of the delivered train of stimulation pulses. In this case, stimuli
intensity was encoded directly by the TouchSim model, where stronger mechanical stimuli would lead to
higher population firing frequencies. In this case, stimulation amplitude was fixed.

Two additional “hybrid” approaches were also implemented, where the stimulation frequency was extracted
from the TouchSim model (biomimetic “mixed population” firing), but the amplitude of the stimulation was
also simultaneously modulated based on one of two methods. In the first hybrid case (HNM-1), the ampli-
tude of the stimulation was modulated using simple linear amplitude modulation (see also ANM below). In
the second hybrid case (HNM-2), the amplitude was also indirectly predicted by TouchSin. Indeed, in HNM-
2, amplitude was modulated based on the predicted population size, with higher amplitudes recruiting larger
populations of afferents. HNM-2 is therefore effectively a “double biomimetic” encoding scheme since
both the frequency and the amplitude of the stimulation are extracted from the TowchSim model. All
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approaches were compared to the widely used amplitude neuromodulation (ANM) pattern, where stimula-
tion amplitude is proportional to measured contact force and frequency is constant.

During passive sensing tests, where the patient had to compare pairs of delivered stimuli in terms of their
perceived naturalness, the biomimetic encoding strategies (FNM, HNM-1 and HNM-2) were reliably ranked
as more natural than the standard encoding scheme (ANM) (Figure 5.1.b). Furthermore, we investigated
how removing one or more populations of afferents (RA, SA1 or PC) from the estimation of the “mixed
population” firing rate would affect the results (Figure 5.1.a). Interestingly, the best results were obtained
when all three afferent types were included, whereas stimulation patterns computed using only single affer-
ent types resulted in the least natural sensations. Only the encoding scheme built using all three types of
afferents resulted in sensations which were consistently rated as more natural than the standard ANM stim-
ulation. Other combination either resulted in significantly less natural sensation or statistically indistinguish-
able sensations.
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Figure 5.1 | Naturalness of the tactile sensations induced using biomimetic encoding strategies. (a) the relative naturalness of the FNM
encoding strategy built using either the complete TouchSim model with all afferent types (SA, RA, PC), or any combination of two or a single afferent
types. The ANM encoding scheme is also shown. Pairs of stimuli were delivered to the subject, who had to rate which one felt more natural. The
stimuli deemed more natural was awarded a point, while the other had a point removed. (b) the relative naturalness of the four encoding strategies
implemented in this work.

Psychometric curves were established for each encoding type, and the just-noticeable difference (JND) and
point of subjective equality (PSE) were estimated. The JND is the change in stimulation intensity which
leads to 75% correct identifications, while the PSE is the stimulation intensity which leads to exactly 50%

correct identifications (which corresponds to two indistinguishable stimuli). This test measured the sensi-
tivity of the restored tactile sensations obtained using each encoding scheme.

All biomimetic encoding schemes (FNM, HNM-1 and HNM-2) resulted in lower sensitivity compared to
ANM, marked by higher JND values (12.02 mN for ANM, 26.90 mN for FNM, 16.06 mN for HNM-1 and
18.45 mN for HNM-2). However, the hybrid encoding schemes resulted in much higher sensitivity than the
frequency only modulation scheme, suggesting that amplitude modulation is an important component of
stimuli intensity discrimination. PSE values fell within 12nM of the standard stimuli (59mN) for all encoding
approaches, indicating that discrimination precision was high.

Lower JND values translated into higher performance during static and dynamic stimuli classification tasks
(Figure 5.2). During the static task, the subject had to distinguish between three indentation intensities (11
mN, 59 mN and 107 mN), while duting the dynamic task the subject had to distinguish stimuli which were
either static, increasing or decreasing, requiring the ability to perceive the dynamics of the restored sensation
in addition to the absolute level of indentation.

Further experiments were conducted to test the hypothesis that more natural encoding schemes would
translate into higher performance during active tasks. This was tested using the virtual eggs tasks (VET), as
first reported by Clemente et al. (Clemente et al., 2016), where the subject is asked to lift and move a fragile
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block, which “breaks” when the grip force exceeds a predefined value. Performance improved with all en-
coding strategies compared to the no feedback control condition. Although the number of broken blocks
(manual accuracy) did not differ statistically between the different encoding strategies, the gross manual
dexterity (number of blocks transferred, irrespective of whether it was broken or not), was significantly
higher for the two hybrid approaches (HNM-1 and HNM-2). Indeed, in both cases, the subject was able to
move 19 blocks, compared to only 12.8 and 16.4 for ANM and FNM respectively.
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Figure 5.2 | Relationship between JND and passive stimuli classification performance. The performance during the static loading task for
each encoding strategy compared to the JND value obtained for that strategy (left). The same figure as in the left panel for the dynamic loading task
(right). Each encoding strategy is reported using a different color, as shown in the legend.

Finally, we investigated the impact of all feedback strategies on prosthesis embodiment. The rubber hand
illusion questionnaire was administered after the VET functional task. Embodiment was significantly higher
with the biomimetic encoding schemes (FNM, HNM-1, HNM-2) compared to ANM, indicating that the
perceived naturalness of the sensation was correlated with a higher sense of prosthesis ownership.

For a more detailed overview of the results and the methods of this study, we refer the reader to the up-
coming study by Valle et al. (Valle et al.).

51.3 Discussion

This study demonstrated that biomimetic encoding strategies, based on realistic models of the skin and
cutaneous afferents, lead to improvements in tactile sensitivity, functional performance and prosthesis em-
bodiment.

Interestingly, the biomimetic approach worked best when the model used to predict the “mixed population”
firing rate exploited all three families of mechanoreceptors (RA, SA1 and PC). SA2 afferents were not mod-
elled in TouchSim, and therefore never included in the biomimetic stimulation protocols. Stimulation of the
petipheral nerve with intraneural electrodes non-specifically activates populations composed of a mix of
afferent fibers (since all three types of studied afferents are type II fibers, they have similar diameters, and
are also unlikely to be extensively clustered in the fascicles). Depending on stimulation amplitude, all large
fibers within a fascicle can be recruited (Raspopovic et al., 2017). Each stimulation pulse is therefore likely
to activate a mix of RA, SA1, SA2 and PC afferents. This may explain why the most natural sensations were
obtained when the encoding strategy was modelled after all fiber types, rather than a subset of afferent fiber

subtype.

We showed that encoding schemes which employ a biomimetic stimulation frequency result in more natural
sensations. The addition of biomimetic amplitude modulation may also contribute to improving sensations
quality, but no statistically significant difference was observed between the three biomimetic approaches
(FNM, HNM-1 and HNM-2). Although we did not study the scenario were only biomimetic amplitude was
delivered (with constant frequency), the work by Tan et al. indirectly explored a similar approach, where
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amplitude followed a patterned activity which resembled the amplitude changes predicted by the model (a
short period of higher amplitude followed by a period of lower amplitude). The fact that Tan et al. reported
natural sensations, together with our results about biomimetic frequency (FNM, HNM-1 and HNM-2) sug-
gest that both aspects are important for inducing natural sensations of touch. At a neurophysiological level,
both the number of recruited afferents (controlled by stimulation amplitude), and their firing rate (controlled
by stimulation frequency) are involved in conveying changes in mechanical pressure on the skin (Saal and
Bensmaia, 2015). Therefore, it stands to reason that both aspects (stimulation frequency and amplitude) play

a role in generating natural tactile sensations.

