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Abstract

Recent research has highlighted the crucial role of the processing of somatosensory signals involving the torso
for global aspects of Bodily Self Consciousness (BSC), i.e., the experience of the conscious “I” as embodied and localized
within bodily space. Compared to advances in hand or finger-based haptic interfaces, current haptic technology for the
torso is relatively underdeveloped as its operations are limited to stationary conditions and laboratory environments. My
thesis aims to design, implement and validate novel torso-worn tactile displays to investigate BSC in healthy individuals
with specific emphasis on robot-induced presence hallucination (PH, illusory experience of feeling someone behind) and

tactile gait agency.

First, I examined if torso-worn haptic interfaces can be used to induce specific alterations of BSC (passivity, self-touch,
and PH) in healthy individuals by adapting a robotic system and paradigm previously established by our lab (Blanke et
al. 2014) to the torso-worn haptic interface. In a feasibility study in healthy individuals, a torso-worn vibrotactile display
(Studyl) successfully induced the illusory sensations of being touched (passivity experience). Next, | developed
CognoVest, a portable, torso-worn force interface that | designed to provide human-like poking stimuli on the user's back.
Study 2 confirms the induction of illusory self-touch and passivity experiences by CognoVest and the induction of PH of
mild to moderate intensity in healthy individuals. In Study 3, | extended the use of torso-worn haptic interfaces to the
research on conscious action monitoring and investigated the sense of agency (So0A; a core aspect of BSC) for the entire
body. To this aim, | developed the FeetBack system that examines the sensorimotor perception of tactile action conse-
quences during locomotion, as previously tested by our lab for auditory and visual action consequences. Study 3 extends
prior findings on the auditory or visual gait agency to the sense of touch and shows that delayed remapped tactile feedback
systematically modulates SoA for walking. Finally, | examined and compared tactile spatial discrimination on the human
back (Study 4) for force and vibrotactile stimulation, using interfaces realized in Study 2 and 3, thus providing a first

direct (within-participant) evaluation of such interfaces.

At the intersection of haptics and behavioral neuroscience, my thesis makes contributions by taking the first steps towards
the design, and validation of torso-worn haptic interfaces as well as their applications in stationary/mobile sensorimotor
experimentation settings. My findings for tactile perception on the back suggest that designers can use force stimulators
to design the torso-worn tactile interface to provide more ecological touch feedback with a (almost) similar level of tactile
spatial discrimination accuracy as observed in widespread vibrotactile interfaces. | applied this approach to the design of
the CognoVest that induced systematic change in self-other distinctions. Results with CognoVest might have important
implications for developing wearable therapeutic devices to down-regulate specific psychotic symptoms in patients with
PH experiences. Moreover, | showed that healthy walkers had strong SoA for remapped tactile feedback, suggesting that

the FeetBack system could potentially be used to enhance gait awareness in patients with gait deficits.
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Résumeé

Des recherches récentes ont mis en évidence le role crucial du traitement des signaux somatosensoriels impli-
quant le torse pour les aspects globaux de la Bodily Self Consciousness (BSC), c'est-a-dire I'expérience du «je» cons-
cient incarné et localisé dans I'espace corporel. Par rapport aux progres des interfaces haptiques a la main ou au doigt, la
technologie haptique actuelle pour le torse est relativement sous-développée car ses opérations sont limitées aux condi-
tions stationnaires et aux environnements de laboratoire. Ma thése vise a concevoir, mettre en ceuvre et valider de nou-
velles interfaces tactiles portés sur le torse pour étudier le BSC chez des individus en bonne santé avec un accent spéci-
fique sur I'hallucination de présence induite par un robot (PH; « hallucination de présence », expérience illusoire de sentir

quelqu'un derriére) et la surveillance tactile de la démarche consciente.

Tout d'abord, j'ai examiné si les interfaces haptiques portées sur le torse pouvaient étre utilisées pour induire des altéra-
tions spécifiques de la conscience de son propre corps (BSC) en étudiant les sensations de passivité de contact tactile et
d’halluciations de présence (PH) chez des individus en bonne santé en adaptant un systéme robotique et un paradigme
préalablement établi par notre laboratoire (Blanke et al.2014 ) & l'interface portée sur le torse. Dans une étude de faisa-
bilité chez des individus en bonne santé, un affichage vibrotactile porté sur le torse (étude 1) a induit avec succes les
sensations illusoires d'étre touché (expérience de passivité). Ensuite, j'ai développé CognoVest, une interface haptique
portable, portée sur le torse, que j'ai congue pour fournir des stimuli tactiles de type humain sur le dos du porteur. Les
résultats de cette étude 2 confirment I'induction d'expériences illusoires de contact personnel et de passivité par CognoVest
et I'induction de PH d'intensité I1égere a modérée chez les individus en bonne santé. Dans I'étude 3, j'ai étendu I'utilisation
de ces interfaces haptiques portées sur le torse a la recherche sur les mécanismes sensori-moteurs pour l'ensemble du
corps, un aspect fondamental de la conscience de son propre corps (BSC). Cette recherche offre des perspectives pour de
nouveaux dispositifs de neuro-réadaptation. Dans ce but, j'ai développé le systéme FeetBack qui étudie une perception
sensori-motrice renforcée lors de la locomotion, comme précédemment testé par notre laboratoire dans le cas de rétroac-
tions auditives et visuelles. Cette étude 3 étend les résultats antérieurs de rétroactions de la marche purement auditives ou
visuelles au sens tactile et montrent que cette rétroaction haptique module la conscience motrice de la marche de maniére
prévisible. Enfin, dans I'étude 4, j'ai examiné et comparé la localisation des points tactiles (PL) et la discrimination de
direction (DD) sur le torse humain (dos) en utilisant les interfaces réalisées dans les études 2 et 3, fournissant ainsi une

premiere évaluation directe (intra-participant) de ces interfaces.

A l'intersection de I'haptique et des neurosciences comportementales, ma thése a apporté des contributions en faisant les
premiers pas vers la conception et la validation d'interfaces haptiques portées sur le torse ainsi que de leurs applications
dans des contextes d'expérimentation sensorimotrice stationnaire/mobile. Mes résultats pour la perception tactile sur le
dos suggérent que les concepteurs peuvent utiliser des stimulateurs de pression pour concevoir l'interface tactile portée
sur le torse afin de fournir un retour tactile plus écologique avec un niveau (presque) similaire de précision de discrimi-
nation spatiale tactile comme observé dans les interfaces vibrotactiles répandues. J'ai appliqué cette approche a la con-
ception du CognoVest qui a induit un changement systématique dans les distinctions entre soi et autrui. Cette découverte

avec CognoVest pourrait avoir des implications importantes pour le développement de dispositifs thérapeutiques pour



Résumé

réguler a la baisse les symptémes psychotiques spécifiques chez les patients ayant des expériences de PH. De plus, j'ai
montré que les marcheurs en bonne santé avaient une forte conscience motrice avec une retroaction tac-tile, ce qui suggere
que le systéme FeetBack pourrait potentiellement étre utilisé pour améliorer la conscience de la marche chez les patients

présentant des déficits de marche, et ainsi contribuer a corriger de tels problémes.

Mots-clés

Conscience de soi corporelle, interface haptique portée sur le torse, gilet de force, gilet vibrotactile, conséquence de
I'action tactile, hallucination de présence, haptique portable, sens de I'action, illusions corporelles, discrimination spatiale

tactile, conscience de soi.
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Chapter 1  Introduction

“Touch comes before sight,
before speech. It is the first
language and the last, and it
always tells the truth.”

Margaret Atwood

1.1 Motivation and overview

We live in this world as human beings, and we can distinguish ourselves from other beings. How is this possi-
ble? Is it simply because our physical body is separated from other living creatures? Cognitive neuroscientists have in-
vestigated the experience of the self and found that self-consciousness is the result of the multisensory mechanisms of the
brain, rather than the body’s purely physical composition (Blanke 2012; Blanke et al. 2015). Indeed, our brain integrates
different bodily information (e.g., visual, touch, auditory, proprioception) to build a functional representation of the body.
This phenomenon is known as bodily self-consciousness (BSC) and depends on integrating the constant flow of multi-
sensory bodily signals (see Figure 1:1). Recently there has been growing interest in the empirical investigation of BSC
(Botvinick and Cohen 1998; Ehrsson et al. 2005; Lenggenhager et al. 2007; lonta et al. 2011; Blanke 2012; Blanke et al.
2014). In these studies, participants were exposed to conflicting multisensory bodily signals about the location, appear-
ance, and synchrony of one’s own body signals. This allowed researchers to study three important aspects of BSC: self-
location, self-identification, first-person perspective, in order to investigate their multisensory origins and functional and
neural mechanisms they may share. In addition, in ambiguous multisensory situations, participants are prone to report
significant alteration of their bodily experience, known as illusory own body perception, that is of relevance for the clinical
population (e.g., neurological and psychiatric patients (Llorca et al. 2016)) or even healthy individuals in specific cir-

cumstances (Botvinick and Cohen 1998; Lenggenhager et al. 2007; Blanke et al. 2014).

Researchers in cognitive neuroscience have recently highlighted the crucial role of processing somatosensory signals
from the torso for global aspects of BSC, such as self-identification and self-location (Blanke 2012; Park and Blanke
2019). This theory was inspired by conceptual work in philosophy of mind (Metzinger 2004; Blanke and Metzinger 2009)
and clinical studies (neurological patients with BSC disorders (Blanke et al. 2008)) and has recently been confirmed by
experimental studies in healthy individuals (Ehrsson 2007; Lenggenhager et al. 2007; Blanke and Metzinger 2009; Blanke
et al. 2014). Such paradigms involve applying repetitive tactile stimuli onto the back or chest, either combined with

visual/vestibular stimulations or as a consequence of participants’ actions (find more details in 1.2.1). In earlier studies,
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passive tactile stimulations were provided manually by experimenters (Ehrsson 2007; Lenggenhager et al. 2007). How-
ever, the manual procedure is not standardized and does not guarantee sufficient precision in time-delay and repeatability
of tactile stimuli due to natural variability in human actions. Recently, technological advances in robotic have allowed
researchers to registers active touch stimuli on the human torso in a multisensory conflict set, using leader-follower auto-
mated systems (Hara et al. 2011; lonta et al. 2011; Blanke et al. 2014; Bernasconi et al. 2020) (in the present thesis we
call them Front-Back robot; see Figure 1:2 and Figure 1:3). Despite these recent achievements, haptic technology is
relatively underdeveloped, compared to the advances in auditory (e.g., sound specialization, 3D audio, etc.) and visual
techniques (such as VR/AR technology, stereoscope view, etc.). For instance, while employing the leader-follower robot
to provide tactile cues is limited to stationary conditions and laboratory environments, the emerging visual and auditory
technologies allow researchers to handle varied multisensory incongruencies via small-scale and portable setups (Menzer
et al. 2010; Knierim et al. 2020). Notably, the technological gap is even more severe for rendering tactile stimuli on the
human torso. As an almost immovable part of the human body, the torso is less sensitive to tactile stimulations (Myles
and Binseel 2007); however, it provides a large area to receive tactile cues. Moreover, due to significant morphological
changes in the torso areas, the tactile interface design for the torso is complex and highly individual-dependent (Lindeman
et al. 2006). Recent studies have addressed these issues using tactile torso textiles (e.g., braces, vests, etc.) that provide
haptic sensation on the human torso (see Figure 1:7). These studies have demonstrated the promising potential of torso-
worn haptic interfaces in various applications ranging from navigation (Ertan et al. 1998; Rupert 2000; Paun 2018; Viola
et al. 2018), immersion in VR (Nescio 1991; Lemmens et al. 2009; Arafsha et al. 2015; Lentini et al. 2016) to sensory-
substitution (Ertan et al. 1998; Johnson and Higgins 2006; Wacker et al. 2016; Buimer et al. 2018). Hence, in this thesis,
| took the first step towards developing and using torso-worn tactile interfaces to investigate self-other distinction, Sense

of Agency (SoA; for a detailed description, see 1.2.4), and tactile perception on the torso.

In Study* 1 and 2 of my thesis, | focused on a specific psychosis symptom, named Presence Hallucination (PH; detailed
information in 1.2.3). Presence Hallucination (PH) is a strange sensation, during which one feels that there is someone
nearby when in reality there is no one present (James 1985). This subjective experience has been reported by individuals
suffering from neurological (e.g., Parkinson’s Disease) or psychiatric (e.g., schizophrenia) illnesses as well as healthy
individuals in extreme conditions, like high mountain climbing, extreme divers, or elderly individuals suffering from
bereavement (Brugger et al. 1999; Geiger 2009). Our group recently revealed its underlying brain mechanism and network
and linked them to deficits in BSC (Blanke et al. 2014). They induced PH and related own-body illusions artificially in
the laboratory, in a non-invasive fashion, by providing contradictory somatosensory-motor signals between users’ hands
and torso (back; see Figure 1:2). Considering the technology-dependent nature of PH research, so far, our group has
developed and employed two stationary robotic systems aiming to experimentally induce PH, including “standing”
(Blanke et al. 2014) and “supine” robots (see Figure 1:3; MRI-compatible robot particularly for neuroimaging study (Hara
et al. 2014)). These robotic systems are capable of providing somatosensory-motor conflicts between participants’ hands
and back. However, currently no wearable and portable PH system exists. The importance of a wearable system is that it
provides the possibility of studying PH in more ecological settings (daily living and real-life conditions outside the labor-

atory in the clinics). This is crucial in clinical populations where the PH is reported to occur at a particular time and in

! Each study presented in an individual chapter.
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specific environments (Williams et al. 2008; Fénelon et al. 2011) as well as for the testing of PH in healthy subjects far

from the research laboratory (i.e. hiking, extreme mountaineering).

In Study 1, | took an initial step towards developing a semi-wearable vibrotactile PH system by integrating a torso-worn
vibrotactile interface and a one-handed haptic interface. In a feasibility study, | replicated the standard PH effects to show
the possibility of this novel PH induction system and find essential criteria for the future design. Furthermore, to determine
the human’s back vibrotactile perception and its correlation with induction of PH-related phenomenon with the proposed
setup, | added a vibrotactile localization task to the original study. My results showed that with our semi-wearable, vi-
brotactile setup, I could induce the illusory sensations in healthy participants of being touched by somebody else (i.e.
passivity experience); however, our experimental setup failed to induce the illusory experience of touching one’s own
back (i.e. self-touch) and, importantly, of the PH. Participants’ post-experiment debriefings revealed that the simple vi-
bration sensation was not an appropriate replacement for the natural human poking stimuli. My main practical conclusion
was that the ideal torso-worn tactile interface for PH studies should provide localized, equally perceived tactile stimuli

while guaranteeing correct fit, firm support, and free-breathing.

While vibrotactile displays have commonly been used in many recent wearable haptic interfaces (Wall et al. 2001; Lin-
deman and Yanagida 2003; Johnson and Higgins 2006; Lieberman and Breazeal 2007; Wacker et al. 2016; Buimer et al.
2018; Paun 2018; Barone et al. 2019; Richardson et al. 2019), limited research has been published on the use of force
displays to provide collision-type touch stimuli (a more common haptic experience in daily life) on the users’ skin (Lopes
et al. 2015; Delazio et al. 2018; Garcia-Valle et al. 2018). This might be because compared to vibrotactile devices, force
feedback interfaces demand higher considerations in the interface design and handling procedure, as they are often heav-
ier, and their perceptions depend upon the actual physical contact with the skin. In Study 2, | addressed this issue by
placing light force actuators in custom 3D printed boxes that can be mechanically adjusted at different distances with
respect to the skin. I further characterized “human finger poking” and showed that embedded force actuators could provide
comparable feedback. I fixed these actuator boxes to a Y-harness brace and named the whole system CognoVest. | con-
ducted a behavioral study with CognoVest that investigated illusory induction of PH and related passivity symptoms (i.e.,
where ones’ actions are perceived as not self-generated and caused by an external entity). My data confirmed the induction
of illusory self-touch and passivity experiences by CognoVest, as well as the induction of PH of mild to moderate intensity
in healthy individuals. | argue that the system and obtained results are of interest for the future development of wearable

therapeutic devices to down-regulate or control PH-related symptoms in psychosis patients.

In Study 3, | extended the application of torso-worn haptic interfaces to a mobile sensorimotor manipulation setting and
conducted research into the sense of agency (SoA,; an important aspect of BSC (Jeannerod 2003; Jeannerod and Pacherie
2004); see 1.2.4) for full-body movement and neurorehabilitation devices. While the integration of the audio-visual feed-
back into the sensorimotor control has been widely investigated for both body parts, or full-body movements, to the best
of our knowledge, there is no individual study investigating the effect of tactile action consequence on the SoA and the
accompanying motor adaptation. The lack of studies investigating the consequences of tactile feedback could be due to
the fact that the spatiotemporal manipulation of the actual sense of touch is not technically possible. In Study 3, I ad-

dressed this issue by employing a tactile remapping technique that reproduces the real touch action consequence, in our
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case, the foot rolling sensations, onto the skin of the users’ torso. To this aim, | developed the FeetBack system that
investigates the sensorimotor perception of tactile action consequences during locomotion as previously tested by our lab
for auditory (Menzer et al. 2010) and visual (Kannape and Blanke 2013) action consequences (for more details, see 1.2.4).
FeetBack is a novel portable torso-worn vibrotactile display integrated with an automatized wearable gait measurement
system and provides step-related remapped feedback in the form of vibrotactile apparent movement (VAM) on the users’
back during free walking. My data were in line with prior findings on the auditory (Menzer et al. 2010) or visual gait
agency (Kannape et al. 2014) that delayed feedback changes SoA for walking in a systematic manner even when presented
in the form of remapped tactile feedback. | also observed a general impact of tactile remapped feedback on the partici-
pants’ stride time deviation; nevertheless, this was not specific to the delay or systematic as in prior studies. These are
promising results with respect to developing devices for gait and gait awareness that are of relevance for clinical popula-

tions suffering from gait abnormalities.

While most of the previous research on tactile perception have mainly focused on distal body parts such as fingers, hands,
forearms (Cholewiak and Collins 2003; Oakley et al. 2005; Azadi and Jones 2013; Sofia and Jones 2013; Medina et al.
2018), tactile perception on the torso areas have been investigated to a surprisingly lesser extent. To broaden the current
knowledge of tactile perception on the torso, in Study 4, | examined and compared tactile point localization (PL) and
direction discrimination (DD) on the human torso (back) for force and vibrotactile stimulation using interfaces realized
in Study 2 and 3. My data showed a strong positive correlation between performances with both stimulators; however,
accuracies were slightly higher with vibrotactile (61-71%) than the force (55-68%) stimulations across tasks. Moreover,
for the first time, | investigated the association between performances of two tasks using within participants’ design and
found that tactile performance extends across tasks (PL and DD) for force stimulations but not for vibrotactile ones. I also
report directional anisotropy (direction dependencies) in both tasks and both types of stimulations, with participants mak-

ing fewer localization errors in the horizontal than vertical axes.

In the following sections, | review some of the fundamental theories and works needed to understand the scientific back-
ground of the studies presented in chapters 2 to 5 (each chapter includes one study). First, | introduce BSC, as related to
the current thesis, with a specific focus on the robot-induced presence hallucination and sense of agency. Then, | introduce
relevant literature on tactile perception and spatial discrimination on the torso. Subsequently, | review the recent torso-

worn haptic displays developed in the literature.

1.2 Bodily self-consciousness

Humans experience an “l,” located in one’s own body, and is experienced as the subject and agent of perception, action,
and thought. This is an important aspect of self-consciousness, namely the feeling that conscious experiences are bound
to the self and experience a unitary entity (the “I””) (Gallagher 2000; Jeannerod 2003; Blanke and Metzinger 2009; Blanke
etal. 2015). Research in clinical and basic human neuroscience has recently investigated bodily aspects of self-conscious-
ness, based on the processing of sensorimotor and/or multisensory bodily signals (bodily self-consciousness: BSC)
(Blanke et al. 2008; Blanke and Metzinger 2009; Blanke 2012). Indeed, the human brain integrates multiple sensory
information (see Figure 1:1) that is received from inside and outside of the body to build the conscious experience of the
self. The spatiotemporal integration of these signals is important for self representation and for its differentiation from
other agents (Ehrsson et al. 2005; Blanke and Metzinger 2009; Tsakiris 2010; Aspell et al. 2011; Blanke 2012). Hence,
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disturbances in the multisensory mechanism of the brain can lead to temporal alternation, such as in experimentally in-
duced bodily illusions (Botvinick and Cohen 1998; Ehrsson 2007; Lenggenhager et al. 2007; Aspell et al. 2011) or more
stable alternation, as in pathologic conditions (Diederich et al. 2009; Nierula et al. 2017; Pozeg et al. 2017; Ronchi et al.
2018) of BSC. In both states, due to impaired BSC mechanisms, people may even experience illusory replication of their

own body, i.e., perceiving a second own body or a second self (i.e., double) in the environment (Ronchi et al. 2018).