Evoking specific subjective tactile percepts from a given set of afferent activity is believed to be the result
of pattern matching (modelled as Bayesian inference), where the brain tries to match the afferent activity
with prior knowledge about the outside wotld, current knowledge about sensory uncertainty, and multi-
modal integration when possible (K6rding and Wolpert, 2004; Makin et al., 2013). This pattern matching
mechanism is thought to be robust to noise and imperfections in the afferent signals, as evidenced by the
results reported by Tan and colleagues (Makin et al., 2013; Tan et al., 2014). This may explain why even
partial restoration of a natural afferent activity pattern can dramatically improve sensation quality. Never-
theless, even if full fidelity may not be required to induce natural tactile sensations, eliciting the most accurate
afferent neural activity is likely to lead to the most natural percept, and offer additional benefits, as suggested
by Saal and Bensmaia (Saal and Bensmaia, 2015), such as the activation of spinal reflexes based on cutaneous

cues, which may depend on certain specific characteristics of the afferent neural signal.

In conclusion, implementing model-based biomimetic encoding strategies offers concrete advantages to
prosthetic limb users. Specifically, we found that biomimetic encoding approaches which led to more natural
percepts also improved functional performance during bidirectional prosthesis use, and resulted in an in-
creased sense of ownership of the artificial limb. These results highlight the advantages of a highly homol-
ogous (and somatotopic) sensory feedback scheme and should encourage further research into the delivery

of highly accurate biomimetic sensory feedback for tactile feedback.
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5.2  High-frequency modulated bursts to induce desynchronized neural
activity

5.2.1 Abstract

Electrical stimulation of the nervous system is used to activate neural structures in a wide range of applica-
tions, in both the brain and the periphery. Brief variations in voltage (stimulation pulses) are applied to
neural tissue through an electrode to induce transient changes in the local voltage field, which can, in turn,
induce action potentials in nearby neurons. The classical “charge-balanced” stimulation paradigm, consisting
of a cathodic pulse followed by an equal amplitude anodic pulse, has been in use dating back at least 1970
(Mortimer et al., 1970), and is still widely used today (Merrill et al., 2005). Despite its proven efficacy, we
show that this stimulation paradigm presents some setious limitations in its ability to elicit biomimetic pat-
terns of neural activity. Indeed, the action potentials induced by a train of charge-balanced, cathodic-first
square pulses will be phase-locked with the stimulation, producing highly synchronous firing in the activated
population of fibers. This is in statk contrast with the naturally occurring patterns of activity produced by
the nervous system, which can often be described using Poisson point-processes and are highly desynchro-
nized. We propose a novel stimulation paradigm designed to produce highly desynchronized neural activity,
and test its efficacy zn-silico using a modified Hodgkin—Huxley (HH) axon model. We show that the proposed
approach induces highly biomimetic neural activity, to the level that it cannot easily be distinguished from
naturally occurring activity based on synchronicity alone. Finally, we tested the efficacy of the proposed
stimulation paradigm zz-vitro, and observed the presence of biomimetic firing in neural recordings, in good
accordance with the model predictions. These results represent a paradigm shift in the way we think about
biomimetic stimulation of the nervous system, enabling the control of a new parameter during electrical
stimulation, namely neural synchronicity, with potentially profound consequences for the field of neural
stimulation.

52.2 Introduction

Electrical stimulation of the nervous system is usually achieved by exchanging electric currents between an
external stimulator and a pair of electrodes in contact with the body. This process involves the accumulation
of charges and often electrochemical reactions (oxidation and reduction of ionic species) at the elec-
trode/body interface, as reviewed in detail by Merrill et al. (Mertill et al., 2005). Most commonly, charge-
balanced square biphasic pulses are used to stimulate neural structures, whereby a cathodic current con-
trolled square pulse is first delivered, followed by an equal amplitude anodic square pulse. This design is a
compromise between stimulation efficacy (cathodic stimulation is more effective at inducing action poten-
tials) and safety (reversing the injected current avoids build-up of potentially damaging species in the body)
(Merrill et al., 2005; Pasluosta et al., 2018). The biphasic charge-balanced stimulation approach is almost
universally used for electrical stimulation of the nervous system, both in the periphery, for instance during
sensory feedback (Horch et al., 2011; Raspopovic et al., 2014; Tan et al., 2014; Wendelken et al., 2017), and
centrally, such as during deep brain stimulation (Kuncel and Grill, 2004; Little et al., 2013; Piallat et al.,
2009).

Trains of stimulation are usually delivered with varying inter-pulse periods (stimulation frequency) depend-
ing on the requirements dictated by the application. Furthermore, the biphasic pulses are often dynamically
modified, with modulation of both current amplitude and pulse width duration commonly used to alter the
induced neural activity (higher pulse durations or current amplitudes recruit larger populations of fibers).
Other pulse shapes have also been explored, such as the use of asymmetric charge balanced pulses (Mclntyre
and Grill, 2000; 2002) designed to more selectively recruit certain parts of the neuron (axon or soma) and
to selectively activate smaller fiber diameters (Grill and Mortimer, 1995), or the use of high frequency “pul-
sons” instead of longer square pulses, which were shown to improve selectivity of certain fiber types (Qing
et al,, 2015).
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Despite attempts to define novel stimulation pulses, a common drawback to all these stimulation techniques
is the high synchronicity of the induced neural response (Saal and Bensmaia, 2015). Indeed, each stimulating
pulse (usually a cathodic pulse) will recruit a population of fibers almost simultaneously. The maximum
theoretical spread between different fibers in the activated population is given by the pulse width, usually in
the order of a few hundred microseconds to a few milliseconds at most. The induced activity is therefore
time-locked to the stimulation frequency. Such synchronous activity is not commonly observed 7n-vivo,
where neural activity is often largely asynchronous across nerve populations, driven in part by the probabil-
istic nature of action potential generation in sensory organs, such as muscle spindles (Prochazka, 1999) or
retinal cells (Pillow et al., 2005).

The high synchronicity of neural activity induced using standard stimulation approaches can have negative
consequences in several fields of study. For instance, in the context of tactile feedback for amputees, it has
been suggested that the highly synchronized nature of induced neural activity in populations of cutaneous
afferents may help explain the difficulty to induce natural tactile percepts (Saal and Bensmaia, 2015; Tan et
al., 2014). Instead, evoked sensations are often reported as vibration or paresthesia, which would be con-
sistent with the synchronicity of the restored feedback.

Similarly, in the case of functional electrical stimulation, where stimulation is used to induce muscle con-
traction, the synchronicity of the response has been shown to induce more jerky movements and higher
muscle fatigue (Hughes et al., 2010; Sayenko et al., 2014).

Here we propose a new stimulation protocol, which replaces each individual stimulation pulse with a short
burst of modulated high-frequency stimulation in the kHz range. We show through #n-silico and in-vitro ex-
periments that this pattern enables individual fibers to be recruited at different moments during the stimu-
lation cycle, effectively desynchronizing the induced neural activity. We argue that the ability to desynchro-
nize neural activity during electrical nerve stimulation could have far-reaching implications in several appli-
cations of neural stimulation.