Figure 1:1 Bodily signals.

Humans receive a constant flow of sensory inputs ranging from visual, auditory, olfactory, and tactile information that
not only inform them about the environment but, particularly in combination with vestibular and interoceptive feedback,
are crucial to creating an integrated, unitary representation of our body. This representation, in turn, shapes how humans
perceive and interact with the environment. In this view, the body representation in the brain is a complex crossroad
where multisensory information is integrated to build the basis for bodily self-consciousness (BSC) (Blanke 2012).

1.2.1 Experimental manipulation of BSC

While investigating BSC disorders in clinical populations is important to understand the relationship between the repre-
sentation of the body and the self, this technique may suffer from several limitations. For instance, such studies generally
involve a limited number of patients (i.e., the small sample size of clinical studies) and, most likely, cannot explain normal
bodily self-consciousness mechanism in healthy subjects due to the long-term pathological history of these patients. Re-
cently, the experimental manipulation of bodily signals (that is, bodily self-consciousness) has been recognized as a pow-
erful approach to investigate BSC and its underlying brain mechanism. In this approach, participants would be exposed
to the conflicting (spatially or temporally) sensorimotor information of their own body, which leads to altered states of
BSC, such as changes in self-identification, self-location, and first-person perspective. The Rubber Hand Illusion is the
most popular experimental paradigm that induces illusory body-parts ownership of a fake hand via delivering conflicted
visuotactile signals (Botvinick and Cohen 1998). Lenggenhager et al. (2007) extended this concept to the Full-Body-
[llusion by providing tactile stimuli on the participant's torso. Out-of-Body-Experiences (OBE, a sensation of being out-

side one's own body) were investigated by Ehrsson (2012) by delivering incongruent visuotactile signals again to the
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participant's torso. Yet, experimentation of these paradigms is complicated as bodily signals are consistently present,
updated, and transferred across various senses as well as via motor and visceral signals (Blanke 2012). To control pre-
cisely visual and tactile stimulations, recent studies have used video, virtual reality (VR) (Lenggenhager et al. 2007), and
robotic technologies (Dummer et al. 2009; Hara et al. 2011; Blanke et al. 2014; Bernasconi et al. 2020). These ensure
good repeatability, precise spatiotemporal control resolution, and dynamic manipulation of temporal synchrony. For in-
stance, lonta et al. (2011) deployed robotically-controlled multisensory conflicts that manipulate the synchrony between
the stroking of the participant’s back and the back of a visually presented virtual human body to induce changes in self-
location. More recently, the development of MRI-compatible robotic technology has allowed performing these paradigms
in MRI environments (lonta et al. 2011; Hara et al. 2014), thereby allowing the investigations of the neural mechanisms

of these illusions with precision (Rognini and Blanke 2016).

1.2.2 Torso-centered BSC

Research on cognitive neuroscience (experimental or neuroimaging) has exclusively concentrated on the investigation of
either exteroceptive signals (sensory signals originating from the space outside the body such as tactile, visual, auditory;
e-BSC) or interoceptive signals (sensory signals received from the visceral organs such as cardiac, respiratory, etc.; i-
BSC) to explain the underlying mechanism in experimentally and neurologically altered states of BSC (Park and Blanke
2019). However, it has been shown that separating the contribution of these two signals is not possible as we experience
a single coherent self rather than separate exteroceptive and interoceptive selves (Jeannerod 2003; Blanke 2012). Only
recently, Park and Blanke (2019) proposed an x-BSC system with no interoceptive or exteroceptive preference and is
based on torso-centered signals. According to their proposal, multisensory stimulation involving torso regions leads to
alterations of global aspects of BSC, such as self-identification and self-location. They explained this hypothesis using
the spatial law of multisensory integration that states inputs from different modalities can be integrated more efficiently
when they occur closer in space (Blanke et al. 2015). Since visceral organs are located on the torso, interoceptive cues
(e.g., heartbeat, respiration) are spatially collocated with bodily signals from the torso (visual, vestibular, somatosensory),
which may benefit multisensory perception of torso-centered exteroceptive signals with interoceptive signals. In this pro-
cess, somatosensory signals play a unique role because they can happen in the form of both exteroceptive and interocep-
tive input. For instance, inspiratory— expiratory respiration cycle and cardiac contractions both lead to mechanical stim-
ulation of the chest (at the pleura or skin chest, and the internal wall of the chest, respectively), which eventually activate

the somatosensory system (Park and Blanke 2019).

While the concept of torso-centered global BSC was first inspired by conceptual work in philosophy of mind (Metzinger
2004; Blanke and Metzinger 2009) and clinical data in neurological patients (with BSC disorders) (Ehrsson 2007; Blanke
etal. 2008), it was tested and confirmed recently in experimental works with healthy individuals. Such studies investigated
visuotactile and visuo-vestibular stimulations at the torso for the induction of more global changes in BSC, such as “full-
body,” “out-0f-body,” or “body-swap” illusions (Ehrsson 2007; Lenggenhager et al. 2007; Aspell et al. 2011; Petkova et
al. 2011). To do so, they used paradigms that involve the repetitive tactile stimulation on the back or chest of a participant
who can view the stroking of a human body (via real-time video) or virtual reality animation (via a head-mounted display),
in front of her/him, at a farther location. For instance, in the full-body illusion, participants self-identify with the seen
virtual body (change in self-identification) and show a forward drift in self-location (the experience of where “‘I’” am in

space) toward the position of the virtual body. Recently Blanke et al. (2014) used torso-related sensorimotor paradigm
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(instead of multisensory) to investigate the presence of hallucination and relevant illusory own-body perceptions experi-
mentally in normal participants. The following section is dedicated to the concept of PH and the recent achievements on

robot-induced PH in healthy individuals.

1.2.3 Presence hallucination

PH is a strange sensation, during which one feels that there is someone nearby when in reality there is no one present.
William James, a psychologist, described PH firstly in 1902: “It often happens that a hallucination is imperfectly devel-
oped: the person affected will feel a ‘presence’ in the room, definitely localized, (...) and yet neither seen, heard, touched,
nor cognized in any of the usual ‘sensible’ ways.” (James 1985). The same phenomenon was described by Jaspers (Jaspers
1990) in 1913 with the title of leibhaftige Bewusstheit: “There are patients who have a certain feeling (in the mental
sense) or awareness that someone is close by, behind them or above them, someone that they can in no way perceive with
the external senses, yet whose actual/concrete presence is directly/clearly experienced” (translation by Koehler and Sauer
(Koehler and Sauer 1984)).

The PH has been reported in several pathological conditions, consisting of schizophrenia and “schizotypal personality
disorder” (Spitzer and Williams 1980; Koehler and Sauer 1984), Parkinson’s disease (PD) (Williams et al. 2008; Fénelon
et al. 2011), and dementia with Lewy bodies (Chan and Rossor 2002; Nagahama et al. 2009). PH may also occur as an
epileptic aura (Biraben et al. 2001; Landtblom 2006; Picard 2010) or following brain damage (Persinger 1994; Brugger
etal. 1996). Concerning the frequency of PH, the result of an online study in Parkinson’s disease (PD) patients has shown
that 35 individuals reported the PH (of an undefined person) out of 216 PD patients (Diederich et al. 2009), and it is
known as early PD psychosis symptoms (Creese et al. 2017). PD patients described this vivid sensation as a “perception.”
For instance, one patient said “l turned back, but nobody is there,” a third said: “I take a look; I do not see anything, but
it is engraved in my mind” (Diederich et al. 2009). PH was reported even in healthy individuals. For instance, there are
anecdotal reports of PH occurring in extreme circumstances, like during shipwrecks or high-altitude mountain climbing
(Podoll and Robinson 2001).

It has been suggested that PH is a disorder of body representation in general and sensorimotor integration in particular
(Brugger et al. 1996; Arzy et al. 2006; Blanke et al. 2008). This phenomenon has been tested recently by using robotic
devices that are able to provide specific sensorimotor conflict between hands and back. As a first experimental study,
Blanke et al. (2014) developed a front-back robot that registers poking-like sensations on the participants’ back as a con-
sequence of hand movements. Participants manipulated the front haptic interface using their right index finger (via 3D
printed finger support) to control the position of the back robot, which in turn provides touch-cues to the participant's
back. Blanke et al. (2014) found that participants felt an illusory experience of touching their own back (Self-touch) in
the synchronous condition. A further experimental condition, in which participants received a delayed touch on the back,
showed that participants felt the illusory sensation of being touched by somebody else (passivity experience) and of
feeling someone behind them (PH). Moreover, during post-condition debriefing, five (out of 17) subjects reported having
experienced a PH. In the consequent study, the authors developed an fMRI-compatible version of their setup, allowing
inducing the PH in the scanner. The results obtained from healthy subjects demonstrated the underlying brain regions,
involved in PH (PH network), which also correspond to what has been seen in neurological patients, suggesting that the

robotically-induced PH has similar brain mechanisms like the PH evidenced in patients (Bernasconi et al. 2020).
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Figure 1:2 Robot-induced bodily illusions.

(@) Experimental setup employed in (Blanke et al. 2014): participants produce forward-backward poking movement
with the front robot, and consequently, they received tapping-like tactile stimuli, produced by the back robot, on their
back with and without temporal delay (delayed by 500 ms). (b) Results of the behavioral study with the robotic system.
Assessing subjective experience following two minutes of robotic sensorimotor stimulation. In the synchronous condi-
tion, participants perceived only spatial sensorimotor mismatches between the pokes and the corresponding touches. A
temporal mismatch was added in the asynchronous, and participants reported stronger self-touch, passivity, and pres-
ence hallucination sensations. (adapted from (Blanke et al. 2014))
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Figure 1:3 Robotically-induced presence hallucination in the MRI environment.

(@) MRI-compatible robotic system used in (Bernasconi et al. 2020). Participants were instructed to move the front
robot with their right hand, and the back robot delivered the touch to the participant’s back either synchronously or
asynchronous (500ms delay between their movement and the sensory feedback received on the back). (b) Result of
behavioral study (Bernasconi et al. 2020): subjective responses from Linkert-scale questionnaire. The presence of hallu-

cination was reported stronger (*, p<0.05), in the asynchronous (Async), compared to the synchronous (sync) experi-
mental condition.
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1.2.4 Sense of agency

Human actions are one of the important ways to interact with the external world (Jeannerod and Pacherie 2004). When
we move or observe someone else moving, we can automatically attribute those actions to its corresponding agent; in
other words, we differentiate ourselves from the environment and even from other agents (Daprati et al. 1997; Jeannerod
2003; Jeannerod and Pacherie 2004). This automatic recognition of the author of action is known as the sense of agency
(SoA). SoA describes the feeling of being in control and of being the author of one’s actions (Gallagher 2000). It has been
proposed that the SoA relies on a mechanism named the internal forward framework. Figure 1:4, which is capable of
discriminating self-produced from externally generated actions or other relevant sensory signals. According to the internal
forward model, for any motor command sent to muscles, a copy is sent to the sensory areas (efference copy) to predict
the sensory feedback. If the actual sensory feedback matches the predicted one, the sensory feedback is attenuated, and
we attribute this action to ourselves (Frith et al. 2000). Sensory attenuation happens automatically by the brain for the
self-generated feedback, which results in them being less strongly perceived, e.g., we cannot tickle ourselves (Blakemore
et al. 2000). However, any mismatch between the predicted and desired state leads to judging self-generated actions as
externally generated. In general, the internal forward model is accepted for sensorimotor control, motor estimation, pre-
diction, and motor learning (Wolpert et al. 1995). It may also explain the passivity experiences reported in schizophrenic
patients, where a patient feels that his own actions are being created, not by himself, but by some outside force (Schneider
1957; Frith et al. 2000; Schneider 2007). Passivity experiences range from delusions of control, though insertion to audi-
tory-verbal hallucinations, and these all reflect abnormalities in SoA (Schneider 1957; Frith and Done 1989; Fourneret
and Jeannerod 1998; Schneider 2007).

Efference Predicted feedback
copy Forward Model

Motor command I Sensarmofon | Actual feedback

system

Sensory
discrepancy

External influences

Figure 1:4 Intental forward model scheme adopted from (Blakemore et al. 2000).

Forward models (upper branch) and sensorimotor processing (lower branch) efficiently predict future states of the
system and actual sensory feedback, respectively. These predictions are compared to make humans aware of abnormal
behavior. If there is a mismatch between the predicted and actual sensory feedback, that action is misattributed.

Following the early work by Nielsen (1963), there has been intensive research on the sense of agency where the partici-
pants' conscious action monitoring or motor awareness (MA) was investigated by introducing the spatiotemporal mis-
matches between their self-generated actions and the feedback (visual or auditory) they received (Fourneret and Jeannerod
1998; Franck et al. 2001; Knoblich and Kircher 2004; Knoblich and Repp 2009). Some of these studies used intentional
binding paradigms (Suzuki et al. 2019), such as bottom pressing, which evaluates compression of the time interval be-
tween an intentional action (e.g., a button press) and its outcome (e.g., a brief auditory tone) (Sato and Yasuda 2005; Repp

and Knoblich 2007; Sato 2008; Knoblich and Repp 2009). However, these studies only referred to a specific aspect of the
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agency, which depends on the immediate action-outcome rather than the actual sensorimotor component and movement.
On the other hand, other agency studies investigated how and to what extent participants can consciously access their
motor performance by using paradigms that include goal-oriented but continuous limb movements, e.g., hand drawing,
opening and closing hand (Fourneret and Jeannerod 1998; Slachevsky et al. 2001; Knoblich and Kircher 2004; Salomon
et al. 2011). For instance, hand drawing studies (Nielsen 1963; Fourneret and Jeannerod 1998; Slachevsky et al. 2001)
have revealed that participants automatically aligned their hand trajectories with a visual target on the computer screen
while compensating for a displayed spatial deviation. They were often unaware of their online corrections and judged
many of these actions as non-deviated. Yet, there is still a large bias in goal-directed movements because of reaching that
goal. The main distinction between SoA and movement details comes with locomotion research. Locomotion is cyclic,
more rarely immediately goal-directed, and generally considered a highly automatic and unconscious action (Grillner and
Wallen 1985; Armstrong 1988). Gait agency research not only can investigate the SoA as in previous paradigms but also
motor adaptation that is distinct from SoA and independent of reaching a target or achieving a goal/immediate action
outcome. Additionally, such research would allow us to investigate full-body SoA as participants move their entire bodies
during locomotion. As a pioneer work, Menzer et al. (2010) investigated auditory SoA during free walking using a para-
digm in which participants judged their SoA for temporally delayed sounds of their footfalls during free walking (see
Figure 1:5). Kannape and Blanke (2013) also measured SoA during gait movements using visuomotor conflicts. Both
walking SoA studies found a systematic and predictable relationship between SoA judgments and the extent of the tem-

poral delay (Kannape and Blanke 2013). They also demonstrated periodic adjustments in participants walking speed.
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Figure 1:5 Auditory-motor conflict during free walking.

(a) Participants wore specially adapted shoes which were equipped with open microphones. Participants received audi-
tory feedback of their footsteps with a specific range of delays (19 random delays of up to 1800 ms) while walking
continuously in a 20 m by 4 m hallway. (b) Corrected-agency judgment across normalized delay conditions. Agency
judgment changes as a function of delay with a sinusoidal pattern. The maximum agency was observed for trials with
half-cycle and full-cycle delay, while the minimum was observed for out-of-phase trials. (c) Gait period as a function of
the normalized delay. The average gait period demonstrates small but systematic variation with the delay period in a
sinusoidal pattern. Based on (Menzer et al. 2010) and (Kannape and Blanke 2012).
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Figure 1:6 Visual-motor conflict during treadmill walking based on (Kannape and Blanke 2013).

(@) Experimental setup. Participants were asked to walk on a treadmill continuously, and an optical motion capture
system was used to detect their movements. These movements were mapped onto an individually adapted life-size
avatar and projected on a screen placed 2 m in front of the participants. Visual feedback was provided with different
delays (0 to 1500 ms with an intrinsic delay of 75 ms). (b) Agency changes as a function of delay with a u-shaped pat-
tern. The highest agency can be seen for no-delay and full-delay conditions, while the agency is lowest for trials with
half-cycle delays. (c) stride time deviation changes systematically as a function of delay with the sinusoidal pattern.

1.3 Touch perception on the torso

Human beings perceive tactile sensations (e.g., vibration, static pressure, dynamic pressure, etc.) via particular sensory
end organs, known as mechanoreceptors in the skin. Physiologists have revealed that the sensitivity of mechanoreceptors
rely on their receptive field size (large receptor have poorer spatial resolution), density (many receptors in a given area
resulting in high spatial acuity), frequency range (receptors do not perceive signals outside their range), and the type of
stimulation (skin motion or continued pressure) (Verrillo 1966; Johansson and Vallbo 1983; Vallbo et al. 1984; Bolan-
owski et al. 1994; Vallbo et al. 1995; Johnson and Yoshioka 2002). More importantly, different body parts may contain
various combinations of specific receptors, leading to differing perceptual capabilities in different body regions. Since
there is no particular study investigating the mechanoreceptors' innervation in the torso area, researchers often benefit
from the results of research on the human forearm to explain the underlying receptor fields in the torso area. Vallbo et al.
(1995) identified five types of mechanoreceptor units, including two types of slow-adapting units and three types of fast-
adapting units. Merkel disks and Rufini endings, as slow-adapting receptive fields, respond when the nerve is continually
compressed (i.e., by sustained skin displacement); hence, they are sensitive to static or low-frequency (0.4-10 Hz) skin

deformation.

On the other hand, fast-adapting units, including hair follicles, field units, and Pacinian corpuscles, produce a transient
response to the onset and offset of stimulation, resulting in the perception of dynamic skin stimulations. While field units
innervate skin between hairs, with large receptive fields, hair follicles are located at the base of follicles governing the
perception of touch and low-frequency vibration (10-100 Hz) by deflection of hairs. However, perception of high-fre-
quency skin deformation (i.e., at least 100 Hz) can reflect responses of Pacinian corpuscles, which are typically located
in deeper tissues and have a very large receptive field (~1mm). Pacinian corpuscles exhibit a U-shaped function at high
frequencies (100 to 1000 Hz), where maximum sensitivity occurred at 220 Hz. They also exhibit both spatial and temporal

summation: reduced thresholds with an increased area of excitation and increased duration of vibration. While studying
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the anatomical structures underlying the skin can provide fundamental insights about the functionality of each distinct
mechanoreceptor, in reality, the tactile perception results from integrated inputs of receptors in a given skin area. There-
fore, the best practice technique to evaluate the multi-receptor perception and global tactile perceptual limitations is con-
ducting psychophysical experiments. Considering applications of torso-worn tactile displays that provide spatially-en-
coded tactile information, two general aspects of the tactile spatial resolution are often required: How well can a user
distinguish tactile cues applied to neighboring locations on the torso? And how well a user can spatially localize contacts
on the torso? The former is referred to as tactile spatial acuity, and the latter is tactile spatial localization. Since the mid-
19th century, a considerable number of studies have employed various psychophysical measures, via manual stimulation
or wearable systems, to evaluate tactile spatial acuity and localization on the surface of the human body, particularly the

human torso. In the following, we review some of these studies.

1.3.1 Tactile spatial acuity

Two classical techniques to measure the spatial acuity of the human skin are “two-point discrimination” and “point-
localization” (Weber 1834). The two-point discrimination test assesses the ability to discriminate two nearby, distinct
points of stimuli from one. Although in the related literature, the two-point discrimination was predominantly employed
to evaluate the spatial acuity of the skin, recent studies have questioned the validity of this measure as it is vulnerable to
several possible confounds. For instance, discrimination of one from two-point stimuli can happen simply based on in-
tensity cues rather than spatial cues (Johnson and Phillips 1981; Johnson 1994; Stevens and Patterson 1995; Craig and
Johnson 2000; Tong et al. 2013). Alternatively, point-localization can be determined by applying two successive stimuli
at nearby loci and asking the user to judge whether points stimuli were at the same location or not. Hence, it does not
seem to show the limitations of classical two-point discrimination (Tong et al. 2013). Using a metal compass (static
pressure) on the different parts of the body, Weinstein (1968) revealed that acuity found with two-point discrimination
was three to four times lower than with point-localization, although they were highly correlated. Furthermore, they re-
vealed that spatial acuity varies substantially over the body site, with the lowest acuity for the torso (point-localization
threshold of 10 mm). However, their results only reflected responses to slow-adapting receptors (i.e., Merkel disks) and
may not be extended to prevailing wearable tactile communication systems equipped with dynamic mechanical stimula-

tors.