52.3 Results

We first built a compartment neuron model using the NEURON simulation environment (Hines and Car-
nevale, 1997). Since the stimulation strategy we developed was based on the use of high-frequency bursts
of electrical stimulation, we adapted a neuron model based on modified Hodgkin-Huxley equations which
had previously been validated for high-frequency applications (Lempka et al., 2015). We simulated a popu-
lation of 150 cutaneous afferents (type 1I) uniformly placed around a current source, such that the density
of afferents per given surface area was constant. Figure 5.3 shows the results of two simulations of the
response of the entire population to either standard stimulation or to the proposed high frequency modu-
lated burst stimulation.

We designed a novel high frequency modulated burst stimulation approach, which we dubbed BioS (for
Biomimetic Stimulation), where each pulse is replaced by a burst of high frequency (1 or 2 kHz) stimulation
with linearly modulated amplitude (as seen in Figure 5.3.b, blue line). Figure 5.3.a shows the simulated
responses of 150 fibers to standard charge-balanced biphasic pulses. The induced activity can be observed
to be very synchronized, with a spread between the earliest and latest action potential induced by the same
stimulation pulse of approximately 5ms. This small amount of spread is caused by the inhomogeneity of the
afferent fibers diameters, which follow the established distribution for type 1I afferents. Since conduction
velocity depends on fiber diameter, the spread in diameters between the 150 fibers causes progressive desyn-
chronization as the action potentials travel away from the site of stimulation. Here the modelled distance is

40 cm, chosen as an illustrative (but realistic) distance in the case of upper-limb peripheral nerve stimulation.

In Figure 5.3.b, stimulation pulses are replaced by modulated high-frequency bursts, composed of charge-
balanced biphasic pulses delivered in quick succession (here 1kHz). The induced neural activity is highly
desynchronized, with action potential generation spread throughout the period of stimulation. Importantly,
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the population firing rate is maintained to similar levels as obtained by standard stimulaton (45 impulses/s

against 38 impulses/s).
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Figure 5.3 | In-silico predictions of neural activity induced by standard or biomimetic stimulation. (a) the response of 150 cutancous
afferents (type II) to standard square charge-balanced biphasic pulses. (b) the response of the population to high frequency modulated burst of
stimulation. In both cases, the blue line shows the injected stimulation current, the green lines show the membrane potentials of a few selected
fibers, and the spike raster plot shows action potentials measured at the end of each fiber (distance = 40cm from the source of stimulation). The
population firing rate is also reported in both cases (on the right of the raster plot).

To validate the results obtained using neural simulations, we designed 7#-vifro experiments using extracted
rat dorsal rootlets inserted into a microchannel stimulation platform (Gribi et al.). This platform allowed us
to stimulate small populations of fibers (with an estimated 50-100 fibers) and measure the induced activity
a few centimeters away from the location of stimulation.

Figure 5.4 reports the in-vitro results obtained using the microchannel stimulation platform. The representa-
tive neural responses shown in Figure 5.4.b illustrate the nature of the results obtained with this setup.
Responses to single pulses, single non-modulated high-frequency bursts and single BioS bursts are shown.
Single pulses of stimulation activate the entire population simultaneously, resulting in a large compound
action potential in the measured signal, representing the superimposition of several action potentials. Non-
modulated high-frequency stimulation recruits the same response on the first pulse of the burst, but subse-
quent pulses also occasionally elicit further action potentials in the population. Finally, BioS bursts do not

induce an initial synchronized response, recruiting fibers during the entire burst instead.

Figure 5.4.a introduces the two metrics which will be used to analyze the results from the in-vitro experi-
ments. For each pulse, maximum activity is taken as a measure of synchronicity, since summation of the
responses from multiple synchronous action potentials will cause higher maximum values. Similarly, the
average absolute voltage (average of the envelope) throughout a burst (or pulse) is taken as a proxy for the
overall level of neural activity, correlated to the number of fibers and their firing rate. For instance, we would
expect a comparable value in this metric if all fibers fired once in synchrony, or all fibers fired once randomly
throughout the period of recording.

Using these metrics, Figure 5.4.c shows the average response over all recordings done with a single bundle
of fibers (>30 bursts per stimulating condition). The results indicate that BioS bursts induce lower synchro-
nous activity, but higher overall activity than a single pulse (indicating that a single BioS burst potentially
recruits the same afferents more than once). On the other hand, non-modulated high-frequency stimulation
induces the highest level of activity, while keeping the same level of synchronous activity than a single pulse,
as also visible in Figure 5.4.b.

Finally, Figure 5.4.d extends these results to all ten extracted nerve bundles. Similar observations as in the
single case are maintained over a larger set of nerve bundles. Specifically, non-modulated high-frequency
bursts cause much higher neural activity than a single pulse, while BioS bursts cause comparable (but
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statistically higher) levels of activity. BioS bursts also induce statistically lower levels of synchronicity than
either single pulses or non-modulated high-frequency bursts. These results indicate that the effects of BioS
bursts were robust to various population sizes and fiber makeups.

a Overview of the data analysis steps b Representative neural response to different stimulation patterns (n=1)
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Figure 5.4 | In-vitro recordings of induced neural activity after stimulation of a bundle of fibers. (a) an overview of the two metrics used to
describe the results from the 7n-vitro experiments. Maximum response is taken as a proxy for synchronicity, while the normalized average response
(MAV) is taken as a proxy for average neural activity. (b) fiber responses to three types of stimulation: single biphasic pulses, non-modulated
(standard) high-frequency bursts, and BioS bursts. A representative response for a single pulse/burst is shown under each stimulation pattern. (c)
the average response for all pulses/bursts recorded in a single bundle. Both average neural activity and maximum neural activity are reported, with
standard deviations. (d) the average responses across all 10 nerve bundles (grand average). Average neural activity values are reported after normal-
ization against the single pulse response for each bundle. Also shown is the maximum neural activity across all bundles. Bars are reported with 95%
confidence intervals.
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Although BioS bursts are capable of desynchronizing neural activity, an important aspect for clinical usabil-
ity is the ability to modulate the amplitude and the frequency of the induced response. To test whether BioS
bursts enabled the control of these two parameters, we performed amplitude and frequency modulation
experiments.

We found that amplitude modulation could be achieved using all three stimulation strategies (Figure 5.5.a).
Progressive increases to the stimulation amplitude (modulation range in the case of BioS) caused progressive
increases in the average neural activity in the activated population of fibers. In accordance with the previous
observation that non-modulated high-frequency bursts resulted in higher overall activity, absolute neural
activity was higher in the case of standard bursts. Similarly, the slightly higher neural activity induced with
BioS bursts compared to single pulses was maintained in these results. When looking at the synchronicity
(maximum response), we obsetved that in both the single pulse and standard bursts cases, neural synchro-
nicity increased as stimulation amplitude increased, consistent with the fact that progressively larger num-
bers of fibers were being recruited, all at the same time (Figure 5.5.b). On the other hand, BioS bursts
demonstrated only modest increases in synchronicity with larger amplitudes.
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Figure 5.5 | BioS stimulation can be used to control the amplitude of the neural response. (a) the average neural activity in response to
amplitude modulation performed with three stimulation strategies. For BioS bursts, stimulation amplitude corresponds to the maximum amplitude
reached during the burst (the minimum value is always constant, and set at the recruitment threshold). (b) the maximum neural activity in response
to amplitude modulation. All values are reported with standard deviations.
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Figure 5.6 | BioS stimulation can be used to control the frequency of the neural response. (a) the average neural activity in response to
frequency modulation performed with two stimulation strategies. For BioS bursts, stimulation frequency corresponds to the frequency at which
bursts are repeated. (b) the maximum neural activity in response to frequency modulation. All values are reported with standard deviations.
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Next, we explored whether BioS burst could be used to modulate the frequency of the neural response
(population firing rate). For this experiment, we delivered continuous stimulation instead of single bursts or
pulses. In the case of BioS bursts, stimulation frequency was defined as the inverse of the period at which
an entire burst was repeated. Non-modulated high-frequency bursts were excluded, since they cannot be
delivered at different frequencies (repeating constant amplitude bursts results in continuous high-frequency

stimulation).

Interestingly, single pule stimulation demonstrated increases in average neural activity for frequencies under
100Hz. For higher frequencies, a small drop in average neural activity was observed. This trend was not
observed for BioS bursts, which induced progressively higher average neural activity with increasing stimu-
lation frequencies (Figure 5.6.a), even beyond 100Hz. When looking at population synchronicity, single
pulse stimulation resulted in similar levels of synchronicity for stimulation frequencies between 10 and
100Hz, with a subsequent drop in synchronicity. On the other hand, BioS bursts showed slowly increasing
levels of synchronicity for all stimulation frequencies, with an apparent drop-off at higher frequencies (Fig-
ure 5.6.a).

524 Discussion

The proposed stimulation protocol (BioS) induces desynchronized activity in the recruited population of
fibers, as demonstrated both zx-silico (Figure 5.3) and zn-vitro (Figure 5.4). The proposed mechanism by
which this effect atises is twofold. First, within a single BioS burst, the initial low amplitude pulses will
recruit large diameter fibers and fibers very close to the stimulating electrode. Then as the amplitude of
subsequent pulses increases, fibers with higher thresholds (smaller diameter or larger distances from the
electrode) will be progressively be recruited as well. The final pulses in the burst, with high current ampli-
tudes, will activate the smallest and most distant fibers in the population. Consequently, action potentials
will be initiated throughout the duration of the burst. Secondly, once a fiber is activated within a BioS burst,
subsequent pulses in the burst are also above threshold, potentially causing the same fiber to start bursting.
We hypothesize that the reason this does not occur (or only minimally, see Figure 5.4.c) is because subse-
quent high-frequency stimulation pulses can cause nerve conduction block, a mechanism widely used for
the treatment of chronic pain (Bhadra and Kilgore, 2005; Kilgore and Bhadra, 2014; Lempka et al., 2015).
As we reported in Figure 5.4.c, the fact that overall neural activity is higher with BioS bursts than single
pulses indicates that some fibers are recruited more than once, suggesting that the hypothesized mechanism
of nerve block does not apply in all cases. Indeed, even non-modulated high-frequency stimulation resulted
in the sporadic generation of action potentials even after the initial pulse. Our modelling results also con-
firmed that certain fibers could fire twice in response to a single BioS burst. However, these events were
sufficiently rare, and the overall population firing rate was still controllable during BioS stimulation.

A limitation of this stimulation approach is that even if the population response is highly desynchronized,
each fiber remains time-locked to the stimulation, since a given fiber will respond at the same point within
the BioS burst at every cycle. This pattern of activity is still unnatural at the single fiber level, even if the
population level activity follows a more biomimetic pattern. Nevertheless, this issue could be mitigated by
implementing stimulation protocols with variable stimulation frequencies, to ensure that individual fiber
responses do not follow fixed frequencies.

It should also be noted that stimulating with simple high-frequency trains of pulses (at frequencies above
the maximum firing rate of the target fibers) should equally lead to desynchronized activity. Indeed, since
fibers will not be able to fire at each pulse, they will slowly desynchronize due to slightly different refractory
periods in each fiber. However, using high-frequency stimulation to desynchronize fibers will result in un-
controllable frequencies, since the population firing rate will result from the maximum firing rate of the
fibers, making this approach unviable for most applications.

We showed that BioS stimulation could be used to modulate both the frequency and amplitude of the
induced neural activity. Interestingly, although BioS bursts resulted in progressive increases in average neural
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activity with increases in stimulation amplitude, this was also accompanied by small increases in neural syn-
chronicity (Figure 5.5.b). This effect was likely caused by the fact that as the burst amplitude increased, the
modulation range likewise increased. For instance, at 20% above threshold, a BioS burst is modulated from
threshold to 20% above threshold in a fixed amount of time (e.g. 20ms at 50Hz stimulation frequency). If
the amplitude is increased to 80% above threshold, the burst is modulated from threshold to 80% above
threshold in the same amount of time. Since the number of individual pulses within a BioS burst depends
on the intra-burst frequency (fixed at 2 kHz in the zz-vitro experiments) and the burst repeat frequency (e.g.
50Hz), it did not change as amplitude was modulated. Consequently, the difference in amplitude between
consecutive burst pulses becomes larger as the modulation range increases, which in turn makes it more
likely for two fibers to be recruited in the same “step.” This is consistent with the small increases in syn-
chronicity observed as larger BioS amplitudes were used.

During frequency modulation, we observed that single pulse stimulation resulted in progressively higher
average neural activity only up to roughly 100Hz (Figure 5.6.a). A similar effect was also observed in terms
of synchronicity, which was constant up to roughly 100Hz and then dropped. Both these observations are
likely to stem from the maximum firing rate of the studied fibers. Indeed, the fibers within the bundle were
likely a mix of sensory fibers, some of which have low maximum firing rates. It is likely that as the stimula-
tion frequency reached 100Hz, some fibers were no longer able to respond to each stimulation pulse due to
their refractory periods. This hypothesis would explain why average neural activity did not increase above
100Hz, and in fact dropped for higher values, since certain fibers would only fire at every second pulse,
resulting in an overall lower rate of activity. Similarly, up to 100Hz, all fibers fired at every stimulation pulse,
resulting in high synchronicity. At higher stimulation frequencies, certain fibers would only respond every
two or three pulses, resulting in a lower total number of simultaneously active fibers.

BioS bursts were not affected by these issues (Figure 5.6). Indeed, even though at stimulation frequencies
of 100Hz or more, many fibers could not fire at every cycle, the structure of the BioS burst allowed fibers
which were still unable to fire after one full cycle (e.g. 10ms at 100HZ) to generate an action potential later
but still within the same burst. Specifically, a fiber which is still in its refractory period after a stimulation
cycle could be activated by a later pulse in the same burst. For instance, in the case of single pulse stimulation
at 200Hz, a fiber which was unable to fire a second time within 5ms would need to wait for the next pulse,
therefore firing every 10ms at best (every two pulses). With BioS, a fiber which could not fire again after
5ms might be activated by a later pulse in the same burst, for instance after only 6ms. Consequently, BioS
stimulation resulted in increases in average neural activity even beyond the maximum firing frequencies of
the fibers.

The increase in synchronicity in the BioS case during frequency modulation (Figure 5.6.b) can be explained
analogously to the amplitude modulation case. Indeed, as the frequency increases, the duration of a BioS
burst is reduced, and therefore also the number of pulses within the burst. With a lower number of pulses,
the changes in amplitude between subsequent pulses increases, therefore increasing the likelihood of fibers

firing together.