As a pioneer work on the vibrotactile spatial acuity on the back, Eskildsen et al. (1969) performed both two-point dis-
crimination and point-localization tests, using an array of five mechanical vibrators (burst duration of 1 sec) attached to
the back of a dentist chair (located on the back at the level of the scapula). They reported similar threshold gaps for both
tests (10-11 mm) while both thresholds approximated the one found for the point-localization test with static touch. Van
Erp (2005a) tested both horizontal and vertical spatial acuities by deploying linear arrays of tactors (250 Hz) taped to the
users’ back and abdomen. They reported comparable discrimination thresholds for horizontal and vertical spatial acuities
of 20-30 mm with a lower threshold of 10 mm around the spin and navel, only found in horizontally oriented arrays. In
addition, they highlighted the role of spatiotemporal interactions by observing that the accuracy increased as burst dura-

tion or/and inter-stimulus interval increased with a stronger effect of interstimulus interval.

Recently, a research group in the University of Iceland have conducted two subsequent studies (Johannesson et al. 2017;

Hoffmann et al. 2018b) in an attempt to systematically investigate, so-called, relative spatial acuity (i.e., whether the
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second stimulus was to the left or right of the first stimulus or whether it was the same one.), of the skin of lower back to
vibrotactile stimulations by deploying wearable displays. In their pioneer study(J6éhannesson et al. 2017), they have ex-
plored the effect of inter-tactor distancing, using arrays of 3x3 coin cell eccentric rotating mass motors (10 mm) attached
to a spongy waist-worn belt, named Vibro-sponge. They have found the relative spatial acuity increased from 64% to
91% as the center-to-center inter-tactor distance decreased from 30 to 13 mm c/c. Additionally, they compared the spatial
acuity of Vibro-sponge with a tactile vest consisting of 64 (8x8) tactors. They indicated the weaker spatial acuity for
tactile vest despite the bigger inter-tactor distance in the tactile vest. In their subsequent study (Hoffmann et al. 2018b),
they have explored the influence of the choice of tactor type, the orientation of stimulus presentation, and the near-spin
location effect. They have remarked significant differences between vibrotactile spatial acuity of different tactors,
emerged from differences in the way the vibration is generated. They also found strong spatial anisotropy (direction
dependencies) in vibrotactile perception, with higher accuracy for horizontal than vertical presentation direction, consist-
ently across tactor types. Furthermore, they observed that localization accuracy was lower in the spine area than more

peripherally.

1.3.2 Tactile point localization

Several studies in the literature have deployed the tactile localization test that evaluates the ability to localize a point of
stimulation in an array of actuators mounted on the torso (Cholewiak and Collins 2003; Cholewiak et al. 2004; van Erp
2007; Chen et al. 2008; Jones and Ray 2008; Jones 2011; Medina et al. 2018). The results of those studies are of interest
for applications where cues about the external world, e.g., the location of an object in a virtual environment, are presented
to the specific location of the torso. In addition, such experiments assist in determining the optimal dimension of an array

of vibrators intending to convey information.

Researches that deployed one-dimension arrays of vibrators around the waist demonstrated that the localization accuracy
is highly influenced by the inter-tactor spacing and the specific location of the actuator on the body. In two separate
studies, Cholewiak et al. (2004) and Jones and Ray (2008) reported the localization accuracy of 92% and 98%, respec-
tively, using an eight-tactor belt around the waist (spacing of 107 mm and 80-100 mm, respectively), yet deploying 12-
tactor belt (spacing of 72 mm) resulted in the accuracy of 74%. Additionally, both studies reported the highest accuracies
for tactors near the spine and navel. This higher identification ability near anatomical landmarks such as joints was pri-
marily introduced by Weber (1834). It has also been recently shown for the point localization of both vibrotactile and
static pressure stimuli presented on the upper limbs (e.g., elbow, wrist) (Gibson and Craig 2005; Cody et al. 2008). Alt-
hough the results of Cholewiak et al. (2004) and Cholewiak et al. (2004) studies have suggested that the spine can be
served as the body landmark, those studies that deployed a two-dimensional array of tactors on the user back have not
found any superior effect of the spinal area. However, such studies have observed that in addition to inter-tactor spacing,
the location of the target in an array can play a crucial role in localization accuracy. Using an array of 4x4 tactors (hori-
zontal and vertical inter-tactor spacing of 60 mm and 40 mm, respectively), Jones and Ray (2008) have reported an
average accuracy of 59% (range over 40-82%). They have indicated that participants were more accurate in identifying
the correct column (87% correct) rather than the correct row (68%). Cholewiak and McGrath (2005) have utilized an
array of 4x6 tactors (inter-tactor spacing of 50 mm) on a waist belt to examine the localization accuracy of the mid-lower
back area. They have reported accuracy of approximately 55% (varies in a range of 40-77%) while the higher accuracy

has been observed at the edge of the array than those in the center. Lindeman and Yanagida (2003) tested the localization
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accuracy on the whole back through a 3x3 array of tactors (spacing of 60 mm) attached to a chair. They have reported the
accuracy of 84% with a comparably long burst duration of 1 second. They have also noted the lower performance in the
spinal regions compared to the peripheral. With all the above-mentioned studies focusing on the point localization within
an array of vibrators on the back, Al-Sada et al. (2019) have investigated the discrimination of tap stimuli on the front
and back torso using a waist-worn robotic arm. They have divided the whole back into 16 cells (4x4) with an average
spacing of 50-80 mm. By applying static pressure of 7.4 N on the back, they found that the accuracy varies in the range
of 6.67% and 96.6%, while higher accuracies were assessed for the most top cells, and it gradually decreased by going

towards the lowest row. They have also found a superior effect of the peripheral region compared to the inner regions.

1.4 Torso-based haptic technology

In general, a haptic interface uses three complimentary sub-sensory channels, kinesthetic (force feedback), tactile and
thermal to influence on the human somatosensory system. Force feedback interfaces convey force or motion while the
two others enable us to perceive an object’s properties via skin contact (Lederman and Klatzky 2009). Although force
feedback interfaces have a longer and more substantial history of research and technological advancement, they often
require a bulky setup to operate actuators/sensors placed at their joints. Therefore, they are less likely to be used in a
wearable and portable arrangement. Torso-worn haptic displays applying tactile or thermal cues to users have gained a
lot of attention in recent years (Choi and Kuchenbecker 2012). The majority of torso-worn haptic displays, developed in
the last two decades, have used miniature vibrotactile stimulators as they have become more common and affordable
(Arafsha et al. 2015; Karafotias et al. 2017; Garcia-Valle et al. 2018). Additionally, vibrotactile stimulators can be easily
embedded in a wearable interface, which is desirable to make a confidential and mobile stimulation system. Below, some

of the recent torso-worn haptic displays will be reviewed.

As one of the pioneering studies, Rupert (2000) has developed ergonomic torso-worn tactile communication displays to
counteract the danger of visual and auditory overload for military pilots in acceleration conditions, see Figure 1:7 (a) as
an example (van Erp et al. 2003). Viola et al. (2018) have designed a corset-like vest (see Figure 1:7 (b)) equipped with
IMU and four vibrotactile motors to provide gravitational guidance in deep-sea diving or micro-gravity. Van Erp and
colleagues have employed torso-worn vibrotactile displays as the pedestrian navigation system (van Erp et al. 2003; Van
Erp et al. 2005; VVan Erp 2005b; van Erp 2007). Tactile displays worn on the torso can be also used as sensory substitution
systems to provide spatial information about the environment to people whose visual, auditory or vestibular systems are
impaired. For instance, VibroVision (Figure 1:7 (c)) was developed to help visually impaired people by projecting infor-
mation about the area in front of the wearer onto her/his abdomen in the form of a two-dimensional tactile image rendered
by an array of vibration motors (Wacker et al. 2016). Buimer et al. (2018) also developed a wearable sensory substitution
device (SSD, see Figure 1:7 (d)) consisting of a head mounted camera and a haptic belt to convey facial expressions to
visually impaired users. Torso-worn vibrotactile displays have been also used for affective communication aims including
emotion regulation, enhanced emotion experience and social interaction. TapTap (Bonanni et al. 2006) is a touch-sensitive
scarf, which can record, broadcast and playback nurturing human touch for emotional therapy purposes (Figure 1:7 (g)).
Lemmens et al. (2009) at Philip Research Europe developed a wearable vibrotactile jacket, involving 64 vibrators (Figure
1:7.(f)), to intensify emotional immersion experiences when watching movies. They targeted to evoke different emotions
(e.g., love, fear, sadness, anger, anxiety, happiness) and also evaluated immersion based on immersion questionnaires and
physiological measurements. Their findings showed the promising influence of tactile stimuli to enhance immersion.
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Moreover, a tactile wearable jacket has been designed to enhance immersion during watching movie and gaming (Figure
1:7.(9)). It contains a combination of vibrotactile and heat actuators to display six universal emotions along with several
emotional reactions such as a hug, poke, tickle or touch (Arafsha et al. 2015; Karafotias et al. 2017). Likewise, Lentini et
al. (2016) addressed the complex and broad nature of vibrotactile design space by deploying an intuitive and natural
technique to shape tactile gesture (Figure 1:7.(h)). In fact, they designed a tactile gesture authoring system which can
translate hand gesture into vibrotactile stimuli rendered through a haptic jacket. Indeed, users by waving their hands can
feel vibrotactile cues via haptic jacket with the same stroke sequence, speed and translated intensity as well as on the
selected part of the jacket. Recently, Garcia-Valle et al. (2018) employed a torso-worn display (see Figure 1:7.(1)),
equipped with vibrotactile and thermal actuators to improve the level of immersion in multimodal virtual environments.
Via a behavioral study, they verified that the developed haptic device has improved users’ performance in an environment

that involved three senses: vision, audio and haptics.

As reviewed above, most current approaches are limited to expressing motion and vibrational feedback through vibrotac-
tile stimulation ignoring the role of sustained or distributed force in conveying realism. However, only few publications
discuss the use of force stimulators to the human torso to provide physical interactions in virtual environments. For in-
stance, the force jacket (see Figure 1:7.(m)) was made of pneumatically actuated airbags to provide strong and variable
forces to the torso along with vibrotactile sensations (Delazio et al. 2018). Nevertheless, this system included a series of
air tubes connected to a large air compressor and vacuum resulting in a very bulky setup (neither mobile nor portable)
and confining for the users. More recently, Al-Sada et al. (2019) designed the HapticSnakes (see Figure 1:7.(n)), a snake-
like waist-worn robot that can deliver different types of haptic feedback to the upper body via an exchangeable end

effector attached to the waist.
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(m) )

Figure 1:7 Recently developed torso-worn haptic interfaces.

(a) Helicopter pilot showing the TNO Tactile Torso Display designed for orientation and navigation in challenging
environments but with a possible spin-off to sports. (b) Corset-like vest. Four vibrotactile motors were mounted on the
torso (two on the front and one on the back for pitch dimension), and one per each shoulder for roll dimension (Viola et
al. 2018). (c) Vibrovison vest. Depth information from an object is displayed as a vibrotactile image on the abdomen
(Wacker et al. 2016). (d) Wearable sensory substitution device Person wearing the device consisted of a webcam
mounted on a cap, a tablet in a mesh backpack, and a vibrotactile belt (Buimer et al. 2018). (e) TapTap prototype is a
scarf with large pockets with a power supply. TapTap actuators to be mounted wherever the wearer desires. The out-
side of the scarf is a public color (gray), while the inside and its intimate actuators are a warm color (pink) (Bonanni et
al. 2006). (f) Interior view of tactile jacket developed in (Lemmens et al. 2009). (g) Exterior view of tactile jacket de-
veloped in (Arafsha et al. 2015). (h) Interior view of tactile jacket developed in (Lentini et al. 2016) (front view). (I)
Interior view of the jacket developed in (Garcia-Valle et al. 2018) (back view). (m) The appearance of Force jacket
(Delazio et al. 2018). (n) Side view of the Haptic snake (Al-Sada et al. 2019).

32



Introduction

1.5

Thesis at a glance

Chapter 2 presents a feasibility study on using a simple torso-worn vibrotactile display in experimentally inducing bodily

illusions for healthy participants. Chapter 3 describes the design, implementation, and validation of a novel torso-worn

force display called “CognoVest,” which provides a human-like poking sensation on the users’ back. We further used

CognoVest to induce altered states of BSC in a healthy population. In Chapter 4, we employed a fully wearable biofeed-

back system called FeetBack to investigate walking agency via temporal manipulation of step-related, remapped tactile

feedback presented on the participants' backs during free walking. Chapter 5 evaluates and compares tactile spatial dis-

crimination on the human back for vibrotactile and force stimulations using two different tactile perception paradigms,

including tactile direction discrimination (DD) and tactile point localization (PL).
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Abstract

Recent developments in virtual reality and robotic technologies have allowed investigating the behavioural and brain
mechanisms that grounds self-consciousness in the multisensory (e.g., vision and touch) and sensorimotor processing of
bodily signals. Yet, previous technological solutions to apply tactile stimuli for body illusion induction limit participants’
movements, do not allow for stimulations in dynamic environments (e.g., the subject walking), and can hardly be inte-
grated into real-life settings and complex, interactive, virtual reality environments. Here, we present the development and
first validation of a new semi-wearable haptic system, based on vibration technology, to induce a range of bodily illusions
relevant to research in psychiatry. This is a first step towards developing wearable haptic systems able to administer touch

and induce specific bodily illusions under dynamic conditions and in real-life settings.

2.1 Introduction

Recent experimental evidence from neurology and cognitive neuroscience has shown how the multisensory and sen-
sorimotor integration of bodily signals provides the basis for bodily self-consciousness (BSC) - the non-conceptual and
pre-reflective representation of body-related information (Tsakiris 2010; Blanke 2012; Ehrsson 2012). Thus, when ex-
perimentally exposed to conflicting multisensory bodily cues about the location, appearance, and synchrony of one's own
body signals, participants are prone to report significant alterations of their bodily experience (illusory own-body percep-
tions). For example, in the rubber hand illusion, synchronous stroking of a seen rubber hand and one’s own real hand
(hidden from view) induce illusory ownership over the fake hand and bias the perceived location of one’s own hand
towards the rubber hand (proprioceptive drift) (Botvinick and Cohen 1998). Through the use of virtual reality technology

and by applying synchronous tactile stimuli on the participants’ torso and a seen avatar, these manipulations have also
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been extended to the full-body (full-body illusion) (Ehrsson 2007; Lenggenhager et al. 2007). More recently, the devel-
opment of MRI-compatible robotic technology has allowed performing these paradigms in MRI environments, thereby

enabling precise time-delay and the investigations of the neural mechanisms of these illusions (lonta et al. 2011).

Another important line of work has used sensorimotor (instead of multisensory) manipulations of one’s bodily signals to
induce systematic changes in BSC. Thus, in the tactile rubber hand illusion, blindfolded participants are guided by the
experimenter to touch a fake hand while synchronously receiving the touch on their other real hand (Ehrsson et al. 2005).
This results in the subjective illusion of touching one’s hand (illusory self-touch) and induces a bias in the localization of
the touched hand that is perceived closer to the touching hand. Recently, this sensorimotor paradigm has been adapted to
the full body. Hence, Blanke et al. (2014) used a robotic system to apply sensorimotor manipulations between the hand
and torso of blindfolded participants. Participants were asked to perform voluntary tapping movement with both hands
by using the leader haptic device placed in front of them and received synchronous or asynchronous tactile feedback on
their back. Similarly, to the tactile rubber hand illusion, in the synchronous condition, participants reported the illusory
experience of touching their back (illusory self-touch). Importantly, during asynchronous stimulation, participants re-
ported not only a reduced self-touch experience but also the illusory sensations of having someone behind them (Presence
Hallucination, PH) and felt touched by someone (passivity experience), comparable to experiences reported by neurolog-

ical and psychiatry patients (Llorca et al. 2016).

In spite of the recent achievements in robotic manipulation of tactile stimuli during several bodily illusions (lonta et al.
2011; Blanke et al. 2014), haptic technology for BSC is relatively underdeveloped, compared to the advances in auditory
(e.g. sound specialization, 3D audio, etc.) and visual stimulations (such as VR/AR technology, stereoscope view, etc.).
For instance, the usage of the leader-follower robotic system described in the PH study (Blanke et al. 2014) is limited to
the laboratory environment and to stationary conditions of participants (i.e., the participants cannot walk during stimula-
tion), while the emerging visual (Slater et al. 2008) and auditory technologies (Tajadura-Jiménez et al. 2015) allow re-
searchers to handle various multisensory in-congruency with small-scale, portable setups and in complex and dynamic
environments. We here focus on the development of wearable and portable tactile stimulation interfaces for the human
torso. This is because torso-related tactile signals have been shown to be crucial in manipulating global aspects of bodily

self-consciousness and the PH in particular (Blanke 2012; Blanke et al. 2015).

In this study, we designed a new torso-mounted vibrotactile display to investigate illusory own-body perceptions, and
particularly PH and passivity experiences, based on the paradigm proposed by Blanke et al. (2014) (experiment 2). We
first conducted a feasibility study and deployed the novel semi-wearable setup in experimentally inducing bodily illusions
for healthy participants. To characterize the new vibrotactile garment, we combined the PH experiment with additional

vibrotactile perception tasks/questionnaires.

2.2 New wearable setup to induce bodily illusions

Figure 2:1a depicts a schematic view of the experimental environment deployed in the study (Blanke et al. 2014) (exper-
iments 2 and 3). The setup comprised two robots, the leader haptic device, Geomagic Touch (formerly called as Phantom
Omni), and a three-degree-of-freedom (DOF) follower robot. The position of the follower robot was controlled with the
leader haptic device, causing a complete coincidence between the movements of the two devices. Participant moved the

leader haptic device with the right index finger (a 3D printed finger place, Figure 2:2b, was used to fix the participant's
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finger at the leader haptic interface), which operated the movements of the follower robot that provides touches to the

participant's back.

Leader haptic

° Leader haptic
interface

interface
Follower
robot

Vibrator

[

(a) Classical manner (b) Proposed manner

Torso-mounted
vibrotactile interface

Figure 2:1 Experimental setup.

Schematic views of classical and proposed experimental setups and environments for experimentally inducing PH and
relevant bodily illusions.

The experimental setup in the current study is the modified version of the two-part robotic system employed in the study
(Blanke et al. 2014) (experiments 2 and 3). Figure 2:1b represents the schematic view of the proposed experimental
condition. In the new experimental arrangement, the follower robot was replaced with a torso-mounted vibrotactile inter-
face (see Figure 2:2a) to provide the vibration stimulus on the participants’ back. The vibrotactile suite consists of two
arrays of vibrators with a plastic-like covering. Each array had three coin-shaped, Eccentric Rotating Mass (ERM) vibra-
tors (310-118, Precision MicroDrive; frequency: 200-250 Hz; amplitude: 0.8-1.3 g), with in-plane vibrations. An inter-
vibrator distance of 8 cm was chosen to be bigger than the 2-point discrimination threshold for the back (Eskildsen et al.
1969). A pilot study confirmed that using three vibrators on each vertical array is sufficient. A chest belt was employed
to locate vibrator interfaces on the participant's upper back. There were specific belts for women and men. The woman
belt was especially shaped to conform to the chest, ensuring correct fit and firm support. Two vibrator arrays mounted
vertically on the belt with a fixed horizontal distance of 15 cm for almost all participants (for three participants, two
vibrator arrays were located closer because of their small size). This distance was chosen based on the average distance
between the shoulder blades. Figure 2:2c represents the arrangement of vibrators on the back and vibrators numbering. A

wireless micro-controller board embedded in 3D printed box was deployed to run vibrators through custom software.

On the leader haptic device, a single coin-shaped ERM vibrator, similar to the back vibrators, was added to the end of the
finger placement to provide a vibration stimulus on the fingertip (see Figure 2:2b). The fingertip vibrator was controlled
by an Arduino and worked congruently with back vibrators. In contrast to the follower robot (Blanke et al. 2014), with
continuous workspace, the wearable actuator suite can only provide six discrete vibrotactile stimuli on the back. The hand
exploration area was divided into 6 different smaller regions according to the vibrators' arrangement on the back to assess
the spatial correspondence between continuous hand workspace and discrete back workspace. Moreover, a virtual wall

with a stiffness of 0.5 N/mm was provided at the leader haptic device to administer a virtual wall, when the participant
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touches his/her back. Thus, depending on the region that the participant touches the virtual back with his/her index finger,
the corresponding vibrator activates on the back. Custom Graphical User Interface (GUI) written in Visual C++ (Mi-

crosoft) was developed to link the leader haptic device and vibrotactile actuator suite and to control the experiment flow.