Although not explored in this manuscript, BioS bursts could be modulated to induce different levels of
desynchronization. Indeed, instead of making bursts last for the entire cycle, they could be made to last
shorter than the stimulation periods (e.g. 50Hz stimulation with 10ms long BioS bursts and 10ms pause).
Such duty-cycling of the bursts could lead to arbitrary levels of desynchronization, enabling hybrid results
between purely synchronous and purely asynchronous induced activity.

In the context of functional electrical stimulation, Zheng et al. proposed an alternative solution for desyn-
chronizing induced neural activity (Zheng and Hu, 2018). Their approach relied on much higher frequencies,
such that the summation of adjacent pulses could occur. In this scenario, a biphasic pulse was replaced by
two monophasic bursts, causing the recruitment of fibers to spread out over the duration of the burst.
However, this approach was only used to cause small desynchronizations, spreading neural activity over a
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few milliseconds at most. The approach proposed by Zheng et al. is therefore not well suited for applications
which may require large levels of desynchronization, or more controllable stimulation amplitude and fre-

quency.

Although being able to desynchronize induced neural activity is a very promising tool for several areas of
neural stimulation, such as functional electrical stimulation (Hughes et al., 2010; Sayenko et al., 2014) and
sensory feedback (Saal and Bensmaia, 2015), it’s likely that other applications may, in fact, benefit from
synchronicity in the activated population of fibers. For instance, during spinal cord stimulation for gait
restoration, the efficacy of electrical stimulation depends on the summation of post-synaptic potentials from
several afferent fibers in individual interneurons (Moraud et al., 20106). It is to be expected that higher syn-
chronicity in the afferent activity would cause larger post-synaptic changes, making BioS a poor candidate
in this specific application.

In conclusions, having a new tool in their neurostimulation toolkit will enable researchers to avoid making
decisions about whether to induce synchronous or asynchronous neural responses by default, instead choos-

ing the strategy which best fits their needs and application, opening up interesting new opportunities.

525 Materials and methods

Modelling afferent responses to high-frequency stimulation patterns. We implemented a compart-
ment model using the NEURON simulation environment (Hines and Carnevale, 1997). The fibers we im-
plemented were simple myelinated axons with no cell body. To ensure that the model we used would be
valid for the high frequencies used in this study, we used the modified Hodgkin-Huxley equations used by
Lempka et al. to study high-frequency nerve conduction block and proposed by Mclntyre et al. (Lempka et
al., 2015; McIntyre et al., 2002). This model implements three types of ion channels (two subtypes of sodium
channels and a potassium channel) and explicitly models the nodes of Ranvier as well as paranodes and
internodes (Mclntyre et al., 2002).

Fibers were created with a length of 40cm, chosen as a realistic approximation of the length involved in an
illustrative application, in this case, peripheral nerve stimulation (the length was estimated for an upper arm
implant into a median nerve). We modelled 150 type II afferents, which determined the distribution of fiber
diameters (average 8.0pm, standard deviation 0.5 pm). Fibers were distributed uniformly in a circle of radius
100pm around the stimulating electrode. A random longitudinal shift was also applied, to avoid lining up all
nodes of Ranvier with the stimulation electrode, thus creating a more realistic setup. The voltage ata distance

. I . .
r from the electrode was computed using the formula V, = Tor with I the injected current and o the

conductivity (Rattay, 1980).

Microchannel fiber stimulation setup. A nerve-on-a-chip platform was used, as described in (Gribi et
al.). Briefly, the platform consisted of 2 stimulation electrodes and 8 recording electrodes arranged in a
microchannel (Figure 5.7). The entire device measured 4 x 2.5 cm?. The PDMS microchannels had a cross-
section of 100 x 100 um?2.

Recording and stimulating electrodes were encapsulated in PDMS microchannels (10 mm long). Recording
electrodes had contact areas measuring 100 x 300 pm?2, while stimulation contacts were larger, measuring
100 x 600 pm?. Wires were soldered to the chip for connection to an external stimulation IZ2H stimulator
controlled via an RZ2 processor, Tucker Davis Technologies) and recording device (AM system differential
AC amplifier, bioamp processor, Sequim, USA and an IZ2H, Tucker Davis Technologies).

Tissue extraction. As described in greater detail in (Gribi et al.), male Lewis rats were used for these
experiments. The spinal cord was exposed and nerve roots were cut at the exit foramen and the spinal cord.
They were then dissected under a microscope to obtain a nerve strand, which was further teased into rootles
of diameter 100 um. A suture was tied to one end of each rootlet, allowing it to be gently pulled through
the microchannel on the nerve-on-a-chip platform, until it was fully inside the channel (Figure 5.7). All
recordings were done at room temperature.
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Figure 5.7 | The netve-on-a-chip platform used during the in-vitro experiments. A nerve rootlet is threaded through a microchannel con-
sisting of several recording channels and a pair of stimulation channels. Schematic courtesy from Sandra Gribi.

Metrics for neural population activity interpretation. In order to interpret the results obtained during
the zn-vitro experiments, two metrics were defined. For each nerve bundle and each stimulation condition,
the maximum activity of the measured voltage over windows corresponding to the entire stimulation period
was extracted. This resulted in several measures for the same nerve bundle and stimulating condition. Max-
imum activity was used as a measure of synchronicity, as action potential summation would result in higher

measured voltages when fibers were firing in close succession or simultaneously.

Similatly, for the same windows defined above, the average of the absolute value was computed (mean
absolute value, MAV) and further averaged over all windows. This metric captured the overall “power” in
the signal, which was directly correlated to the amount of neural activity, a measure of the number of action
potentials generated in the bundle (therefore dependent on the number of active fibers and how often they

fired).

Statistics and data analysis. All data analysis steps were performed either in the Python language and
interpreted or using Matlab (R2016a, The Mathworks, Natick, US). The 95% confidence intervals were
generated using a binomial parameter estimate. Non-ovetlap of 95% confidence intervals can be used as a
criterion to identify statistically significant differences. Additional details about the number of repetitions

for each experiment are reported in the corresponding figure legends.

5.3 General conclusion

We have presented two different approaches to improve the biomimicry of induced neural activity during
clectrical stimulation. As we discussed at the start of this chapter, there are two important ways in which
neural activity induced using current encoding strategies differs from the natural patterns evoked during
healthy touch.

In this first section, we presented a model-based encoding strategy which effectively replicated the popula-
tion level patterns of activity typical of cutaneous mechanoreceptor afferents. We showed that replicating
these patterns of neural activity (biomimicry) helped induce more natural tactile sensations, as well as higher
functional performance and increased prosthesis embodiment. These results make a strong case for the use

of biomimetic encoding strategies during tactile feedback in upper-limb prostheses.

In the second section, we introduced a novel stimulation strategy, which replaces the standard biphasic pulse
with a modulated high-frequency burst. In both z#-si/ico and 7n-vitro experiments, we demonstrated that this
novel stimulation paradigm can induce highly desynchronized neural activity, more closely resembling the

normal activity observed during neurophysiology recordings.
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General conclusion

In the future, the natural next step would be to combine both approaches to induce highly biomimetic
neural activity. We will discuss this interesting avenue for future research and some additional considerations
in Chapter 6.
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tives for sensory feedback in amputees

I began this work with a simple guiding principle in mind, which we stated as follows: to use experimental
and modelling tools to improve sensory feedback in upper limb prostheses. I further broke this down into
three specific goals: (1) making sensory feedback more widely available to amputees, (2) restoring more than
a single sensory modality and (3) improving the quality of the restored sensations.