2.2.1 Setup characterization and feasibility study
2.2.1.1  Experimental design

Experimentally induction of bodily illusions: The behavioral experiment was designed to investigate the possibility of
inducing the PH and passivity experiences in healthy subjects by providing vibrotactile-motor signals. Similar to our
previous study (Blanke et al. 2014), the effect of synchrony (synchronous (SYNC) vs. asynchronous (ASYNC)) was
investigated, while the force feedback at the fingertip of the moving hand was provided in both conditions. This was done
to provide a virtual wall when participants touched their back (during SYNC or ASYNC conditions). In the original study,
Blanke et al. (2014) found that the force feedback did not significantly affect inducing PH. Yet, pilot testing showed that
participants tend to report higher PH when force feedback was provided. The original study (Blanke et al. 2014) also
found changes in self-location depending on force feedback. In addition, to reduce habituation effects and decreases in

tactile perception, we used a variable delay of 500 £+ 100 ms instead of the fixed delay used in (Blanke et al. 2014).

To assess subjective changes in own body perception of participants during the experiment, a 4-item questionnaire (i.e.,
Bodily illusions questionnaire), adopted from (Blanke et al. 2014) (experiment 2), was proposed to participants at the end

of each experimental condition.

Self-touch “| felt as if | was poking my back.”

Passivity “| felt as if someone else was poking my back.”

PH “| felt as if someone was standing close to me or behind me.”
Control “| felt as if | had 3 bodies.”

Chest belt “

Covers ¢ E p

Comecing pCBs (hemomost ] (D

- S s

(a) Torso-mounted vibrotactile interface

(¢) Vibrators arrangement

: 1.5 min ~2min 2min 2 min ~ 2 min

Vibrator H’V 70 trials , > 70 trials
Poking

(b) Finger placement (d) Experiment flow

‘. ‘ i Calibration SY‘NC‘ASYNC‘ SYNC|| ASYNC| (Second-PLT

Figure 2:2 Novel experimental setups and procedures to induce PH and related bodily illusions.

Participants were asked to rate on 7 points Likert scale how strongly they agreed with each item (0 = not at all, 3 = not
certain, 6= very strong). In addition, a dedicated questionnaire to assess tactile perception (called as User experience
questionnaire) was used during the poking phase, after another pair of SYNC and ASYNC blocks, to assess the quality

of tactile stimuli and the garment.
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“| felt the same strength of vibration in the different parts of my
back.”

“The tactile stimuli that I felt on my back matched with my anticipa-
tion from the hand exploration task.”

Uniform, vibrotactile sensation (UVS):

System performance (SP):

Comfortability: “This semi_wearable FoP robot is comfortable to wear.
Tactile task: In order to characterize the vibrotactile setup and better understand human vibrotactile perception on the
upper back, we designed and administrated a Point Localization Task (PLT). In this task, subjects received one vibrotactile
stimulus at a time, and they were asked to indicate where they perceived the tactile stimuli on their back. Responses were
given with a handheld keypad (prior to the PLT task, they had been informed about the arrangement of vibrators on their
back (see Figure 2:2c)). That is, the PLT was used to investigate participants' absolute vibrotactile localization acuity
(Johannesson et al. 2017). The PLT task was repeated during the experiment, once before and once after the poking task,

to assess possible changes in tactile perception throughout the experiment.

2.2.1.2  Participants

Twenty-two healthy participants (15 females; age range: 18-32 years; average age (SD): 25.6 years (3.9 years)) partici-
pated in the experiment. All participants were right-handed, had no history of neurological or psychiatric disease, and
were naive to the goal of the study. In addition, participants with a wound or scar on their upper back were excluded since
the former injury on the back could potentially influence sensitivity to vibrotactile stimuli. Informed consent was obtained
after all instructions on the experiment were given to participants and their questions answered. All participants received

financial compensation for their participation. The research was conducted in accordance with the Helsinki Declaration.

2.2.1.3  Procedure

Prior to the experiment, all participants were asked to wear a T-shirt and the vibrotactile interface. The experimenter
helped them to properly locate the vibrator arrays on their back (two upper vibrators on each array must be located on
two shoulder blades, and the rest vibrators were placed below). The experiment consists of three different sessions (see
Figure 2:2d): calibration task, PLT task (the First-PLT and the second-PLT), and the poking task.

Calibration: Participants had to complete the vibrotactile calibration task while they were listening to white noise through
headphones. During the calibration task, they received randomized vibrations on their back (for a constant duration of
270 ms followed with 1 s time interval between each two successive vibrations) for a period of 45 seconds, and later, they
verbally answered the following question: "Did you receive uniform vibrotactile sensation all over your back and if not
where was the weakest and strongest points?". Depending upon participants' responses, the experimenter applied the
following modifications: 1) re-adjusting the location of vibrotactile interface on the participants’ back, 2) changing the
intensity of weaker or stronger vibrators (following participants request, the intensity of two upper vibrators, which were
located on each side shoulder blade was decreased between 33% to 55%), 3) utilizing another chest belt on top of the
vibrator belt to ensure that all vibrators were well in contact with the skin (for most of the subjects, especially medium
and small size subjects the second belt was used). The calibration session was repeated until participants confirmed uni-
form vibrotactile perception on their back (on average, there were two calibration sessions per subject). Participants were

asked to keep standing during the whole experiment to avoid any changes in calibration.
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PLT: In the PLT, participants received a pseudo-random, single vibration stimulus on their back and were asked to indi-
cate the location of the perceived vibration by specifying the number of the corresponding vibrator by a numeric keypad
(see Figure 2:2c¢). No feedback about their performance was given to participants during the task. Moreover, to reduce
task complexity, they were instructed to hold the keypad so they could see the numeric keypad buttons in a sequence
matching the vibrators numbering on the back. Catch trials were added as a control trial to assess the extent to which
participants responded to perceived vibrotactile stimuli rather than using other response strategies. Each of the six loca-
tions was stimulated ten times resulting in a total of 70 trials. The vibrators were turned on for 270 ms and followed with
a random interval in the range of 2000 + 250 ms. For each individual trial, participants’ response was recorded by the
software. During the task, participants wore headphones playing white noise to mask the sound of vibrators. The white
noise intensity was adjusted for each participant in order to have complete acoustic isolation. All participants tried a
training session, similar to the main task but shorter, around 1 min, to learn how to respond to vibration with the keypad.
To explore any changes in tactile perception, the PLT task was repeated, along with the experiment, before (First-PLT)
and after (Second-PLT) the poking task.

Poking: During the poking task, similar to the study (Blanke et al. 2014) (experiment 2), participants were asked to do
poking movements using a leader haptic device and receiving vibrations on the back through the vibrotactile suite, while
they were blindfolded, sound isolated, and standing in front of the leader robot. In the training session, they were instructed
to put their right-hand index finger inside the finger placement and produce forth and back hand movements with the
leader robot. During the experimental condition, they were allowed to freely explore the workspace (up-down, left-right)
and they were guided to touch the virtual back with the frequency of 1 Hz. They were informed that the vibrator provided
the touch cue during all experimental conditions depending on their hand movements, but without mentioning what type
of condition was applied. Participants had their eyes open throughout the training session (different from the main exper-
iment). The preparation session lasted around 2 minutes. Afterward, participants started to follow four random blocks: a
combination of 2 experimental conditions (SYNC and ASYNC) and two questionnaires (Bodily illusions and User expe-
riences). Each block lasted 2 minutes, and participants heard acoustic cues indicating the starting and ending of the block.
After each block, participants answered the questionnaires. At the end of the poking task, participants were asked to

comment on their experience and the setup freely.

2.2.2 Results and discussion
2.2.21 Bodily illusions

To evaluate the performance of the proposed experimental setup to experimentally induce PH and passivity experiences,
we analyzed the questionnaire data and analyzed the responses as reported in (Blanke et al. 2014). According to the test
for normal distribution (Shapiro-Wilk test of normality), all data derived from the questionnaire significantly deviated
from the normal distribution. Hence, the significant effect of synchrony (SYNC vs. ASYNC) was analyzed using the
Wilcoxon signed-rank test (signrank; Matlab R2016a) for each question. Figure 2:3a represents the average values for

self-touch, passivity, and PH questions in both experimental conditions.
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Figure 2:3 Likert scale ratings assessing subjective experience.

Following two minutes of robotic sensorimotor stimulation (a) Ratings for bodily illusions and control questions. The
figure presents the average rating and standard error from the mean (SEM) for each question. Note that for the passivity
question, there is a significant difference between SYNC and ASYNC conditions. (b) User experience results. Bar
charts and error bars represent the average score for each statement in each condition and its standard error of the mean
(SEM), respectively.

During the post-condition debriefing, five participants indicated that the tactile stimuli on their back were not comparable
to human touch (“Vibration stimuli on my back was not close to human pocking stimuli”’; “It was Machine who is working
on my back” (3 participants), and “Vibration does not give me the feeling of self-touch and other-touch”). This demon-
strates that the simple vibratory pulse was not an appropriate replacement for the natural human poking stimuli, and even
providing vibratory sensation in both hand and back sides was not sufficient. Also, we believe that the perception of being
touched can be improved by using an array of three by three vibrators on the subject's back, as this arrangement can
provide a proper spatial matching between the hand workspace and the back sensation. Moreover, future studies using
vibrators should try to personalize and further optimize this human-like poking sensation, also exploiting the multiple
levels of controls allowed by vibrators such as amplitude, intensity, and waveform (Seifi and Maclean 2013), as this may

enhance the PH and other illusions.

Statistical analysis revealed a significant effect of delay for passivity experiences (p = 0.02), where ratings were as pre-
dicted significantly higher in asynchronous condition than in the synchronous one (SYNC: M = 0.77, SEM = 0.28;
ASYNC: M = 2.00, SEM = 0.46). This observation is consistent with the finding in (Blanke et al. 2014). For the self-
touch question, although mean ratings in the SYNC condition were numerically higher than in the ASYNC one (SYNC.:
M =2.95, SEM =0.42; ASYNC: M =2.36, SEM = 0.42), a Wilcoxon signed-rank test only revealed a statistical tendency
in that direction (p=0.055). The data collected for PH and the control question were below 0.3 in both experimental
conditions. Our findings reveal that with our semi-wearable, vibrotactile setup, we could induce moderate illusory pas-
sivity experiences and mild illusory self-touch but no PH. Moreover, passivity and self-touch illusions depended differ-
ently on poking conditions. Results are promising for using our wearable vibrotactile garment to induce own-bodily illu-
sions in a controlled fashion based on synchrony manipulation. However, compared to previous work, illusions were of

lower intensity, especially the PH.
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2.2.2.2  User experiences

To investigate other tactile perceptions during the experimental conditions, we analyzed the data collected through the
User Experiences questionnaire. Figure 2:3b shows the average ratings for all three questions. Results indicate that par-
ticipants’ ratings for each question did not change across different experimental conditions. These observations show that
participants felt the same high level of uniformity, comfortability, and the correspondence between tactile sensation on
the hand and the one on the back, across experimental conditions (SYNC vs. ASYNC). We note that all mean ratings are
higher than 3 (neutral). These results imply that the present configuration of the garment allows uniform and distinguish-

able vibrotactile perception on the participants' back regardless of synchrony with high comfort.

2.2.2.3  Vibrotactile localization accuracy across the experiment

To assess vibrotactile spatial perception on the participants’ upper back, we performed the PLT task (twice during the
experiment). We only report the statistical analysis of PLT with 18 participants (a total of 22 participants), as in 4 partic-
ipants, we did not have a full data set due to technical problems. There were no outliers at the group-level (Median
Absolute Deviation (MAD) criteria with the factor of 3). Figure 2:4a shows the average localization accuracy (LA) in
both first and second sessions. The chance level was at 14.28 %. Based on the test for normal distribution (Shapiro-Wilk
test of normality), LA data for both sessions were not normally distributed. Hence, we performed the one-tail, one-sample
Wilcoxon signed-rank test to investigate whether the level of performance was better than chance. We found that in both
sessions, participants scored higher than chance level (both p<0.01). In addition, the data from the PLT test revealed that
the average accuracy for the vibrotactile localization did not change significantly between both sessions (Wilcoxon sign
rank test, p = 0.81). This observation, together with the result of the UVS question, admits that we could keep the cali-

bration status during the entire experiment under the circumstance of the proposed experimental condition.

2.2.2.4  Vibrotactile localization accuracy over the back

Mixed model analysis was implemented to investigate whether the localization accuracy changes over the different loca-
tions on the back. We considered “Location” as the fixed effect (6 different levels corresponding to 6 vibration locations)
and subject as a random effect (intercept). We found a significant variation of LA per vibrators. Figure 2:4b depicts the
profile of absolute vibrotactile localization accuracy on the upper back, associated with our vibrotactile suite. These data
reveal the variability of touch perception on the back when using the current display. We note that this profile depends
on garment design, contact of the vibrators, and generally low tactile spatial sensitivity on the back. Future studies should

further investigate this issue to further improve the induction of illusory own body perceptions.

2.2.2.5 Correlation between bodily illusions ratings and localization accuracy

We also explored the possible correlation between illusory touch ratings and vibrotactile localization accuracy. For this,
we used the self-touch rating in the SYNC condition and the Passivity ratings in ASYNC condition, in which we found a
similar trend as the study (Blanke et al. 2014). Spearman correlation's test revealed no correlation between self-touch
rantings (SYNC) and average LA for 18 subjects (R = -0.24, p = 0.3; corr, Matlab 2016a). The same result was found for
Passivity ratings and LA (R = -0.26, p = 0.29; corr, Matlab 2016a). There was also no correlation between UVS ratings
and LA (R =-0.3, p = 0.2). These observations suggest that illusory own body perceptions are not driven by the tactile

spatial accuracy as tested here.
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Figure 2:4 Localization accuracy for the torso-mounted vibrotactile interface.

((@ LA for both the first and second PLT tasks. The figure shows the average accuracy and standard error of the mean
for each task. The red dash-line shows the chance level. (b) Average LA profile on the back. The figure depicts the
profile of average LA and standard error of the mean for each vibrator location on the back.)

2.2.3 Conclusions

This paper used a portable and wearable vibrotactile display to provide personalized and well-perceived tactile stimuli on
participants’ upper back to manipulate BSC. Our findings revealed that with our semi-wearable, vibrotactile setup, we
could induce illusory passivity experiences and self-touch, but no PH. In addition, illusory passivity and self-touch dif-
ferently depended on poking synchrony. In addition, we have proposed possible technological improvements so that
future work could improve the wearable technology and possibly enhance the tested bodily illusions by also further testing
the involved tactile system on the participants’ back. Finally, we note that the lead part of our robotic system, non-wear-
able in the present system, could be made wearable by integrating standard state-of-the-art motion-sensing technology
and a vibrator on the user’s fingertip. This would make our system fully portable and wearable, paving the way to the
development of wearable haptic systems able to administer touch and induce bodily illusions under dynamic conditions
and in real-life settings.

42



CognoVest: a torso-worn force display to induce bodily illusions

Chapter 3  CognoVest: a torso-worn force dis-
play to induce bodily illusions
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Abstract

Recent advances in virtual reality and robotic technologies have allowed researchers to explore the mechanisms underly-
ing bodily aspects of self-consciousness, which are largely attributed to the multisensory and sensorimotor processing of
bodily signals (bodily self-consciousness, BSC). One key contribution to BSC, that is currently poorly addressed due to
the lack of a wearable solution concern realistic collision sensations on the torso. Here, we introduce and validate a proof-
of-concept prototype of the torso-worn force display, the CognoVest, that provides mechanical touch on the user’s back
in a sensorimotor perception experiment. In a first empirical study, we characterized human finger poking (N=28). In
order to match these poking characteristics and meet the wearability criteria, we used bi-directional, push-pull solenoids
as a force actuator in the CognoVest. Subsequently, and based on an iterative design procedure, a body-conforming,
unisex, torso-worn force display was prototyped. Finally, we conducted a behavioral study that investigated BSC in 25
healthy participants by introducing conflicting sensorimotor signals between their hands and torso (back). Using the final
reiteration of the CognoVest, we successfully replicated previous findings on illusory states of BSC, characterized by
presence hallucinations (PH) and passivity symptoms, and achieved higher illusion ratings compared to static conditions
used in prior studies.

2 This research was supported by two generous donors advised by CARIGEST SA (Fondazione Teofilo Rossi di Montel-

era e di Premuda and a second one wishing to remain anonymous) to O.B.
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3.1 Introduction

Wearable haptic displays for the torso have been gaining importance in recent years in a variety of applications,
ranging from virtual environments (Garcia-Valle et al. 2016; Garcia-Valle et al. 2018) to navigation (Rupert et al. 1994;
Ertan et al. 1998; Gemperle et al. 2001; van Erp et al. 2003; van Erp 2007; Paun 2018; Viola et al. 2018), affective
stimulation (Bonanni et al. 2006; Johnson and Higgins 2006; Cha et al. 2009; Cosgun et al. 2014; Arafsha et al. 2015;
Lentini et al. 2016; Karafotias et al. 2017; Paun 2018), rehabilitation (Wall and Weinberg 2003) as well as sensory-
substitution (Johnson and Higgins 2006; McDaniel et al. 2008; Wacker et al. 2016; Buimer et al. 2018). Torso-worn
haptic displays range from precise, focal applications to broad surfaces and convey haptic information without competing
for audio-visual attentional resources while offering a hands-free solution (Rognini and Blanke 2016). Torso-worn tactile
stimulators can easily be used in a portable, wearable arrangement (e.g., in the form of an actuator vest), and the infor-
mation provided is mostly processed automatically, imposing relatively low attentional loading on the user (Rupert et al.
1994).

Preliminary works in the field of torso-based haptic displays focused on navigation and spatial orientation purposes as
the human torso is often referred to as the location and central reference frame for the human body (Karnath et al. 1991).
In two seminal studies, Rupert et al. developed and tested different vibrotactile torso-worn displays to facilitate orientation
awareness for pilots in unusual acceleration environments (Rupert et al. 1994; Rupert 2000). van Erp (2007) deployed a
torso-worn vibrotactile display as a pedestrian navigation system. They also carried out a series of systematic experiments
to determine vibrotactile perception on the torso in humans. Several studies have been published on the use of torso-based
haptic displays as a tactile-visual sensory substitution system to aid visually impaired people. The VibroVision vest,
developed by Wacker et al. (2016), comprised an array of 16 x 8 vibrators and could convert visuospatial information
into a 2D vibration image on the abdomen. Similarly, the Tactile Vision Substitution (TVS) system was designed to
capture visual information from the surrounding environment using a video camera and to deliver feedback to the skin of

the back, abdomen, or thigh via an array of actuators (Johnson and Higgins 2006).

In addition, previous studies have demonstrated that vibrotactile actuators are able to transmit physical information either
as a simple cue to indicate contact location in virtual environments or a complex one to convey an object's physical
properties. For instance, Israr et al. (Israr and Poupyrev 2010; Israr and Poupyrev 2011a) used a two-dimensional array
of vibrotactile actuators mounted on the back of a chair to create static and dynamic haptic sensations derived from movie
and game scenes. Lindeman et al. (2006) designed TactaVest, a torso-based vibrotactile interface, to deliver feedback
about collisions with virtual objects in military simulations. Previous studies have also demonstrated the application of
torso-based tactile displays for the communication of affective touch. Lemmens et al. (2009) developed a wearable vi-
brotactile jacket involving 64 vibrators, intended to intensify the emotional immersion experience while watching movies.
Arafsha et al. (2012) designed the Emojacket for enhancing immersion while watching movies and gaming experience,
containing a combination of vibrotactile and heat actuators to display several universal emotions, along with several
emotional reactions such as a hug, poke, tickle, or touch. Lentini et al. (2016) designed a tactile gesture authoring system

able to translate hand gestures into vibrotactile stimuli rendered through a haptic jacket.
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Researchers in cognitive neuroscience have recently highlighted the crucial role of the processing of somatosensory sig-
nals from the torso for global aspects of Bodily Self Consciousness (BSC), a crucial brain mechanism of self-conscious-
ness based on perceptual mechanisms associated with the integration of multisensory and sensorimotor bodily signals
(Blanke 2012; Park and Blanke 2019). In these studies, participants were exposed to a large variety of different conflicting
combination (spatial and/or temporal mismatch) of torso-based touch feedback (e.g., stroking/tapping on the chest/back)
and other sensorimotor bodily signals (e.g., visual stimuli and motor action). As the conflicting spatio-temporal feedback
prevents normal multisensory integration of bodily signals, participants experienced different illusory own-body percep-

tions, affecting both self-location and self-identification.

So far, torso-worn haptic displays have rarely been used for investigating global BSC. Ehrsson (2007) and Lenggenhager
et al. (2007) studied out-of-body and full-body illusions by providing participants with an image of their filmed body or
a virtual body on a Head-Mounted Display (HMD) while an experimenter stroked their torso with a stick. As a result of
multisensory stimulation, participants reported that they are located outside their physical bodies, self-identified with the
virtual body, and had the impression of looking at themselves from this perspective. A significant limitation of such

manual touch-feedback is the inherent variability in both-touch location and timing and its effects on replicability.

Recently, Blanke et al. (2014) used a robotic system to apply sensorimotor manipulations between the hand and torso of
blindfolded, sound-isolated participants. Participants were asked to perform poking movements with both hands by using
the front haptic device placed in front of them while receiving tactile stimuli on their back from another robotic device
synchronously or asynchronously with their hand movements. In the synchronous condition, participants reported the
experience of touching their own back (illusory self-touch). Interestingly, in the asynchronous condition, they reported a
reduction in self-touch sensations as well as the impression that someone else was behind them (presence hallucination,
PH) and touching them (passivity experience). It has been argued that such robot-induced experiences are similar to
symptomatic PH reported by neurological and psychiatric patients (e.g., Parkinson's disease and schizophrenia, respec-
tively) (Llorca et al. 2016).

Despite recent progress in robotic control for inducing different types of illusory own-body perceptions, the use of such
a system is limited to the laboratory environment in which participants remain stationary. Therefore, to investigate the
different facets of global BSC, more versatile haptic technology is required that allows us to manipulate tactile stimuli on
the torso, together with other sensory modalities, in a complex and dynamic environment. In our previous research
(Jouybari et al. 2019), we partly replicated the results of (Blanke et al. 2014) using a custom-made torso-worn vibrotactile
garment, reporting an effect of synchrony for passivity experiences (“It was as if someone else was touching my back."),
but failed to significantly modulate self-touch (“I felt as if I was touching my back with my finger") and PH as observed
in (Blanke et al. 2014). We concluded that a simple vibratory stimulus might not be sufficient in substituting collision-
type touch stimuli. However, to provide mechanical touches or simulate collisions in virtual environments, it has been
shown that force feedback may enhance immersion (Huang et al. 2017; Jadhav et al. 2017). In a recent study, Shim et al.
(2019) further observed that participants recognized tactile patterns presented on their wrist more accurately while pre-
sented via poking than vibrotactile stimuli. However, to the best of our knowledge, most torso-worn displays described
in the literature provide vibrotactile feedback, whereas few publications discuss the use of force stimulators to the human

torso to provide physical interactions in virtual environments. The force jacket was made of pneumatically actuated air-
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bags to provide strong and variable forces to the torso along with vibrotactile sensations (Delazio et al. 2018). Neverthe-
less, this system included a series of air tubes connected to a large air compressor and vacuum, resulting in a very bulky
setup (neither mobile nor portable) and confining for the users. More recently, Al-Sada et al. (2019) designed the Hap-
ticSnakes, a snake-like waist-worn robot that can deliver different types of haptic feedback to the upper body via an
exchangeable end effector attached to the waist. One shortcoming of their approach is that the end effector movements
can be limiting for the user’s hands and body mobility, especially in VR environments, as they use a hand controller while
their vision is occluded. Their design also introduced an unavoidable delay since the robotic arm was required to move to

different points to apply feedback.

A promising solution could be integrating light force actuators into torso-worn garments allowing users to wear them on
a regular basis with minimum motion constraints. Yet, due to the large morphological differences in the torso area (within
and between-subject variability), forming and fitting the torso-worn haptic display to the user‘s body is another crucial
design challenge (Mortimer and Elliott 2017). Therefore, design features should preferably enable the actuator positions
to be adjustable on the user‘s skin. However, previous studies have not addressed this problem adequately, and little

attention has been paid to the garment design.

This study focuses on the technical design, implementation, and validation of CognoVest as a proof-of-concept prototype
torso-worn force display. Extending our previous work (Jouybari et al. 2019), we here address the complexity of designing
a body-conforming, torso-worn, haptic display and propose a technical approach, including robotics, fashion design, and
3D printing technologies: CognoVest is a novel, portable, torso-worn force display developed to provide human-like
poking stimuli on the user’s back and investigate robotically-induced altered own-body perception, including PH, by

extending the paradigm proposed by Blanke et al. (2014) (experiment 2) to a wearable system.

The remainder of the paper is organized as follows: In section II, we describe the design concepts, realization, and vali-
dation of CognoVest. Section I11 describes the experimental scenario and results for the own body perception experiment.

Section IV discusses the results and examines possible limitations. Finally, section V presents our conclusions.

3.2 Novel wearable setup to induce bodily illusions

A schematic view of the stationary experimental setup, used in the study (Blanke et al. 2014) (experiments 2
and 3), is represented in Figure 3:1(a). The setup consists of a haptic device (Geomagic Touch, 3D Systems), i.e. the front
haptic interface, and a three degree-of-freedom (DOF) robot, i.e., the back robot. The front haptic interface controls the
position of the back robot, which causes complete conjunction between the movements of the two robots. Participants
manipulated the front haptic interface using their right index finger (via 3D printed finger support) to control the position

of the back robot, which in turn provides touch-cues to the participants back.

The novel experimental setup is illustrated in Figure 3:1(b). In the experimental arrangement, the back robot has been
replaced with a torso-worn force display (Figure 3:1(b)), called CognoVest, to provide the mechanical touch on the par-
ticipants’ back. The same front haptic interface as in the study (Blanke et al. 2014) is used. To assess the spatial corre-
spondence between the continuous hand workspace and discrete back workspace (as a limited number of actuators was
employed on the torso-worn display side), the hand exploration area (160 W x 120 H x 120 D mm) was divided into nine

square sections, according to the arrangement of the nine on-off actuators embedded in the CognoVest. Each square was
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around 30 x 30 mm, while the effective depth (i.e., the depth threshold that, if exceeded, activates one of the actuators,
depending on the level of height or width) was considered at the mid-depth. Depending on the participant’s finger poking
position in the front robot’s workspace, the corresponding actuator was activated on the back (see Movie S1). The actuator
remained operating until the participant’s finger departs that actuator’s specific area. In this section, we describe the

design concepts, implementation, and characterization of CognoVest.

Front haptic
interface

Front haptic
interface

M Back robot
’ |

Cogno-vest

(a) (b)
Figure 3:1 Schematic views of setups for experimentally inducing PH and relevant bodily illusions.

(a) Classic setup: the setup comprised two robots, the front haptic interface, Geomagic Touch, and a three-degree-of-freedom (DOF)
follower robot. (b) CognoVest setup: In the novel setup, the torso-worn force display replaced the robotic arm.

3.2.1 Finger poking characterization

In order to induce the intended bodily illusions, the actuator garment should provide force characteristics com-
parable to those of human-finger poking, i.e., the act of prodding someone with your index finger, as if to get their atten-
tion. Prior to actuator selection, we, therefore, characterized human finger poking with N=28 participants (14 females,
age: 27.6+5.1 years) and quantified peak poking force (Fpp, poking duration (Tep), and poking interval (Tr) (see Figure
3:2(b)). These parameters were also used in the solenoid evaluation tests and to determine the proper driving parameters.
Figure 3:2(a) illustrates the experimental environment. The testbed included a 3D-axis force sensor (OMD-10-SE-10N,
OptoForce) attached to a base plate and fixed on a desk in front of the seated participant; in this study, we only used force
data in the z-axis. Participants were asked to touch the force sensor as if they were poking someone‘s back. They were
completely free in producing finger poking, and no instruction was provided by the experimenter. We gave them tens of
seconds to become familiar with the task after we recorded data for 1 minute. Figure 3:2(c) represents the sample result
for one of the participants, while Figure 3:2(b) shows the zoom-in in the range of 0-3 s. The results for 28 participants
showed that peak poking force and poking duration were Fpp = 2.15 + 0.28 N and Tpp= 0.22 £ 0.03 s, respectively.

Participants performed finger poking with a time interval of Tp; = 0.6 £ 0.07 s.

The present study is a proof-of-concept and experimental use-case for the novel torso-worn force display and its feasibility

for use in a sensorimotor perception experiment. We, therefore, decided to use simple on-off force actuators to produce
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the poking-like sensation. Compared to other types of linear servo actuators (e.g., voice coil motor), on-off actuators have
fewer parameters to be adjusted; they can be implemented with a simpler control system and motor driver resulting in a
lighter setup that is important for wearable and portable haptic interfaces. Additionally, bi-directional push-pull solenoid
actuators were included, building on the finger poking characterization experiment results, as they can provide mechanical
touch perpendicular to the skin. The solenoid (1), that best matched human finger poking, had a starting force of 5 N (12
VDC), a shaft length of 5.5 mm, and weighed 39 g.
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Figure 3:2 Finger poking characterization experiment’s setup and result.
(a) Experimental environment including a 3-D axis force sensor fixed on the table. (c) Results of finger poking experi-
ment for one of the participants during one minute (b) with special zoom-in in the range of 0-3 s. The plot (b) also

contains an illustrative view of quantitative parameters used to describe finger poking results (peak poking force (Fep),
poking duration (Tep), and poking interval (Tei).

3.2.2 CognoVest

3.2.2.1  Electronics and Software Development

In a previous study (Jouybari et al. 2019), we reported that an array of 3 by 3 tactile actuators on the back is sufficient to
create the sensation that the entire back is covered with actuators. This is due to the poor tactile spatial acuity of the human
back (J6hannesson et al. 2017) and explains the limited number of solenoid actuators used, in our case 9. Solenoids were
placed at the center-to-center distance of 60 mm, which approximates the tactile localization threshold of the human back
(Lindeman and Yanagida 2003; Jones and Ray 2008). As a result, the dimension of the back workspace is approximately
two times larger than that of the hand. Yet, according to our previous study with the vibrator setup and the initial user
testing experience with the current setup, the matching ratio of 1:2 between the hand and the back workspace seems
natural to participants, and, indeed, they are not able to perceive the difference. This observation points to the poor tactile

spatial discrimination on the human back.
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Figure 3:3(a) presents the system architecture. The actuators are controlled using an Arduino Mega 2560, which connects
via a Bluetooth module to a host PC. The controller board can be fully portable (battery-powered) or tethered for more
extended studies. The sampling time for the front haptic interface is 1 ms. However, the host PC reads the finger’s position
data only every 60 ms, and sends the processed position data in terms of the solenoid activation status (solenoid ID) every
100 ms (this value was adjusted to avoid jittering behavior of solenoids, especially at the border of two squares) to the

controller board.

A customized GUI was implemented in the Qt platform (free and open-source platform to create GUI) to provide a con-

venient interface for controlling haptic stimulations by the solenoids and handling experiments with the CognoVest.

3.2.2.2  Garment Design

We designed a new actuator brace for solenoid actuators by considering the following design criteria, suggested by our

previous study (Jouybari et al. 2019) and literature (Lindeman et al. 2004; Mortimer and Elliott 2017):

e It should keep actuators snug against the skin, even during walking and movement.
e Itshould be as light as possible and comfortable to wear, possibly for longer periods of usage.

e It should be adjustable and unisex.

We named our solution CognoVest (see Figure 3:3(b)). CognoVest is a Y-harness brace with stretchable straps wrapped
around the shoulder, chest, and lower back, securing garment positioning on the users’ torso. To support the wearable
hardware, the back part of the brace, taken from the Mil-Tec Military-style Lightweight vest, covers the entire back. This
piece of fabric is made of durable polyester nylon and integrated laser-cut loops, which facilitate mounting solenoid
actuators on the back (see Figure 3:3(d)). As a result, CognoVest is unisex, lightweight (the overall weight, including
actuators and controller board, is 1 kg), and allows for unimpeded, free breathing. The stretchable material and Velcro

fasteners make it size adjustable and body-conform.

3.2.2.3  Solenoid boxes

The actuators were placed in custom 3D printed boxes so that they could be fixed to the wearable garment. These me-
chanically distance-adjustable, 3D printed boxes (see Figure 3:3(c)) were designed to account for the irregular surface of
the human back, especially on the spinal cord and lower back areas. The experimenter can manually adjust the distance
of each solenoid with the participants’ back to ensure that there is contact between the tactile display and the user ‘s back.
A 20 mm silicone tube was used (hardness: 60 shore A, inner diameter:12 mm, outer diameter: 14 mm) to extend the
solenoid actuator tips, mainly for actuators located on the spinal cord (actuator 4-6) and lower back areas, where higher

curvature can be found, depending on the participants’ back-morphology.
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Figure 3:3 CognoVest components.

(@) System architecture. (b) CognoVest on the participant, back view (left) and front view (right). (c) Mechanically-
adjustable box, box dimension (up-left), box components (right). (d) Mounting solenoid boxes on the wearable garment,
exterior view (left) and interior view (left).

3.2.2.4  System Evaluation

In order to compare the performance of the integrated solenoid actuators to that of their datasheet, we tested one solenoid
actuator under various environmental and parametric conditions, as shown in Figure 3:4(a): Solenoid (upper figure: only
solenoid), Solenoid-Tip (middle figure: solenoid with elastic tip), and Solenoid-Box (lower figure: only solenoid inside
the 3D printed box). In each condition, we sent a square pulse signal (pulse width = 250 ms, pulse duration = 5.25 s) to
the solenoid. The activation duration was chosen based on the results of finger poking duration (Tep). We measured the
provided impact force, activation delay (ActD: the time interval between command sending and solenoid activation), and
deactivation delay (DeactD: the time interval between command sending and solenoid deactivation) at different stroke
lengths of 0, 1, 2, 3, 4, and 5 mm (end of the stroke).

The solenoid’s impact force profile, ActD, and DeactD are shown in Figure 3:4(a) and Figure 3:4 (b). Figure 3:4 (b)
indicates a gradual increase in the impact force profile with increasing stroke length for all three conditions. This obser-
vation suggests that in order to get a stronger touch sensation, each solenoid‘s position needs to be adjusted to (approxi-
mately) 60-80% of the maximum stroke length. Moreover, the new arrangements did not reduce the impact force, although

its dependency on the stroke length changed.

We also observed that delayed activation of 50 ms followed by a longer, variable deactivation delay, even for the Solenoid
condition (Figure 3:4 (c)). While ActD is constant (around 50 ms), the deactivation delays increase with stroke length.
However, it is worth noting that both ActD and DeactD were lower than the average human finger poking time interval,

hence their influence should be negligible in the self-poking procedure.
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Figure 3:4 Solenoid characterization experimental setup and results.

(@) Schematic view of solenoid characterization setup in three different experimental arrangements. (b) Provided im-
pact force by solenoid at different stroke lengths in three experimental conditions. (c) Solenoid activation and deactiva-
tion delays as a function of stroke length in three experimental conditions.

To conclude, the new arrangement of solenoids improves the force profile; however, it leads to bigger delays to follow
the deactivation command. To compensate ActD and DeactD, we deployed a linear estimation that calculates the front

robot position for the next 100 ms (approximate mean of ActD and DeactD) with the current velocity and position.

3.3 Own body perception experiment

3.3.1 Participants

We recruited 25 healthy participants (12 female) aged between 18 and 32 years (mean age: 26 + 3.9 years). Participants
were all right-handed, reported no previous neurological or psychiatric conditions, and were naive to the purpose of the

study. All participants gave written informed consent before participating, and the research was conducted in accordance
with the Helsinki Declaration.

3.3.2 Experimental design

We designed a behavioral study to investigate the feasibility of inducing PH in healthy participants by providing tactile-
motor signals from the prototyped CognoVest. As in previous studies (Blanke et al. 2014; Jouybari et al. 2019), we
explored the effect of synchrony (synchronous (SYNC) vs. asynchronous (ASYNC)) in providing self-generated tactile
stimuli on the participant’s back. In the SYNC condition, participants receive poking sensations on their back immediately
after touching the virtual wall in the front robot workspace. In contrast, in the asynchronous condition, a systematic delay
was introduced between when participants touched the virtual wall and when they received force sensations on their back:
to reduce the habituation effect and related potential changes in tactile perception of our participants, a variable delay of
500 + 100 ms was used in the asynchronous block. There was no force feedback at hand for both SYNC and ASYNC
modes.

We used a 4-item bodily illusion questionnaire to estimate subjective changes in altered own body perception during the
experiment. The questionnaire was adapted from (Blanke et al. 2014) (experiment 2) and given to participants at the end

of each experiment block. The statements used in the questionnaire can be seen below:
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Self-touch: “I felt as if I was touching my back with my finger.”
Passivity: “It was as if someone else was touching my back.”

PH: “I felt as if someone was standing close to me or behind me.”
Control: “It was as if T had two bodies.”

We asked participants to report the degree of their agreement on a 7-point Likert scale for each item (0 = not at all, 6=
very strong). In addition, we asked all participants to write down a short description (at least two lines) about any obser-

vation that they may have had during the experiment.

3.3.3 Procedure

Participants wore the CognoVest over a fitted T-shirt. They were blindfolded and received noise-canceling headphones
(WH-1000XM3, Sony) to eliminate the sound of solenoid activation during the experiment. The experiment consisted of

two main blocks (see Figure 3:5), namely the calibration task and the poking task.

3.3.3.1  Calibration

In the calibration task, the experimenter activated each solenoid actuator individually (in a random sequence) to ensure
that there was contact with the back. The experimenter manually adjusted the solenoid position at different stroke lengths
until receiving verbal confirmation from participants that they felt a mechanical touch from each solenoid. The calibration
session lasted around 10 minutes. Participants were asked to stand during the whole experiment to avoid changing sole-

noid position.

3.3.3.2  Poking task

Following (Blanke et al. 2014) (experiment 2), we asked participants to produce poking-like hand movements with the
front robot in order to receive mechanical touch on their back (synchronously or asynchronously) through the CognoVest
(see Movie S2).

The experiment started with a training session in which participants performed the poking task (synchronous), first with
their eyes open and then closed. We instructed participants to place their right-hand index finger inside the finger place-
ment and generate forward and backward hand movements with the front robot at a frequency of approximately 1 Hz,
while also instructing them to freely explore the entire workspace (up-down, left-right; adopted from study Blanke et al.
(2014) (experiment 2)). The training session lasted around 2 minutes. During the subsequent poking task, participants
were sound-isolated and blindfolded. In this way, they completed two blocks of SYNC and ASYNC (one block of each),
equally distributed among participants. Each block lasted 2 minutes, and an acoustic cue was presented at the beginning
and the end of each block. After each block, participants were asked to complete the questionnaire and, at the end of the

poking task, to comment freely on their experience and the experiment.
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Figure 3:5 Experiment flow.

In the preparation session, the experimenter helped participants to properly wear the CognoVest on a thin T-shirt. Then
she manually calibrated the position of each single solenoid, ensuring that there is actual contact between solenoids and
the participant’s back (Calibration). Subsequently, participants started to complete two blocks of the poking task (fol-
lowed with the bodily illusion questionnaire) after getting familiarized with the task. At the end of the poking task,
participants commented on their experience and the setup freely (Debriefing)

3.3.4 Results

The questionnaire data of the CognoVest experiment were collected from 25 participants. As the questionnaire data were
not normally distributed (Shapiro-Wilk test for normality), we analyzed the effect of synchrony (Sync vs. Async) with
the one-tailed Wilcoxon signed-rank test for each questionnaire item. The mean values for Self-touch, Passivity, PH, and
Control questions in both SYNC and ASYNC conditions are presented in Figure 3:6(a). We report first that the average
ratings for all three experimental items (Self-Touch, Passivity, PH), in both conditions are significantly higher than those

of the Control question.

Second, for all three experimental questions, we found a significant effect of synchrony (Self-touch: z=3.7, p < 0.01,
Passivity: z=-2.5, p < 0.01, PH: z=-1.8, p = 0.03). As hypothesized based on (Blanke et al. 2014; Jouybari et al. 2019),
participants gave higher ratings for the Self-touch question in the synchronous than asynchronous condition (SYNC:
M=3.5, SEM=0.4; ASYNC: M = 1.8, SEM = 0.4), while for Passivity experience and PH questions, their ratings were
higher in the asynchronous condition (Passivity, SYNC: M= 2.3, SEM = 0.4; ASYNC: M=3.2, SEM=0.4; PH, SYNCH:
M =1.24, SEM = 0.4; ASYNC: M=1.9, SEM=0.4).
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Figure 3:6 Results of bodily illusions questionnaire.

(@) Mean ratings for bodily illusions and control questionnaire items. The bar charts and error bars depict the average
scores and standard error of the mean (SEM) for each question (**: p < 0.01, *: p < 0.05). (b) Participants’ reports on
the location of presence in the asynchronous condition.

In addition, we asked participants who gave PH ratings > 0 to specify the location of the perceived presence. Figure 3:6(b)
represents the percentage of reports on the location of the perceived presence in asynchronous conditions, indicating that

participants mainly perceived the presence behind their body.

3.4 Discussion

While the majority of prior studies have used vibrotactile stimulus for substituting collision-type stimuli on the
users’ torso in virtual environments, employing force feedback actuators may enhance the level of immersion. However,
compared to vibrotactile devices, force feedback interfaces demand higher considerations in the interface design and
handling procedure, as their perceptions depend upon the actual physical contact with the skin. With higher morphological
changes in the torso area, maintaining physical contact with the skin of the torso is problematic. As a solution, we proto-
typed CognoVest, a unisex, body-conforming torso-worn force display. We further validate its performance in providing

realistic collision sensations in a sensorimotor perception paradigm.