Having now presented the body of work which makes up this thesis, it is ime to discuss whether I achieved
what I set out to do and to put this work’s contribution to the field into perspective. We will discuss each

of the three objectives separately, including some suggestions for future research directions.

6.1 Non-invasive strategies: an easier path towards clinical availability?

As we discussed in Chapter 1, the field of sensory feedback restoration is very active, and a large number
of invasive and non-invasive feedback strategies have been developed and studied. Recent studies, using
intraneural implants, have contributed promising results by showing that somatotopic tactile feedback can
improve prosthesis function and embodiment (Ortiz-Catalan et al., 2014; Raspopovic et al., 2014; Tan et al.,
2014; Wendelken et al., 2017). This has in turn begged the question: could similar somatotopic results be
achieved using non-invasive strategies, such that these benefits could be translated into clinical solutions
more quickly and at a lower cost? Although non-invasive somatotopic feedback has been reported before
(Zhang et al., 2015), such approaches have relied on the presence of a stump hand map. Reliance on a stump
hand map not only excludes a large portion of the amputee population, but is also complicated by the
heterogeneous nature of the hand maps themselves (e.g. some amputees only have a few fingers represented
on the stump). Furthermore, many non-invasive feedback strategies are often cumbersome to implement,
as they require mechanical stimulation of several nearby areas of skin, and often necessitate stimulating

components to be at the site of application, making for relatively large setups.

In this context, the solution presented in Chapter 2, based on non-invasive nerve stimulation, offers an
interesting alternative. Indeed, TENS allows limited somatotopic tactile feedback independently of the pres-
ence of a complete stump hand map. This fills a unique niche in the vast array of current solutions: a non-
invasive somatotopic feedback approach. This is an important addition, since non-invasive somatotopic
approaches are currently lacking. In addition, TENS is relatively easy to implement, and many portable and
small TENS stimulators exist in the context of chronic pain treatment, with the cheapest options costing
less than 50 dollars. This makes TENS an interesting candidate for the implementation of sensory feedback
in a commercial system. Indeed, most current commercial solutions do not implement sensory feedback at
all. The reason for this absence is certainly multifactorial, ranging from the additional cost of adding sensory
feedback, to product usability concerns (e.g. consumables, non-intuitive interfaces) and limited functional
benefits. However, the complexity and limitations of current systems likely play a major role in the decision
to forgo adding sensory feedback. The new tradeoff offered by our TENS approach may hopefully strike
the right balance, at least for certain amputation levels and prosthesis types.
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As noted in Chapter 1, although a strategy which induces sensations which are felt as originating in a phys-
iologically plausible location (e.g. when touching the prosthetic fingers generates a sensation in the phantom
fingers) is called somatotopic, it’s important to distinguish between different levels of somatotopy. Indeed,
the TENS approach we proposed is somatotopic, but offers poor selectivity. This means that although the
sensation is indeed felt in the fingers, only two distinct areas of sensation can be activated (first three fingers
or last two, corresponding to the innervation territories of the median and ulnar nerves). Such an approach
is sufficient for restoring two channels of sensory feedback, as is currently done in the literature. However,
as more channels will inevitably be added to closed-loop prostheses, TENS will fall short of its invasive
counterparts (as currently implement) as it will not be able to convey single digit tactile feedback (or even
higher resolution). Consequently, in order to establish TENS as not only a viable solution for basic tactile
feedback, but also as a viable competitor to more invasive solutions for years to come, efforts should be
made to attain higher levels of selectivity with TENS.

Interestingly, a recent paper by Grossman and colleagues introduced a method which might be applied in
the context of TENS (Grossman et al., 2017). In their groundbreaking work, Grossman et al. proposed a
non-invasive electrical stimulation strategy for deep brain stimulation, based on the concept of temporal
interference of two or more electrodes. The general idea is to use high-frequency stimulation with slightly
different periods, such that the individual stimulation from a single electrode has no effect on neural tissue,
butin specific regions where two fields interact, the resulting field is modulated at a frequency corresponding
to the difference between the two “carrier” frequencies of each electrode (as the interference pattern alter-
nates between constructive and destructive based on the shift in stimulation frequency). Although several
open questions still remain about this approach, such as the possibility that the high-frequency stimulation
itself may cause effects on the neural tissue near the source, such as conduction block (as commonly caused
by kilohertz stimulation) , the general concept is very promising. Returning to TENS, investigating the
temporal interference technique proposed by Grossman et al. for application in peripheral nerve stimulation
constitutes a good area for future work. Initially, FEM modelling would be required to estimate whether the
tissue properties of the arm and nerves would permit the use of this approach. It is possible that due to the
small size of the nerve, together with the presence of highly inhomogeneous conductivities (e.g. perineu-
rium), would lead to the inability to apply the same concept in the context of the peripheral nervous system.
However, only a modelling study will offer a definitive answer to this question. Interactions between several
TENS electrodes could easily be imagined, for instance by using a circular array of stimulating sites in a

bracelet configuration.

Even if temporal interference does not offer improved selectivity, the general approach of using an array of
TENS electrodes to create interference patterns is an interesting avenue for future research. If a non-inva-
sive nerve stimulation technique could demonstrate higher levels of selectivity, this would unlock many very
interesting applications, including in cases where an implant would not normally be considered (e.g. sensory

feedback in healthy individuals for recreational applications, such as video games).

In pursuing the goal of offering solutions with a more clear path to clinical availability, we have focused on
implementing non-invasive feedback strategies. However, as we have seen, although TENS is promising, it
currently lacks the same kind of potential for highly selective sensory feedback as invasive solutions do
(achieving high selectivity with TENS will still require breakthroughs, whereas current neural interfaces
already offer high selectivity). Consequently, even though we have argued strongly in favor of TENS as a
good solution for sensory feedback, invasive stimulation still offers key advantages which makes it a very
promising option. We must therefore mention our recent efforts to demonstrate that intraneural interfaces
(i.e. TIMEs) can be implanted for long periods of time while still maintaining good stability and retaining
their ability to restore tactile feedback. Indeed, a manuscript currently under consideration presents com-
pelling evidence obtained in three amputees that TIME electrodes can provide functionally meaningful tac-
tile feedback for up to six months (Petrini et al.). Demonstrating chronic implant stability is one of the key
steps still separating implantable interfaces from wider clinical acceptance, making this work an important
step towards that goal. My personal contribution in this work was to help design the experiments, help
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perform the experiments and to develop the software and hardware setup shown in Figure 6.1 and used

during the experiments.

Figure 6.1 | A portable bidirectional prosthesis based on intraneural electrical stimulation. The system depicted in the picture is the first
fully portable and battery powered bidirectional system based on intraneural stimulation. The robotic hand is powered by a battery pack carried in
the backpack. The central single board computer is powered by the same battery pack and is also in the backpack. Surface EMG acquisition and
neural stimulation is performed by the neural processor strapped to the chest (seen under the arm) and powered by its own battery pack.