Our results demonstrate that the CognoVest can be used to experimentally induce illusory self-touch and passivity expe-
riences as well as presence hallucinations (PH) of mild to moderate intensity in a healthy population. Despite the substan-
tial inter- and intra-subject variability in torso morphology, the CognoVest was able to reliably provide mechanical
touches on the back. To our knowledge, this is the first study to investigate the design, implementation, and application

of an untethered, torso-worn force display.

Our results further replicate and extend prior findings (Blanke et al. 2014) on the robotic induction of bodily illusions in
a healthy population by providing a sensorimotor mismatch between the right hand and the back. In our previous study
(Jouybari et al. 2019), we were able to induce illusory passivity experiences via a vibrotactile interface but were not able

to modulate self-touch and PH. However, the present force display allowed us to also modulate illusory self-touch and
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PH. Compared to the study (Jouybari et al. 2019), we have observed stronger passivity experiences reported by partici-
pants. These results imply that force stimulation is more effective in inducing bodily illusions than vibrotactile stimulation
and are in line with prior studies (Jadhav et al. 2017; Cao et al. 2018), which have shown the importance of rendering

realistic force stimuli to simulate collisions or physical interactions in virtual environments.

3.4.1 Study limitations

We note, however, that compared to the study by Blanke et al. (2014), participants gave slightly lower ratings across all
questionnaire items in both synchronous and asynchronous conditions. The observed decrease in illusory ratings may be
explained by the forces that can be applied by the solenoids as seen in the evaluation test, which revealed that the maxi-
mum provided force is substantially smaller than the average poking force obtained from the human finger poking exper-
iment. Indeed, providing such weaker touch sensations on the back, which has low spatial tactile acuity and density of
touch receptors, likely reduced the level of immersion and may lead to weaker induction and modulation of robot-induced

illusory own body perceptions.

We speculate that smaller synchrony-dependent modulation might be due to additional temporal delays in solenoid acti-
vation and deactivation commands. In spite of implementing linear estimation to reduce ActD and DeactD, some partic-
ipants still reported the feeling of time delays at deactivation moments during the synchronous condition. Given that the
present experiment aimed at investigating the effects of temporal mismatch in a somatosensory-motor stimulation para-
digm between the hand and back, unexpected alterations in the temporal delay are likely to negatively influence partici-
pants’ responses. We argue that future applications may resolve these technical limitations by deploying a more reliable

solenoid actuator, which can guarantee time precision and ensure a sufficiently strong poking force.

3.5 Conclusion and future works

In this paper, we addressed the complexity of designing a body-conform force display by following an iterative
design procedure to prototype CognoVest: a novel, torso-worn force display to provide mechanical touch cues on partic-
ipants’ back. Further, we evaluated CognoVest’s potential for 1) providing touch cues and measuring tactile perception,

but also 2) the induction and modulation of altered states of bodily self-consciousness.

Our findings demonstrate that the CognoVest is capable of successfully inducing PH and passivity experiences during
asynchronous stimulation as well as self-touch during synchronous stimulation in a healthy population. Based on these
findings, we propose technological improvements, leading to the induction of higher illusory ratings. We are confident
that the prototype CognoVest, described here, may pave the way for future user-friendly, torso-worn force display tech-

nology to provide personalized, realistic touch sensations in virtual environments.

We are currently employing the CognoVest in tactile spatial resolution tests to quantitatively evaluate its performance
while worn on the user’s body. We believe that the results of such research would provide more practical information on

the design and handling of force feedback stimulators.

Although we successfully demonstrate that inducing an illusion is possible with the current solution, future work should
concentrate on the use of proportional force actuators (e.g., voice coil motor), instead of On-Off actuators, to simulate

approaching speed and variable force during poking movements and to create a more realistic poking sensation on the
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back. In addition, the handling procedure may be standardized by implementing automated distance-adjustable boxes to

uniformly adjust solenoid distance from the body in a more precise and efficient manner.

Moreover, the front robot, not portable in the present study, can be replaced by currently existing motion-sensing tech-
nology in combination with a finger-based haptic stimulator. This would make the system fully portable and wearable,
and allow us to perform experiments on tactile perception and BSC outside of the laboratory setting. With respect to
clinical translation, this equates to placing the device also in the patient‘s home or in clinics to facilitate the study of
specific hallucinations such as the PH (or other bodily illusions) in ecological settings (i.e., close to daily life situations).
It is also of interest to employ the portable CognoVest in a mobile setting, allowing us to investigate bodily illusions

during human locomotion.
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Abstract

Previous studies on the sense of agency (SoA) have mainly focused on investigating performance-related au-
ditory or visual cues and neglected the importance of tactile action consequence on human action awareness. The present
study aims to explore the limit of human consciousness in free walking conditions by systematically manipulating touch
action consequences. To this aim, we develop the FeetBack system that remaps the foot rolling sensations onto the skin
of the users’ torso during free gait movements. Our findings are in line with prior results of auditory or visual gait agency
that delayed feedback changes SoA for walking in a systematic manner even when presented in the form of remapped
tactile feedback. We also observed a general impact of tactile remapped feedback on the participants’ stride time devia-
tion; nevertheless, this was not specific to the delay or systematic as in prior studies. These findings are of interest both
for our understanding of the sense of agency but also of translational value for sensory augmentation and substitution in

clinical populations.

4.1 Introduction

A large portion of the movements we perform over the day is neither immediately goal-directed nor does it
result in a consciously “desired” outcome. For instance, we may adjust our posture after being stationary for an extended
period of time, we may shift our weight to maintain our balance, or we may just be walking without any particular target

or goal. At the same time, we are in control of these actions and perceive them as our own; in other words, we perceive a
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sense of agency (SoA) for these actions (Jeannerod 2003). The vast majority of research on SoA has, however, focused
on goal-directed actions and predominantly investigated brief upper-limb movements directed at specific target locations
and the related SoA (Nielsen 1963; Daprati et al. 1997; Franck et al. 2001; van den Bos and Jeannerod 2002; Farrer et al.
2003; Tsakiris et al. 2005; Shimada et al. 2010). SoA research may also include mediated action outcomes such as the
occurrence of a tone after a button-press (Sato and Yasuda 2005; Repp and Knoblich 2007; Sato 2008; Knoblich and
Repp 2009) an approach also applied to investigate intentional binding (Suzuki et al. 2019). Thus, these studies studied
the SoA by focusing on the immediate action-outcome of such goal-directed actions rather than conscious monitoring of
movement details. Recent studies have also investigated the SoA for continuous and partially automated movements such
as drawing (Fourneret and Jeannerod 1998; Slachevsky et al. 2001; Knoblich and Kircher 2004; Salomon et al. 2011) or
locomotion (Kannape et al. 2010; Menzer et al. 2010; Kannape and Blanke 2013). These studies have further demon-
strated that participants unconsciously and automatically adapt their movements to (spatially or temporally) deviated
feedback of their movements. In the present study, we investigated how remapped, tactile locomotion feedback would

modulate participants’ SoA and gait behavior (Menzer et al. 2010; Kannape and Blanke 2013).

In many previous studies, the SoA has empirically been assessed via motor awareness (MA) paradigms where participants
are exposed to manipulated sensory (visual and auditory) consequences of their ongoing movements and asked to judge
if the sensory feedback matched the expected sensory consequence of the executed movements (Aarts et al. 2005). Such
work used paradigms that included continuous upper-limb movements. For instance, hand drawing and reaching move-
ments studies that introduced angular biases in visual feedback revealed dissociations showing that participants con-
sciously self-attributed movements with the angle of deviation up to 6.5-15, although they corrected their movements to
compensate for spatial deviation (Franck et al. 2001; Slachevsky et al. 2001; Farrer et al. 2003; Jeannerod and Pacherie
2004; Kannape et al. 2010). Similarly, studies that provided temporally manipulated visual feedback (hand movements)
showed that participants only become aware of temporal biases beyond 150-200 ms (Franck et al. 2001; Farrer et al. 2008;
Kannape et al. 2010; Shimada et al. 2010). These studies also revealed that participants automatically corrected their hand

trajectories while unconsciously compensating for the spatial or temporal deviation.

Despite these insights, there is arguably a cognitive bias in the studies mentioned above. Participants achieve their task
of reaching a target (location or button press) may override contradictory sensorimotor evidence (Kannape and Blanke
2012). One way to avoid such a “task-completion bias” is to study SOA for continuous movements such as walking or
locomotion. Locomoation is cyclic, more rarely immediately goal-directed, and generally considered a highly automatic
and unconscious action (Grillner and Wallen 1985; Armstrong 1988). Yet, as discussed in the following, it also presents
an interesting alternative for studying our sense of agency. Menzer and colleagues (Menzer et al. 2010) investigated the
SoA with different auditory feedback conditions during free walking (using 20 random delays between 0-1800 ms; linked
to their footfalls). The authors reported a systematic sinusoidal modulation of the SoA: SoA strongly depended on the
delay and was highest for trials when auditory and locomotor events were subjectively in phase (i.e., no delay, half-cycle
delay, and full-cycle delays). In other words, whenever the (auditory) footfall coincided with an actual footfall, partici-
pants judged the feedback to correspond to their own movement, even if the sound and the heel strike were left-right
reversed. Kannape and Blanke (2013) extended these data and measured SoA for locomotion using visual feedback. In
these studies, participants continuously walked on a treadmill and watched an individually mapped, life-size virtual body

perform their own movements either in real-time or with a randomized delay (10 random delays of 0-1500 ms). As before,
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there was a systematic and predictable relationship between SoA judgments and the extent of the temporal delay, but this
time with a U-shaped pattern; SoA was highest for trials during which visual feedback and walking phase were “synchro-
nized” (i.e. no-delay or a full-cycle delay) but lowest for trials with left-right reversed feedback (half-cycle delay). Fur-
thermore, both gait agency studies demonstrated highly systematic gait adaptations, which were disassociated from walk-

ing-related SoA.

While such auditory and visual stimuli clearly delineate SoA for locomotion, the most fundamental and immediate con-
sequence of our movements concerns the sense of touch, particularly in the case of locomotion (Thomas and Whitney
1959). Ground reaction forces are the most evident sensory consequence of walking. In fact, while the presence of visual
or auditory walking consequences is intermittent and dependent on many environmental factors (e.g., floor texture, shoe
type, the direction of gaze, being in front of reflective surfaces, etc.), we always touch the ground during walking cycles.
Although the integration of audio-visual feedback into the sensorimotor control has been widely investigated for both
upper-limb movements or gait movements (for review see (Kannape and Blanke 2012)), there appears to be no individual
study investigating the effect of tactile action consequence on SoA or potentially accompanying motor adaptation. The
lack of studies investigating the impact of tactile action is certainly due to the fact that the spatiotemporal manipulation
of the actual sense of touch at the effector carrying out the action is impossible (or would require the use of anesthesia in
healthy participants or investigations of neurological patients). However, additional artificial tactile feedback (i.e., vibra-
tions) could be provided using, for example, recent wearable biofeedback systems (i.e., providing artificial tactile feed-
back, mainly in the form of simple vibration during walking). For instance, Winfree et al. (2013) employed a shoe-based
vibrotactile feedback system and reported improved gait in patients with Parkinson's disease. Crea et al. (2017) provided
gait-synchronized vibrotactile feedback to the thigh skin of patients with lower leg prostheses, reporting significant im-
provement in temporal gait symmetry immediately after training. Afzal et al. (2015) developed a portable rehabilitation
biofeedback device that provides correcting vibrotactile feedback at the level of the foot to improve gait symmetry in
stroke patients. Ling et al. (2020) provided the missing foot sensation of hemi-paraplegic patients during gait via distinct
vibratory feedback on their back. After a three-week clinical test, they found significant improvements for the push-off
movement. However, they observed decreased performance as participants were asked to recognize more number of
focalized vibrators on their back; identifying five vs. three vibrators on the back required a higher attentional load. Alter-
natively, Shokur et al. (2016) presented continuous vibratory sensations (tactile illusion) via forearm haptic display and
induced realistic illusion of walking in fully paraplegic patients in an immersive virtual reality environment. Their ap-
proach included reproducing the tactile/proprioceptive cues, describing bipedal walking by remapping the foot rolling
sensations onto the skin of the patient’s forearm. While these studies demonstrated the effectiveness of vibrotactile bio-
feedback for gait rehabilitation, they neither addressed how augmented or remapped tactile feedback affects SoA nor

whether such artificial tactile feedback is integrated into the sensorimotor control loop as expressed in gait adaptation.

Here we wanted to determine if participants display SoA for remapped tactile biofeedback and how it compares to previ-
ous work using auditory or visual feedback. We also investigated whether such remapped tactile feedback impacts online
sensorimotor control and gait adaptation. To this aim, we developed a robotic FeetBack system that provided non-inva-
sive, walking-related, remapped feedback during free walking. For this, we adapted previous paradigms for conscious
gait monitoring via auditory (Menzer et al. 2010) and visual (Kannape and Blanke 2013) cues to touch sensation. The

present fully wearable, portable tactile remapping system aims to introduce a specific range of temporal delays between
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participants’ footsteps and step-related tactile cues provided onto the skin of their back. Based on previous gait monitoring

studies, we predicted systematic modulations in SOA and participants’ walking speed as a function of temporal delay.

4.2 FeetBack system

4.2.1 Remapped tactile sensation

In this study, we deliver somatosensory information originated from free gait movements of participants onto the skin
surface of their back via using FeetBack system (see Figure 4:1). To provide remapped tactile sensation, two linear arrays
of vibrators were mounted on the sides of the back, each informing about the movement of the corresponding side leg.
To induce a movement sensation on the back, inspired by the work of (Shokur et al. 2016), we used the vibrotactile
apparent movement (VAM) illusion. VAM can be invoked through activating two or more vibrators, sequentially with
specific timing parameters such as duration of stimuli (DOS) and stimuli onset asynchrony (SOA). As a result, the stim-
ulation point is perceived as if it is moving continuously from one position to another, although the physical stimulating
points are discrete (Burtt 1917; Sherrick and Rogers 1966). To link participant gait movements to the artificial back
sensations, different scenarios were evaluated: 1) representing the rolling of the foot on the floor (feedback on stance)
versus the swinging of the leg when the body is balancing 2) delivering VAM upward vs. downward on the back. Ac-
cording to primary user testing experience, tactile presentation of the foot rolling in an upward direction on the back
seemed more feasible to users. We further considered a fixed VAM duration of 855 ms (e.g., the time of presenting the
vibrotactile apparent motion with each linear array of vibrators) for all participants that approximates the span of the
rolling of each foot on the ground. Therefore, VAM timing parameters (DOS = 150 ms, SOA = 85 ms) were chosen
considering the results of the primary study on vibrotactile apparent movement (for more details see 7.1) and confirmed

via a user study.

4.2.2 Wearable gait measurement system

To measure the stride time (time elapsed between the first contact of two consecutive footsteps of the same
foot), pressure-sensitive insoles have been used (HD-FSR 002 by IEE S.A., Contern, Luxembourg.; Figure 4:1) as they
are flexible and thin enough to be placed in a shoe without causing discomfort or hindering the user. Additionally, com-
pared to other plantar pressure sensors, resistive pressure sensors are less susceptible to noise. Each insole contains eight
force-sensitive resistors (Locations: 2 at the heel, 1 at lateral mid-foot, 3 at the ball of the foot, 2 in the front) capable of
recording a pressure range from 100 mbar to 6 bar. To accurately capture the temporal gait parameters, pressure insoles
were provided in two sizes (medium and large) and employed depending upon subjects’ feet sizing. To read the changes
in pressure on the sensors of the flexible insole that are represented by changes in resistance, each insole is connected to
an ankle box including the readout electronics (Eight Wheatstone bridges, one for every sensor, and an analog-to-digital
converter is used to read the sensor signals). The ankle box is attached to the shank by Velcro straps. Pressure data is sent
to the main box (mounted on the back) using SPI (Serial Peripheral Interface) through a shielded cable. The box is closed

by using a lid (not shown), held in place by magnets.

The mainboard is served as the central computing unit as it collects all data gathered by sensors and communicates (re-

ceive/send; sampling time of 10 msec) with the host PC through the Wi-Fi connection. It includes a BeagleBone Black
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(BBB, a single-board computer marketed by the Beagle-Board.org Foundation) as the computing unit, an Inertial Meas-
urement Unit to record acceleration and gyroscope information (not used in the current study), a Wifi module (TP-LINK
WLAN-N-USB adapter) to communicate with the host PC, and lastly a battery (power bank, 3000 mAh) to make the

whole system fully portable.
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Figure 4:1 FeetBack system on the user and its components.

FeetBack system remaps the foot rolling sensation under the user’s feet (lateralized feedback on the stance) onto the
skin of the back. It includes two main parts: a wearable gait measurement system and a torso-worn vibrotactile display.
The wearable gait measurement system detects the user’s step. It consists of pressure-sensitive insoles under the user’s
feet, two ankle boxes, and the main control board attached to the participants’ lower back. Only two force-sensitive
sensors that are located at the heel (specified with dashed circles) were used to detect heel-strike. The vibrotactile dis-
play provides moving sensations (i.e., VAM) on the participant's back and includes two vertical vibrator arrays attached
to foam, a torso-worn vest, and the controller board. Feedback on the stance was provided from down to up (solid black
arrows).

4.2.3 Torso-worn vibrotactile display

To provide VAM on the participants back, two vertical arrays of coin-shaped, eccentric rotating mass (ERM) vibrators
(310-003, Precision MicroDrive; body diameter: 10mm; body length: 3.4 mm; weight: 1.1 gr) with a horizontal distance
of 110 mm were attached to a 20mm-thick foam (Softpur polyurethane foam) by using snap fasteners (see Figure 4:1).
There were four vibrators in each array (inter-tactor distance of 40 mm). Female and male sides of fasteners were respec-
tively glued to vibrators and foam. Vibrator foam was fixed to a fully elastic, posture-corrector brace by using velcro

straps. The posture-corrector firmly keeps vibrators against the skin while allowing the user to move conveniently. The
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ERMs are controlled by a haptic motor driver (DRV2605, Texas Instruments) on 5 V (DC), resulting in a vibration fre-
quency of 175 Hz and an acceleration of 1.3 G. Haptic drivers are controlled with an STM32F407 microcontroller, which
connects via a Bluetooth module (HC-05) to the host PC. The controller board (Figure 4:1) can be fully portable (battery-

powered) or tethered for more extended studies.

A customized GUI was implemented in the Qt platform (free and open-source platform to create GUI) to provide a con-
venient interface for controlling the experiment flow. It received the pressure data from the gait measurement computing
units via the Wi-Fi connection and provided live plotting of data together with other functionalities allowing the experi-
menter to monitor the data streaming and quickly detect any technical problems that occurred during the experiment.
Besides, it allowed manual adjustments of vibrator parameters (e.g., intensity, DOS, SOA) as well as sending activation

commands to vibrotactile display for presenting apparent motion stimuli.

4.3 Methods

4.3.1 Participants

A total of 29 healthy participants with normal or corrected-to-normal hearing (18 female, aged between 21 and 36, M =
26.86, SD = 4.6) were recruited in the experiment. They were all right-handed with no history of known orthopedic,
metabolic or neurological impairment or painful condition that might alter walking. They were also asked to have any
back-scarring as it could potentially induce sensitivity to the tactile stimuli. All participants were unaware of the purpose
of the study and gave written informed consent before participating in the experiment. The research was conducted in

accordance with the Helsinki Declaration.

4.3.2 Paradigm

The experiment was conducted using a within-participants repeated measures design. There was one block to familiarize
the participants with the setup, during which we exposed participants with non-delayed tactile feedback (Familiarization;
see Figure 4:2). There were two baseline blocks: one prior to the main experimental block (pre-baseline: without any
tactile feedback, Bpre), Which was repeated after the main experiment (post-baseline: without tactile feedback, Bpost).
Familiarization and pre-baseline blocks allowed us to establish points of reference for stride time alterations for the main
experimental part. The post-baseline was carried out to assess any influence beyond the main experiment on subjects’
gait (e.g., habituation, fatigue, etc.). The main experimental part consisted of trials with undelayed and different delayed
feedback (i.e., delay as a with-in participant variable), including eleven different levels of delay (ranging from zero to
1500 ms with a time step of 150 ms). We also included catch trials (i.e., presenting a completely noisy (variable delay)
tactile sensation, to assess the extent to which participants responded to perceived tactile feedback on their back rather
than using other response strategies. Each condition was repeated ten times resulting in a total of 1200 trials per
participant. All delay conditions were presented randomly during the main experimental part, in a total of four blocks.

EEINT3

SOA was assessed at the end of each trial, and participants were asked to respond (“yes,” “no”). Based on previous work
(Menzer et al. 2010; Kannape and Blanke 2013) we asked the following question:* Did the feedback you felt on your
back exactly correspond to the walking you just performed?”. The ratio of “yes” responses was analyzed and reported.
Participants' stride time values were recorded to capture any alterations in participants' walking pattern, influenced by the

different feedback conditions.
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Figure 4:2 Experimental flow.

In the preparation, experimenters helped participants to wear the FeetBack setup. Then, participants were asked to walk for a few turns
to get familiar with the rectangular walking path. The experiment consists of pre- and post-baselines (Bere, Brost), a familiarization
block, and the main experimental part. In baseline blocks, participants were asked to walk for three turns while receiving no tactile
feedback on their backs. In the familiarization block, they received non-delayed feedback while walking for three turns. The main
experimental part consists of four blocks. In each block, participants had to complete different trials in which feedback was presented
either in real-time (60 ms) or randomly delayed by up to 1,500 ms. They had to respond to the agency question (yes/no) after each trial.

4.3.3 Procedure

The experimental flow is demonstrated in Figure 4:2. Following the signing of the informed consent form, participants
were asked to put on a thin-fit T-shirt. Then, they were assisted in wearing the torso-worn vibrator and wearable gait
measurement system properly. Three different sizes (i.e., 37, 40, 43 in European shoe sizing) of the same brand shoes
(running shoes from Decathlon), including the proper size shoe soles (i.e., Medium for 40 and any sizes below it and
Large for sizes above 40), were provided. Participants also wore occluding eyewear (SKLZ Court Vision Basketball
Dribbling Goggles), preventing them from seeing their legs while walking. This helped to minimize the visual
contribution to the task. They were also asked to keep their heads up when walking. In addition, they received white noise
through noise-canceling headphones (WH-1000XM3, Sony) to attenuate potentially distracting ambient sounds and to
mask any acoustic cues that might be related to activation of vibrators or participants’ footsteps. The headphone also

played auditory notifications (single or multiple beeps) at the start and termination of baseline and trial sessions.

After donning the experimental equipment, participants were asked to walk on a rectangular walking path of 4 x 20 m
(marked on the floor with red tape) in a large open space for as many turns as they want. This allowed participants to
familiarize themselves with the experimental setup and walking path. Experimenters also checked whether pressure data
were correctly acquired and recorded by the software in the course of familiarization. Participants were instructed to walk
(counterclockwise) at normal and relaxed speed throughout the whole experiment (as if they were “taking a stroll along
a foot-path”). They were also asked to make a curve at corners so that their walking speed does not change. Participants
were asked to walk for three turns (non-stop) along the rectangular path in baseline conditions. On the other hand, in the
Main experimental part, participants were free to initialize each trial via the handheld wireless device. Two other buttons
were assigned as “response” buttons. Participants were instructed not to initiate trials on their approach to the turn at the
end of the hallway but rather to wait to initiate the next trial until the commencement of their walk down the length of the
space (to minimize any potential effect of turning on the stride time). Individual trials lasted for 7 s allowing each
participant to take on average 6.3 footsteps (0.7 steps; SD). Participants were informed that trials would be presented in
four blocks while they have the opportunity to be seated and take a drink of water. All participants completed a training
session of 5 minutes (including three different delays of zero, 300 ms, and 600 ms, each repeated three times) to get
familiar with the task and the questionnaire before starting the main block. At the end of the experiment, participants were

asked to comment freely on their experience and the experiment.
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4.3.4 Data analysis

SoA rates for each delay were computed as the ratio of yes responses. One of the participants that responded yes to three
of the catch trials was excluded. Two other participants were also excluded, as they gave “yes” responses for more than
90% of highly out-of-phase trials (e.g., 1/2 Cycle delay); they were considered nonresponsive to this experimental
variable. Therefore, in this article, we present the results for 26 participants (17 female, aged between 22 and 36, M = 27,
SD =4.5).

To calculate the temporal threshold, we considered agency response for trials with 0-ms to 600-ms delays. Two
participants that had an SoA of 50% for ND trials were excluded. Four other participants were also excluded as they never

reached the 50% threshold for delays [0-ms 600-ms]. Hence, we report the temporal threshold for 20 participants.

Commencement of the gait cycle was considered at the heel strike as detected by the two force-sensitive resistors located
at the heel (Figure 4:1, specified with dashed circles), using a personalized threshold. Stride time was calculated as the
time interval between two successive heel strikes of the same foot. Stride time was separately calculated for each leg,
while only complete cycles (for each leg) were included in the average for each trial, and cycles shorter than 900 ms or
longer than 1500 ms were rejected. The stride time calculation was processed online via the GUI and recorded for
statistical analysis. For the final analysis, the average stride time for the left and right leg was employed as the stride time
of each trial. We further excluded trials with the stride time that deviated >3 SD from the median (Median Absolute

Deviation criteria with the factor of 3). On average, 0.73 of 110 trials (per participant) were rejected.

Moreover, to compare stride time alterations in baselines and intervention conditions, mean stride time (Msr) and the
stride time coefficient of variation (CVsr; i.e., the ratio of the standard deviation over the absolute mean) were calculated
for each individual participants across conditions. In order to diminish between-participants variability, stride time
deviations (DEVsr; i.e., the difference between trials’ stride time and average stride time in the main experimental part

for each participant) were used to assess stride time modulation in the main experimental part condition.

4.3.5 Statistical analysis

All analyses were performed in R (R Core Team 2020) running in the RStudio environment (RStudio Team
2020). The normality of the residuals together with linearity and homogeneity of variance was checked, and none of such
assumptions were violated. For SOA and DEVsr data, the significant effect of the delay was assessed by performing
separate two-way repeated-measures ANOVA by considering delay (11 levels) as independent variables. All post-hoc
comparisons were conducted using Tukey's honest significant difference test (Tukey HSD). In all analyses, significance

was reported for p-values smaller than 0.05.

To assess whether there were any statistically significant differences in Mst and CVsr between conditions, two-way
repeated-measures ANOV A was performed by considering Condition (Bpre, Bpost, familiarization, main) as a factor. We
further examined the effect of presenting tactile feedback on the participants walking by collapsing data into feedback
(including familiarization, and main experimental blocks) versus no-feedback (including Bpr, and Bpeost blocks) groups.

A simple paired t-test was used to assess the significant effect of presenting tactile feedback.
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Since a non-significant p-value provides insufficient evidence neither in favor of the null hypothesis (Ho) nor toward
insensitive data (Dienes 2014; Quintana and Williams 2018), separate Bayesian analyses were conducted to facilitate the
interpretation of the data. For each analysis, different models were calculated by considering independent variables
(similar to the frequentist statistic designs explained above). Different models were compared to an Ho (model only
including the intercept). For each model comparison, a Bayes factor (BF1o or showed as BF in the present study) was
reported, which shows evidence for the H; (alternative hypothesis) relative to the Ho (Wagenmakers et al. 2018), e.g., BF
= 5 means that the data are 5 times more likely under H1 than under Ho. As the Bayes factor deviates from 1, which
indicates equal support for Ho and H; hypothesis, more support is gained for either Ho or Hi. A BF below 1/3 provide
compelling evidence toward the null hypothesis (with 1/10 < BF <1/3 = moderate evidence; BF < 1/10 = strong evidence).
A BF between 1 and 3 is considered as inconclusive as it shows inadequate evidence in either direction, and a BF greater
than 3 is considered compelling evidence towards an alternative hypothesis (with 3 < BF <10 = moderate evidence; BF

> 10 = strong evidence). All Bayesian analyses were performed in JASP 0.13.1 (Wagenmakers et al. 2018).

To fit harmonic function to both SoA and stride time deviation data, nonlinear regressions function in R (nls(); nonlinear
least squares) was used to determines the coefficients of the parameters in the model (SoA rating: cosine function; stride
time deviation: sine function). The linear and nonlinear models for SOA and DEVsr data were compared in R with
ANOVA. the Aikake and Bayes Information Criteria (AIC and BIC, respectively) (Burnham and Anderson 2004; Rodri-
guez 2005).

Temporal thresholds were determined by fitting a cumulative Gaussian to the agency responses for trials with 0-ms to
600-ms delays with the published psignifit toolbox (Wichmann and Hill 2001a, 2001b) for MATLAB (MathWorks,
Natick, MA). This toolbox enforces bootstrapping algorithms and weighs the individual data points based on the number

of valid trials per stimulus intensity. All thresholds reported here reflect the 50% point of subjective equality.

4.4 Results

4.4.1 Sense of agency

Statistical analysis showed that SoA significantly differed as a function of delay (repeated-measures ANOVA; F(10, 250)
=16.07, p <0.001, BF> 100). A cosine model showed that the SoA modulation was regular as a function of the delay (see
Figure 4:3). The cosine model has a significantly lower residual sum of squares (i.e., the variability not explained by the
model; F(2, 282) = 51, p<0.001) compared to the linear model (38% reduction). Using BIC and AIC, we compared the
goodness of fit for the linear and nonlinear models and found smaller AIC and BIC for the cosine model (AIC = 152,
BIC= 170.9) compared to the linear model (AIC = 236, BIC= 247), showing that the cosine model is better at capturing
the SoA rating data.
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Figure 4:3 Sense of agency results.

(a) SoA as a function of delay. ND corresponds to non-delayed trials, HD to a mismatch of a half-cycle step, and FD to a full step
cycle. The cosine function (dashed line) confirms the regularity of SoA modulation (y-axis) as a function of the delay (x-axis). Blue
circles show the population’s mean SOA ratings. Participants judged the majority of trials as self-attributed for temporally synchronous
feedback (ND, FD). SoA judgment decreased by increasing delays until 600 ms, which correspond to a half-step cycle delay. At HD
trials, participants receive tactile feedback left-right reversed, so they had the lowest self-attribution ratings. The figure also represents
the Box plot of SoA judgment across delays. Each box plot shows the median (50th percentile; dark bar), values to the 1.5 interquartile
range (whiskers), 25th to 75th percentile range (box), and outliers. Boxplots clearly show higher intersubjective variabilities for trials
that are neither temporally nor spatially congruent. (b) Temporal thresholds were determined by fitting a cumulative Gaussian (cf. Data

Analysis). The temporal threshold for the remapped tactile walking agency was estimated as 378 ms.

As illustrated in Figure 4:3a, for non-delayed trials (ND: i.e., step-related tactile sensations were received in synchrony
with their actual stepping), participants self-attributed 85+3% of trials. As predicted, self-attribution rapidly decreased
with increasing delay. We calculated a temporal threshold of 378 ms (50% point of subjective ambiguity; 378+ 239 ms;
including the 60 ms intrinsic delay of the system; see Figure 4:3c) so that for delays above 378 ms, the majority of
movements were judged as misattributed. The lowest self-attribution in SoA judgments was observed between 300-900
ms with the minimum at 600 ms (22 £ 6%), which is close to the half-cycle delay (the population’s half-step cycle is
571.4 ms). In trials with half-cycle delay, the actual movement and the remapped-tactile sensation were, on average,
separated by half a step-cycle delay (HD) and were therefore maximally out of phase so that the moving tactile feedback
was presented left-right reversed concerning the ongoing walking of the participant (i.e. left foot on ground and right foot
providing feedback on the back). SoA judgments increased again for larger delays peaking in trials with 1200 ms delay
that matched the participants’ step-cycles (1144 + 9.1 ms). SoA for trials with a full step-cycle delay (FD) was high (78
+ 4%) and approximated the SoA for ND trials.

Post-hoc analysis showed that the SoA for FD trials was not significantly different from the SoA for ND trials (t = 1.4; p
= 1.0). Estimated BF (0.18) suggested moderate evidence toward the null hypothesis (SoA are similar between ND and
FD) than the alternative one-sided hypothesis. Furthermore, boxplots in Figure 4:3a indicate that between-subject varia-
bility in SoA was lower for trials with rhythmically synchronous feedback (ND, HD, FD) compared to those neither

temporally nor spatially congruent (e.g., ¥ cycle, % cycle, 5/4 cycle).
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4.4.2 Gait analysis

In the main experimental blocks, participants' gait period was, on average, 1145.7+ 98.7 ms (range: 986-1379 ms), com-
patible with physiological data in healthy participants (Blanc et al. 1999). We looked at the stride time data to see whether
stride time deviation changed systematically as a function of the delay. Statistical analysis showed a significant effect of
delay on the stride time deviation (repeated-measures ANOVA,; F(10,170) = 2.75, p < 0.01). However, the estimated BF
was 1.08 showing an absence of evidence in either direction (null model or delay effect model). We fitted a sinusoidal
model to stride time deviation data and found that a sinusoidal model has a significantly lower residual sum of square
(F(2, 282) = 4.53, p = 0.01) compared to the linear model. This reduction is about 3% compared to the linear model. We
further used the BIC and AIC to compare the goodness of fit for the linear and nonlinear models. We found slightly
smaller AIC and BIC for the sinusoidal model (AIC = 2105.46, BIC= 2123.74) compared to the linear model (AIC =
2110.52, BIC=2121.49); showing that the sinusoidal model was only slightly better at capturing the stride time deviation
data (the difference in the goodness of fit between the two models is small). Overall, our results showed that stride time
deviation only weakly depends on delay. As illustrated in Figure 4:1, participants walked faster than the average walking
speed for trials with rhythmically synchronous feedback (i.e., ND, HD, and FD trials) and walked slower for those neither
temporally nor spatially congruent (e.g., ¥4 cycle, % cycle, 5/4 cycle). Post-hoc analysis showed that there was no signif-
icant differences between participants’ stride time deviation in ND, HD and FD trials (ND-HD: t=0.59, p= 1; ND-FD:
t=0.34, p= 1; HD-FD: t=0.24, p =1). However, estimated BF values (ND-HD: BF = 4.1; ND-FD: BF = 4.45; HD-FD:
BF= 4.56) suggested moderate evidence toward the alternative one-sided hypothesis (SoA are different between ND and
FD; ND and HD; HD and FD) than the null hypothesis.

We further analyzed stride time data in the familiarization and two baselines to investigate whether participants’ walking
characteristics (Mst, CVsr) are influenced by presenting tactile feedback or change in different conditions. Statistical
analysis showed that Mst and CVsr did not significantly differ between feedback and no-feedback conditions (Mst: F(1,
51) =0.38, p=0.54; CVsr: F(1,51) = 0.30, p=0.58). Estimated BFs (Mst: BF=0.18; CVsr: BF = 0.17) suggested moderate
evidence toward preferring the null hypothesis (similar mean population Mst or CVst between feedback and no-feedback)
compared to the one-sided alternative hypothesis. In addition, we found that particpants’ Mst and CVst (Mst: F(3,75)=
0.29, p=0.83; CVsr: F(3,75)=1.63, p=0.18) did not significantly change across blocks (baselines, familiarization and the
main experimental part). Estimated BF for the effect of the block on the CVsr was inconclusive (2.1) and suggested the
absence of evidence in either direction (null hypothesis or alternative hypothesis). However, for the mean stride time data,

we estimated BF as 3.25, suggesting moderate evidence toward preferring the block model compared to the null model.

We further performed a post-hoc Bayesian analysis on the block effect. We found strong evidence that the Mst was
similar in the main experiment and Bpost blocks (t= 1.58, p = 0.7, BF = 0.08). We also found moderate evidence showing
that Mst and CVst were different in Bpre and Bpost (Mst: t= 0.28, p = 1, BF =4.54; CVsr: t=0.14, p =1, BF = 4.7); in
familiarization and main experiment (Mst:t = 0.7, p =1, BF = 4.3; CVsr: t= 0.63, p = 1, BF = 4.12); in familiarization
and Bpost (Mst: t=0.89, p =1, BF =3.73; CVsr: t= 1.2, p = 1, BF = 3.3). We showed that estimated BF for other compar-
isons were inclusive and suggested the absence of evidence in either direction (null hypothesis or alternative hypothesis;
Msr: Bere-main experiment: t= 1.16, p = 1.0, BF = 2.27; Bpre- main experiment: t = 1.86, p = 0.4, BF = 1.06; CVsr: Bpre-
familiarization: t= 1.34, p = 1.0, BF = 0.2.16; Bpre- main experiment t= 1.97, p = 0.3, BF = 0.89).
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Figure 4:4 Gait movements.

(a) Gait adaptation. Variation of stride time deviation (DEVst) is weakly systematic. (b) Mean stride time (Mst) across
different conditions. Famil. And Main are abbreviations for familiarization and main experiment blocks. (c) Stride time
coefficient of variation (CVsr) across different conditions.

4.5 Discussion

In the present study, we employed a fully wearable sensory feedback system to investigate walking agency via
temporal manipulation of step-related, remapped tactile feedback presented on the participants' back during free walking.
We demonstrated that participants had robust SoA for remapped tactile feedback during walking. Participants rated trials
with small delays as well as trials with delays matching their stride-time (that is, trials with much longer delays approach-
ing an FD) as self-generated, corroborating previous findings in gait studies using visual and auditory feedback (Menzer
et al. 2010; Kannape and Blanke 2013). Feedback lateralization mattered as temporally synchronous trials, but left-right
reversed were not perceived to correspond to the ongoing movement. As compared to previous work with auditory and
visual feedback, we only observed very moderate sinusoidal modulations in the present participants’ stride time. We
discuss these findings with respect to the possible effect of cognitive workload induced by the tactile remapping technique.
We conclude by indicating potential clinical applications of our FeetBack system in gait rehabilitation and neuroprosthet-

ics.

4.5.1 Remapped feedback systematically modulates SoA

We show that tactile motor feedback, in the form of remapped tactile sensation, modulates the SoA for free walking. Our
findings illustrate that SoA depends on two main variables as tested here. (1) The temporal delay of the remapped tactile
feedback as well as (2) the periodicity of each participant’s walking cycle. Our results demonstrate that SoA modulation
follows a cosine pattern. Participants rated undelayed trials as self-generated, but this score decreased with increasing
delay, reaching its lowest value for delays of half a step-cycle (HD; feet left-right reversed). Larger delays, on the other
hand, led to an increase of self-attribution, peaking for trials with a full-cycle delay (FD). For these latter trials, participants
reported high SoA ratings (approximately 85%), which were comparable to ND trials (i.e., heel-strike feedback that co-
incided with their ongoing gait but was actually delayed by a full cycle). Similar observations have also been made in

previous auditory and visual gait agency studies (Menzer et al. 2010; Kannape and Blanke 2013).

We also note that analogous with prior studies (Menzer et al. 2010; Kannape and Blanke 2013), SoA did not reach 100%

in either ND and FD trials. This is most likely due to a combination of the intrinsic delay of our system that was 60 ms
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introduced by wireless communication and vibration system, lapses, or another perceived mismatch. Self-attribution of
gait feedback became weaker as the temporal conflict between the remapped tactile sensation and the participants walking
phase became more distinguishable (e.g., temporally out-of-phase trials), closely following the results for visual gait
agency (Kannape and Blanke 2013) where SoA was lowest for trials with left-right reversed feedback (HD). This deferred
from the data of Menzer et al. (2010), who measured SoA for auditory consequence of walking and did not report the

feedback lateralization effect. Simply because the auditory consequence of left or right foot-steps are not distinguishable.

In the present study, we observed significant intersubjective variability in SoA ratings, which has not been reported for
auditory and visual gait agency. We also found higher (378 ms) and noisier (i.e., higher intersubjective variability; SD =
239 ms) temporal threshold for remapped tactile gait awareness compared to those reported in the auditory (~200 ms) and
visual (~210 ms) gait paradigms (and auditory or visual agency studies in general; for review, see (Kannape and Blanke
2012)). It has previously been suggested that the SoA is supramodal and effector-independent and should accordingly
demonstrate comparable thresholds across a range of action-consequence mappings, which also corresponds to more
recent work on proposing an abstracted action system (Liu et al. 2020). While the general cosine pattern qualitatively
supports the supramodal and effector-independent hypothesis, the current data suggest that larger conflicts may be nec-

essary in case of remapped tactile feedback.