6.2  Sensory substitution: how far can it take us?

Restoring multimodal sensory feedback is an important step to achieve intuitive control and embodiment
of a prosthetic limb. Most studies have focused on restoring one modality at a time (usually touch or pro-
ptrioception). As we extensively reviewed in Chapter 1, restoring proprioceptive feedback is difficult, and
more rarely reported. In Chapter 3 and Chapter 4 we introduced a sensory substitution approach to restore
remapped proprioceptive tactile feedback and somatotopic tactile feedback simultaneously. Despite the use
of sensory substitution (which is potentially harder to interpret and requires some learning), we showed that
two amputees had high performance during functional tasks involving recognizing different types of objects
based only on active exploration.

In our study, we restored at most two channels of sensory substitution during a multi-joint proprioception
task (movement of the first three fingers and movement of the last two). Since many current motor control
strategies do not enable independent control of individual fingers, restoring more than two streams of re-
mapped proprioception is not a short-term priority. Furthermore, most current tactile feedback strategies
also focus on restoring only two channels of tactile feedback, presumably for the same reasons. However,
in the coming years, as proportional and simultaneous multi-DOF control strategies become more widely
used, it is likely that sensory feedback strategies capable of restoring sensations on individual fingers (or
even single phalanges) will become necessary. Therefore, one of the most pressing research questions which
need to be investigated with intraneural sensory substitution is how many simultaneous channels of re-
mapped proprioception can be conveyed before the approach becomes too demanding from a cognitive
point of view. Although the results shown in Chapter 3 highlight the surprisingly low cognitive demands
of our system, providing sensory substitution on a large number of channels will eventually become unten-
able. It would therefore be interesting to study how soon this limit will be reached. For instance, is it possible
to provide single digit proprioceptive feedback using intraneural sensory substitution?
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In addition to the cognitive load stemming from the relative unintuitive nature of sensory substitution,
another limiting factor likely to affect the approach presented in Chapter 3 is the limited number of available
active sites for electrical stimulation (more specifically, the limited number of distinct evoked sensations).
Indeed, our approach takes advantages of the large number of unused channels to convey proprioceptive
feedback. However, in the case of single digit feedback, not only does the number of required channels
increase, but the number of available channels decreases as more of them ate used for tactile feedback
(arguably one would restore both tactile and proprioceptive feedback on the same number of digits). The
issue is likely to become significant with increasingly spatially accurate sensory feedback, and will affect all
sensory substitution approaches. In fact, one could argue that this looming issue will strongly favor soma-
totopic and homologous sensory feedback approaches in the future, as they will not be hindered by cognitive
load issues and sensation overlap, and will therefore be able to deliver on the promise of high spatial reso-
lution and natural sensory restoration. This observation strongly suggests that although sensory substitution
may be a functionally beneficial approach for current levels of prosthesis sophistication, it may fall apart in

the future, as the requirements for more complex feedback signals increases.

Considering the likely long term limitations of sensory substitution strategies, one promising area for future
work is to develop strategies to restore somatotopic proprioception feedback using direct nerve stimulation.
As we saw in Chapter 1, a hypothesis for the inability of current neural interfaces to reliably induce propri-
oceptive percepts is that proprioceptive afferents need to be activated thoughtfully, respecting the popula-
tion dynamics responsible for the perception of specific movements. If this is the reason for these wide-
spread experimental observations, resolving this issue will be non-trivial and will require patient specific
modelling to precisely predict activation of neural populations as well as precise electrode placement. Im-
portantly, achieving these results does not necessarily require new peripheral nerve interfaces (a step which
would further complicate things). Instead, current levels of selectivity are likely to be sufficient, if they are
combined with new, more precise implantation procedures, and patient specific models. Successfully tack-
ling these issues would also benefit tactile feedback, for instance by guaranteeing the ability to induce tactile
percepts in the entire innervation territory of each nerve, which is not always the case with current interfaces

and implant procedures.

Finally, we should mention that applying temporal interference to TENS to achieve high selectivity would
also potentially enable the delivery of homologous and somatotopic proprioceptive feedback using the same
approach described in the previous paragraph, making the prospect of investigating strategies to improve
the selectivity of TENS even more enticing.

6.3  Towards natural feeling prostheses

Current sensory feedback approaches do not consistently elicit natural tactile percepts (D'Anna et al., 2017;
Dhillon and Horch, 2005; Schiefer et al., 2016; Tan et al., 2014). As we explored in Chapter 1, there are two
main aspects of current neural stimulation protocols which could possibly explain the relative unnaturalness
of the evoked sensations. First, the overall firing rate in the activated population of afferents is usually static,
with a constant frequency throughout the stimulation period. Second, each stimulation pulse (typically
square biphasic charge balanced pulses) induces a wave of synchronized activity throughout the entire pop-
ulation. In both of these cases, the resulting pattern of neural activity is very different from naturally occur-
ring patterns.

In Chapter 5 we presented two approaches, each designed to offer a solution to one of these issues. In the
first part, we proposed a model based estimation of the population firing rate based on a previously reported
model (Saal et al., 2017). By predicting the firing rate of a population of cutaneous afferent, we could com-
pute an average response, which we then delivered into the nerve using the implanted intraneural electrodes
(Valle et al.). This biomimetic approach resulted in sensations which were constantly rated as more natural
than those obtained with typical “standard” stimulation. Additionally, the biomimetic patterns resulted in

higher prosthesis embodiment and functional performance.
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An important limitation of this approach is our inability to selectively activate mechanoreceptor afferent of
different families (e.g. activate only SA afferents) with current neural interfaces (because they have similar
diameters and are not spatially segregated within nerve fascicles). This means that even when using a bio-
mimetic model to predict very accurate afferent firing rates, they need to be combined, since they cannot
be delivered specifically to each fiber subtype. A consequence of this tradeoff is that instead of each fiber
type following its “natural” firing pattern, all fibers will follow a “compromise” average firing pattern. In
Chapter 5, this compromise was found to induce the most natural tactile percepts, when compared to
making all fibers follow the typical firing pattern of one of the subtypes. However, the inability to separate
the afferent types is certainly a major contribution to the finding that even when using the biomimetic

model, the induced sensations were not as natural as mechanical touch sensations on an intact limb.
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Figure 6.2 | Two approaches for biomimetic neural stimulation to deliver tactile feedback. Standard stimulation (top box) causes constant
frequency (line) with synchronized activity (spike raster plot) throughout the neural population. In the first approach we proposed in Chapter 5, we
discussed how to induce a biomimetic, model based, firing pattern (Valle et al.)(left box). Although the firing rate of the population more closely
matches the overall dynamics of mechanoreceptor afferents, each pulse of stimulation still induces synchronous activity. In the second part of
Chapter 5, we developed a method to desynchronize induced neural activity (right box). Here, the firing rate is kept constant, but the stimulation
pulses no longer induce synchronous activity. Combining the two approaches (bottom box) could lead to the most biomimetic overall fiting pattern,
which matches both the overall firing rate of a population of mechanoreceptor afferents as well as the desynchronized nature of naturally occurring
neural activity. The data shown here is illustrative, and therefore not based on experimental data.

Solving this issue will require novel neural interfaces (or ingenious stimulation methods) which will be able
to address single afferent types selectively. Doing so requires selectively activating different fibers which
“look” the same from an electrical stimulation point of view (i.e. comparable distribution within the nerve

and similar diameters). One potential approach would be to use regenerative electrodes with very small
channels, such that only a handful of afferents can be activated at once. Statistically, some microchannels
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should end up containing only (or primarily) one family of mechanoreceptor afferents (particularly because
some evidence suggests the presence of limited amounts of clustering by fiber type within the nerve). Spe-
cific stimulation patterns could then be delivered to each channel, based on its specific fiber makeup (estab-
lished through the response to stimulation, analogously to the approach used during micro-stimulation).
However, such types of electrodes are currently not mature enough for human trials. Generally speaking,
the ability to obtain dramatically higher selectivity with neural interfaces is an important goal in neuropros-

thetics, which is currently pursued by many research groups.

In the second part of Chapter 5, we presented a method to desynchronize induced neural activity in a target
population of afferents (Figure 6.2). The ubiquitous square biphasic charge balanced stimulation pulses
used for electrical stimulation of neural tissue lead to highly synchronized activity. This may not be undesir-
able in all applications, but in the context of sensory feedback restoration, leads to highly unnatural firing
patterns. How much of the unnatural sensations perceived during tactile feedback can be attributed to the
synchronicity of the delivered stimulation remains an open question. We designed a new stimulation ap-
proach, which replaces each square biphasic stimulation pulse by a patterned burst of high frequency stim-
ulation. The amplitude of each pulse inside the burst is modulated lineatly from a threshold amplitude to
the maximum amplitude (pain threshold). Since the amplitude of each subsequent pulse in the burstis higher
than the previous by only a small amount, fibers with different activation thresholds (different diameters or
different distances from the stimulating electrode) will start responding at different times during the burst,
leading to a spread of induced activity throughout the duration of the burst. Furthermore, since high fre-
quency stimulation typically blocks neural activity, we observed that once recruited, a single afferent usually
did not respond to subsequent pulses within the same burst. Although this novel stimulation technique was
not tested in humans, experiments on nerve tissue preparations demonstrated that the principle worked as

predicted, effectively desynchronizing a neural population.

In the context of tactile feedback, the ability to desynchronize neural activity will allow future biomimetic
stimulation protocols to more closely match the naturally occurring firing rate. Indeed, the most biomimetic
induced neural activity could be obtained by combining both approaches presented in Chapter 5 (Figure
6.2 illustrates how the two approaches could be combined). The overall firing rate would be obtained using
a model based estimation of the population firing rate, while individual pulses would be delivered using the
novel high-frequency modulated bursts instead of simple square biphasic pulses. Combining these two in-
sights and testing the resulting feedback during functional tasks is an interesting avenue for future work,

and is likely to lead to even more natural sensations.
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This thesis has presented a body of work organized under the guiding principle of using experimental and
modelling tools to improve sensory feedback in upper limb prostheses. By acknowledging that there is no
such thing as a single-size-fits-all solution for upper-limb amputees, I have articulated this work into three

distinct, yet complementary, goals.

I began by introducing a non-invasive electrical nerve stimulation strategy for tactile feedback designed to
deliver somatotopic tactile feedback in upper limb amputees. I demonstrated that this technique enables
high performance during functional tasks, which is largely comparable to the performance obtained with
more invasive approaches. On one hand, these results highlighted the relative immaturity of the field of
invasive peripheral nerve stimulation, which has yet to fully realize the promises of highly somatotopic tactile
feedback which it can theoretically deliver. On the other hand, they also suggested that non-invasive solu-
tions may also play their part, especially in scenarios where implantable solutions ate inadequate (e.g. low
income countries, medical conditions, personal preferences). However, despite the promising results ob-
tained with TENS, and the fact that it may be a viable solution to deliver tactile feedback to a given segment
of the amputee population, I also discussed how future requirements for higher numbers of feedback chan-
nels and multimodal sensations might quickly reach the limits of what can be achieved with non-invasive
solutions, making implantable interfaces the best candidates to address the challenges of tomorrow.

In the second part, I addressed the issue of multimodal sensory feedback in upper-limb prostheses. Starting
from the observation that homologous and somatotopic proprioceptive feedback is unlikely to be reliably
elicited using current intraneural stimulation protocols, I proposed a sensory substitution approach designed
to take advantage of the high channel counts of modern neural interfaces. Interestingly, despite the non-
somatotopic (and thus potentially unintuitive) nature of sensory substitution, I was able to report very high
functional performance during (arguably) complicated sensing tasks which involved recognizing the size
and compliance of various objects. A key finding was that the remapped proprioceptive feedback could be
combined with somatotopic tactile feedback, achieving optimal results when both feedback streams were
delivered simultaneously. Furthermore, I demonstrated that intraneural sensory substitution provided some
subtle advantages compared to non-invasive (electrotactile) sensory substitution, further supporting the use
of intraneural stimulation for delivering multimodal feedback. Overall, the positive results achieved using
the combination of tactile and proprioceptive feedback in a multimodal upper-limb prosthesis highlighted
the need to continue exploring beyond the sense of touch and towards richer, more complete sensory feed-
back strategies.

Finally, I explored two interesting approaches for restoring more natural tactile sensations by using biomi-
metic encoding schemes designed to mimic the natural activity of cutaneous afferents. By exploiting a com-
putational model of the skin and cutaneous afferents we were able to demonstrate that a biomimetic encod-
ing strategy results in more natural sensations of touch, provides higher functional performance, and leads
to improved prosthesis embodiment. Furthermore, I proposed a novel stimulation scheme designed to
desynchronize the neural activity induced by electrical stimulation, potentially allowing future biomimetic
encoding strategies to teplicate natural patterns of activity with even higher fidelity. Together, these two
studies provided encouraging evidence that pursuing biomimetic sensory feedback, despite the limitations
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of current neural interfaces in terms of selectivity, could offer significant improvements to the quality of the
sensory feedback delivered to upper limb amputees, with accompanying gains in functional performance

and limb acceptance.

To conclude, bringing the complementary parts of this thesis together paints a promising picture for the
future of sensory feedback in amputees. Indeed, we can imagine how multimodal sensory feedback strategies
could be designed to take advantage of biomimetic encoding schemes, for even superior results. Although
the biomimetic encoding strategies I proposed in this work mainly addressed tactile feedback, I also dis-
cussed how homologous and somatotopic proprioceptive feedback may be achieved in the future. Further-
more, the novel tool to induce desynchronized neural activity introduced in this thesis may play a part in
eliciting natural proprioceptive percepts with peripheral nerve stimulation. Achieving multimodal biomi-
metic sensory feedback is likely to unlock even higher levels of functional performance and prosthesis ac-
ceptance than either approach alone, making it a promising avenue for future research, which might finally
help curb the high rates of myoelectric prostheses rejection we face today. Finally, allowing ourselves to
briefly think a little further, we saw how one could imagine a future where transcutaneous electrical nerve
stimulation might reach sufficient levels of selectivity (thanks to advances such as temporal interference

stimulation) to offer multimodal, biomimetic feedback non-invasively.

As Matt Might eloquently describes in “The illustrated guide to a Ph.D.,” a doctorate is a humble attempt
to push back against the boundary of human knowledge, in hope that it may give ever so slightly. One’s
ambition in starting a Ph.D. is to place a small stone in the edifice of scientific progress. I can only hope to
have placed mine in the growing foundation of a comparatively new building: neuroprosthetics. May it
help others place theirs.
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