Do the natural heel-strike and the remapped feedback complement each other, or do they create an additional multisensory
conflict? Previous gait awareness studies (Menzer et al. 2010; Kannape and Blanke 2013) cancelled out naturally occur-
ring visual and acoustic feedback using white-noise and by obstructing the view of their leg movements with blinkers
respectively. In other words, gait feedback was substituted with experimentally controlled feedback in the same modality
and relative location. In the current study, participants still perceived the actual ground reaction forces at each heel-strike,
as it was not possible to remove the physical somatosensory action consequence. This leads to conflicting intra-modal,
but spatially remapped information in the present experiment. Although participants were instructed to base their decision
on the remapped tactile sensations on their back, the actual heel-strike and related tactile feedback on the foot may have
still interfered with the present SoA judgments. In terms of the central monitoring framework (Frith and Done 1989) SoA
has been argued to depend on a comparison of internal representations and predictions about our movements with the
feedback we continuously receive about those movements (reafferent signal, but also with our intended or desired state;
see (Blakemore et al. 2002)). Receiving both feedback cues concurrently, but either synchronously or with an experi-
mental temporal conflict, may hence introduce noisier feedback, which may impair the central monitoring mechanism.
Such uncertainty may explain the higher temporal thresholds for remapped feedback. Another explanation or contributor
could be that the processing of the remapped feedback was perceived as a secondary or dual task and this may have also
affected SoA. Participants were exposed to two tactile inputs while walking, likely requiring more perceptual and cogni-
tive resources. The effect of cognitive workload on the SoA was previously investigated by (Kannape and Blanke 2013;
Kannape et al. 2014). These authors found that a secondary cognitive task performed while walking suppressed gait
synchronization across all tested delays and affected gait agency for selective temporal delays. Much earlier studies have
also shown that a secondary perceptual, motor and cognitive task (dual tasking) influences the control of posture and gait
(for review see (Woollacott and Shumway-Cook 2002) and (Yogev-Seligmann et al. 2008)), such as an increase in stride
time and increased gait variability (Hoang et al. 2020). Similarly, in the current study, participants showed higher stride

time variability and increased stride time when received remapped feedback (see Figure 4:4b and Figure 4:4c), although
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these differences did not reach to the significant level. Yet, here, we did not use any subjective or objective (physiological)
measure to assess the cognitive workload imposed by the remapped technique. Previous studies have shown that, in the
context of dual task walking, gait variability in young adults seems to be task-dependent; for instance, texting on a mobile
phone is most challenging vs. visual task or performing arithmetic operations (Mirelman et al. 2014; Schabrun et al. 2014;
Plummer et al. 2015). Future experimental investigations are needed to estimate the cognitive load imposed by the pro-

cessing of remapped tactile feedback.

4.5.2 Effect of the remapped feedback on the gait

Although we observed a small overall effect of delayed remapped tactile feedback on participants’ stride time deviations,
this was not found to be specific to the tested delays and was not systematic as reported in prior visual and auditory gait
awareness studies (Menzer et al. 2010; Kannape and Blanke 2013). Our results are instead in line with those studies on
rhythmic stimulation, which found no change in walking speed or cadence of healthy adults when they were asked to
walk at their preferred speed (Baram and Miller 2007; Hausdorff et al. 2007; Baram and Lenger 2012; Wittwer et al.
2013; Zhang et al. 2020). While in the visual gait study, participants had a stable baseline for walking velocity due to
using the treadmill, in the present study, it is harder to detect adaptation as the baseline for walking speed is variable
(with-in and between participants). It is also plausible that the adaptation in the auditory gait paradigm was simpler as
participants received spontaneous auditory feedback as opposed to the concurrent tactile feedback employed in the present
study; our participants might have perceived higher mental effort to detect the mismatch between the continuous, re-
mapped feedback and gait cycle (Kannape and Blanke 2013; Kannape et al. 2014). The cognitive load induced by re-

mapped feedback will be discussed below.

4.6 Conclusion

To conclude, the present study is the first study investigating the contribution of haptic feedback on the SoA in healthy
walkers. Extending previous studies on auditory and visual gait awareness, we demonstrated that delayed haptic feedback
modulates SoA in a predictable way even when it is presented in the form of remapped tactile feedback. Participants had
the highest self-attribution for (re)synchronized trials (ND and FD) and gave the lowest SoA rating for trials with left-
right reversed feedback. Although our findings are in-line with an effector-independent and supramodal mechanism for
SoA, we observed a higher intersubjective variability in SoA ratings and limited gait adaptation to the delayed remapped
feedback, compared to previous studies. This may be due to the combination of the natural heel-strike and the remapped
tactile feedback leading to a noisier sensory input. Furthermore, processing the combined feedback may also create a
cognitive load resulting in higher intersubjective variabilities and the suppression of gait synchronization. Finally, our
results demonstrated the potential of using FeetBack system to enhance the gait awareness system for patients with pe-

ripheral or central sensory loss in feet or cognitive disorders.
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Abstract

There is a steadily growing number of mobile communication systems that provide spatially encoded tactile information
to the humans' torso. However, the increased use of such hands-off displays is currently not matched with or supported
by systematic perceptual characterization of tactile spatial discrimination on the torso. Furthermore, there are currently
no data testing spatial discrimination for dynamic force stimuli applied to the torso. In the present study, we measured
tactile point localization (PL) and tactile direction discrimination (DD) on the thoracic spine using two unisex torso-worn
tactile vests realized with arrays of 3x3 vibrotactile or force feedback actuators. We aimed to, firstly, evaluate and compare
the spatial discrimination of vibrotactile and force stimulations on the thoracic spine and, secondly, to investigate the
relationship between the PL and DD results across stimulations. Thirty-four healthy participants performed both tasks
with both vests. Tactile accuracies for vibrotactile and force stimulations were 60.7% and 54.6% for the PL task; 71.0%
and 67.7% for the DD task, respectively. Performance correlated positively with both stimulations, although accuracies
were higher for the vibrotactile than for the force stimulation across tasks, arguably due to specific properties of vibrotac-
tile stimulations. We observed comparable directional anisotropies in the PL results for both stimulations; however, ani-
sotropies in the DD task were only observed with vibrotactile stimulations. We discuss our findings with respect to tactile
perception research as well as their implications for the design of high-resolution torso-mounted tactile displays for spatial

cueing.

5.1 Introduction

As the human torso provides an extensive skin area to convey tactile information, torso-worn haptic displays deploying
tactile spatial cues have gained increasing attention in recent years (Rupert 2000; Lemmens et al. 2009; Arafsha et al.
2015; Lentini et al. 2016; Wacker et al. 2016; Buimer et al. 2018; Garcia-Valle et al. 2018). Moreover, while providing
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tactile information on the torso, a person’s active body parts, such as hands and fingers, remain fully available for daily
living activities. Accordingly, the torso has been considered as one of the most available and practical candidate sites for
wearable and mobile tactile communication systems (Cholewiak et al. 2004; Kristjansson et al. 2016) and may also be
particularly suited for applications in cognitive and clinical neurosciences (Rognini and Blanke 2016). However, to
effectively convey spatially encoded tactile information and make use of this information, more data about the tactile
spatial resolution of the torso are required. Surprisingly, we lack such information: even though psychophysical research
on tactile spatial acuity was launched in the nineteenth century by Ernst Heinrich Weber (1834), since then, only a handful
of studies has studied tactile perception on the torso. In the present study, we described new systems and focused on

assessing tactile spatial discrimination of the human torso.

Tactile point localization (PL) evaluates a person’s ability to localize the point of tactile stimulation in an array of
stimulators mounted on the torso. Previous studies that used a linear one-dimensional array of vibrators around the waist
reported PL accuracies within the range of 74% (12-tactor with 72 mm spacing) to 98% (8-tactor with 107 mm spacing).
It was noted that accuracy tended to increase by increasing inter-stimulator spacing and at locations closer to the body
midline (i.e., navel, spine) (Cholewiak et al. 2004). The higher localization ability in proximity to specific anatomical
reference points, such as the body midline (e.g., navel and spine) and joints (e.g., wrist), was first described by Weber
(1834) and was recently confirmed for the localization of both vibrotactile and static pressure stimuli presented on the
upper limbs (e.g., wrist) (Cholewiak and Collins 2003; Oakley et al. 2005). However, studies employing two-dimensional
arrays of vibrators (e.g., 4x4 array) have not found higher PL accuracy for midline regions and rather observed that PL
accuracy changes depending on the location of the target within the array (Lindeman and Yanagida 2003; Cholewiak and
McGrath 2005; Jones and Ray 2008). For instance, accuracy was found to vary strongly (from 40 to 82%) depending on
the position of the vibrator in the 4 x 4 array (Lindeman and Yanagida 2003; Cholewiak and McGrath 2005; Jones and
Ray 2008).

Several other studies have investigated the spatial acuity for tactile cues applied to the torso and measured the capability
of discriminating two nearby tactile stimuli presented on the skin surface. Although classical studies used the two-point
discrimination test (Weber 1834), more recent studies have questioned the validity of this measure as it is vulnerable to
several possible confounds (e.g., two-point discrimination may be based on intensity rather than spatial cues). Alterna-
tively, they suggested a task in which two successive stimuli are applied at nearby locations, and participants’ have to
judge whether the two stimuli were delivered in the same location or not (Johnson and Phillips 1981; Johnson 1994;
Stevens and Patterson 1995; Tong et al. 2013). For instance, Eskildsen et al. (1969) presented successive vibrotactile
stimuli via a horizontal array of five vibrators on the back and reported a discrimination threshold at 10 mm on the back
(at the level of the scapula). Van Erp (2005a) measured tactile direction discrimination (DD) using two successive tactile
stimuli on the torso, defined as the ability to discriminate whether a second tactile stimulus was to the left or to the right
of a first tactile stimulus. They used a linear array of vibrators (11 in horizontal and 14 in the vertical direction). Using
this method, they determined the tactile spatial acuity threshold at 20-30 mm on the torso, with better DD accuracy (ap-
proximately 10 mm) only for horizontal array locations near to the body midline (i.e., navel and spine). They also high-
lighted the role of spatiotemporal factors by observing that the accuracy increased as the burst duration and/or inter-
stimulus interval increased. Finally, Johannesson et al. (2017) explored the impact of inter-stimulator distancing on tactile

DD accuracy (so-called relative spatial acuity; three-alternative force choice task [AFC]), using arrays of 3x3 vibrators
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on the lower thoracic region of the back. They reported that accuracy increased from 64% to 91% as an inter-stimulator
spacing increase from 13 to 30 mm. Taken together, while PL and DD measure two different aspects of tactile spatial
discrimination, previous studies often directly compared the results of these two tasks. To the best of our knowledge,
there is no study investigating the degree of agreement or disagreement between the results of tactile localization and
direction discrimination (as an indicator of tactile spatial acuity). Here, we investigate PL and DD on the torso in the same

subjects, using 3x3 arrays of tactile stimulators.

The majority of torso-worn tactile displays developed in the last two decades have commonly adopted miniature
affordable vibrotactile stimulators in commercial and experimental frameworks (Arafsha et al. 2015; Karafotias et al.
2017; Garcia-Valle et al. 2018). For instance, Van Erp and colleagues have employed torso-worn vibrotactile displays for
use as a pedestrian navigation system (van Erp et al. 2003; Van Erp et al. 2005; Van Erp 2005b; van Erp 2007). Lemmens
et al. (2009) developed a wearable vibrotactile jacket to investigate the potential intensification of emotional immersion
while participants watched a movie. Garcia-Valle et al. (2018) showed that using a haptic vest, which presented vibration
patterns, improves immersion in multimodal virtual reality environments. Other studies have recently employed force
stimulators to present collision-type touch stimuli (e.g., force, pressure, compression, etc.) on the participants’ torso
(Delazio et al. 2018; Al-Sada et al. 2019; Fadaei et al. 2021). For instance, a force jacket was made of pneumatically
actuated airbags to provide strong and variable forces to the torso along with vibrotactile sensations (Delazio et al. 2018).
In this line of research, it has been shown that the level of immersion in a virtual environment could be considerably
enhanced by presenting ecologically valid touch feedback (Yoshikawa and Nagura 1997; Lopes et al. 2015; Cao et al.
2018). In addition, the processing of tactile spatial directional cues and notification has been described as more intuitive
to participants when using force stimulation rather than vibrotactile as collision touch sensations are a more common
haptic experience in daily life. Until now, however, research about tactile spatial discrimination on the torso has focused
on performance for manually applied stimuli (Weber 1834; Weinstein 1968; Green 1982; Gibson and Craig 2005) and
vibrotactile stimuli (Eskildsen et al. 1969; Jones et al. 2009; Hoffmann et al. 2018b). To the best of our knowledge, there
is no study investigating tactile spatial perception on the torso for directed force stimuli. Thus, it is not known whether
force stimuli are characterized by improved tactile performance (compared to vibrotactile stimuli) in spatial
discrimination tasks on the torso. Indeed, force and vibrotactile stimuli present some distinct features; for instance,
vibrotactile stimuli are known to spread beyond the limits of the contact area (Cholewiak and Collins 2003), while force
stimuli are more focal and this might lead to better accuracy in spatial discrimination. Here, we measured performance in

PL and DD tasks and investigated the spatial accuracy of focal force and vibrotactile stimuli on the torso.

Moreover, previous studies have demonstrated directional anisotropies in tactile localization and tactile spatial acuity
for both static pressure and vibrotactile stimuli. These studies reported higher tactile spatial performance along the
transverse (limb) axis compared to the vertical axis. In particular, for the PL task on the back, Jones and Ray (2008), using
a 4 x 4 array of vibrators, observed that participants were better in the horizontal (87% correct) than vertical direction
(68% correct) when using vibratory stimuli. Also, for the DD task, recently, Hoffmann et al. (2018b) found that
vibrotactile DD accuracy is substantially higher in the horizontal axis compared to the vertical on the lower thoracic
region, consistently across three different types of vibrators. Therefore, we also tested for any direction anisotropies in

the PL and DD, using force and vibrational stimuli.
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In summary, in the present study, we employed two body-conforming torso-based tactile displays (arrays of 3x3 vi-
brotactile stimulators: Vibrotactile vest; force stimulators: Force vest) and assessed tactile PL and DD on the skin surface
of the human upper thoracic area. Using a within-participant design, we 1) evaluated tactile spatial discrimination (PL
and DD) of the upper torso region, 2) examined the association between the results of PL and DD tasks, and 3) compared
performance when using vibrotactile and force stimulations. Finally, 4) we searched for directional anisotropy in both

tasks and both types of stimulation.

5.2 Materials and Methods

5.2.1 Participants
A total of 34 healthy participants (17 females, aged between 20 and 36 years, M = 26, SD = 4.2) were recruited for the

experiment. All participants were right-handed (assessed via a 12-item Edinburgh Handedness Inventory (Oldfield and
others 1971)). Pathological conditions affecting tactile sensitivity (e.g., skin alteration, chronic pain, fractures) were
excluded. They provided informed consent and ethical approval that was granted by the cantonal ethics committee in

Geneva. All participants received a compensation of 20 CHF/hour for their commitment to the experiment.

5.2.2 Apparatus
5.2.2.1  Vibrotactile vest

The Vibrotactile vest consists of 9 (3 x 3) coin-shaped, Eccentric Rotating Mass (ERM) vibrators (310-003, Precision
MicroDrive; body diameter: 10mm; body length: 3.4 mm; weight: 1.1 gr) with an inter-tactor distance of 60 mm (Figure
5:1a and Figure 5:1c). The ERMs are controlled by haptic motor drivers (DRV2605, Texas Instruments) on 5 V (DC),
resulting in a vibration frequency of 175 Hz and acceleration of 1.3 G. The haptic motor drivers were controlled with a
microcontroller (STM32F407, STMicroelectronics; sampling time of 1 ms) which connects via Bluetooth to a host PC.
A custom-made GUI was developed using the Qt platform (free and open-source platform to create GUI) to control
vibrators and the experiment flows as well as record participants’ responses (i.e., entered via numeric keypad) along with
the experiment. The ERM vibrators were attached to a 20mm-thick foam (Softpur polyurethane foam) using glued-on
snap fasteners. Vibrator foam was fixed to a fully elastic, posture-corrector brace using Velcro straps, allowing the
experimenter to change or replace the vibrator foam easily. The Vibrotactile vest covers the whole back, and it is unisex.
The front part of the brace includes elastic straps that wrap around the shoulder, chest, and lower back to ensure a snug
and secure fit (see Figure 5:1b). Moreover, the specific load frequency for the ERM vibrators was tested by activating
each vibrator while the Vibrotactile vest was firmly fitted to a participant’s torso. The frequency of each vibrator was
analyzed using real-time fast Fourier transform analysis (Audio Spectrum Analyzer dB RTA). Our test results showed

that the load frequency ranged between 150 and 220, with an average of 175 Hz.

74



Tactile spatial discrimination on the torso using vibrotactile and force stimulation

//coin-shaped

vibrator shoulder belt

" u"‘.a‘n g“m

——

Solenoid box

Figure 5:1 Experimental setup.

(a) Interior view of the Vibrotactile vest with 3x3 of coin-shaped ERM vibrators. (b) The Vibrotactile vest on the participant. The vest
was firmly fitted on a participants’ body with the lower back and shoulder belts. (c) Arrangement and numbering of stimulations for
both Vibrotactile vest and Force vest. (d) Interior view of the Force vest with 3x3 push-pull solenoid actuators. (¢) The Force vest on a
participant. Three stretchable belts, including shoulder, chest, and lower back belts, firmly fixed the vest on the participants’ torso.
Solenoids were placed in a custom-made 3D-printed box. (f) A numeric keypad with marked buttons was used to respond to the PL
task. (g) A numeric keypad with marked buttons was used to respond to the DD task.

5.2.2.2 Force vest

The Force vest is torso-worn and can apply focal force stimuli to the back. It was designed and prototyped in our
previous study (previously named CognoVest) (Fadaei et al. 2021). It consists of nine (3 x 3) force stimulators (bi-
directional, push-pull solenoid actuators; starting force: 5 N at 12 VDC, shaft length: 5.5 mm; shaft diameter: 5 mm;
weight: 39 g), situated with an inter-stimulator distance of 60 mm on the back part of a tailor-made, Y-harness brace
(Figure 5:1d). To overcome gender-specific morphology, the front part of the brace consists of stretchable straps that
wrap around the shoulder, chest, and lower back. The back part is made of polyester nylon with integrated laser-cut loops
to support the hardware (Figure 5:1e). Each force stimulator is embedded in a customized 3D-printed box, mounted on
the back of the brace (see solenoid box in Figure 5:1e). The Force vest is thus unisex and can keep stimulators flush
against the skin. Arduino Mega 2560 controls the driving of solenoids via Bluetooth to a host PC with a sampling time of
1 ms (similar to the Vibrotactile vest). A custom-made GUI was implemented in the Qt platform to provide a convenient
interface to control stimulators with the Force vest and to facilitate the running of the experiment. It also recorded
participants’ responses (i.e., entered via numeric keypad). In our earlier study (Fadaei et al. 2021), the force stimulator
(solenoid) performance was evaluated under various environmental and parametric conditions (e.g., the effects of the 3D
printed box, elastic tips, and stroke length). The results revealed that the realistic amount of force (average) provided by
the Force vest is between 0.5 and 0.8 N depending on the stroke length (the force going up as the stroke length increases

until 4 mm). The load frequency of the force stimulator was assessed and analyzed in the same way as described for the
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vibrotactile stimulator. The results revealed that the load frequency ranged between 500 and 1000 Hz, with an average of
650 Hz.

5.2.3 Experimental design

Participants were exposed to a repeated measure design; participants wore both haptic vests (i.e., Vibrotactile vest and
Force vest) and completed both the PL and DD tasks. In the experimental design for the PL task, two factors were
manipulated: stimulation type (vibrotactile vs. force) and stimulator location (9 locations on the upper thoracic region).
For the DD task, stimulation type (vibrotactile vs. force) and tactile orientation (three different orientation presentations,
including horizontal (H), vertical (V), and double activation (DA)) were manipulated as independent within-participant
variables.

5.2.4 Procedure

Participants were randomly assigned in a balanced way to the first experimental session with one of the two vests
(Vibrotactile vest or Force vest). Subsequently, they performed both the PL and DD tasks in random order with a break
(7mins). After, they changed the vest and were exposed to a second experimental session where they performed the same

tasks in a counter-balanced order with respect to the previous session (see Figure 5:2).

Force stimulator Vibrotactile stimulator

Torso

- | (Preparation) o, | PL | | DD 4+ | (Preparation) . | e
measurements /) ™ P = « < P =| DD |&

—

Figure 5:2 Experiment flow (simplified representation).

At the beginning of the study, participants were asked to wear a thin, fitted white T-shirt. This was done to eliminate
any cloth-specific effect. Next, the experimenter performed the torso measurements, which included three
measurements, namely torso length (vertical distance between the 7th cervical (C7 vertebra) and the top of the hip bone
(iliac crest)), waist circumference (between the belly button and rib cage), and chest circumference (at the fullest part of
the bust). Throughout the experiment, participants wore headphones playing white noise to conceal the activation noise
generated by the haptic stimulators. The white noise intensity was customized for each participant to have full acoustic
isolation.

Prior to each session, the experimenter helped participants to wear the haptic vests correctly. Stimulator arrays were
placed centrally on the thoracic regions on the back, starting from the shoulder blades (scapula bones). Each session began
with a calibration phase, where the experimenter activated each stimulator (i.e., vibrotactile or force) individually (with a
duration of 250 ms and in a random sequence) to ensure that the participant could feel all stimuli by obtaining verbal
confirmation. Due to the different nature of stimulators used in the Vibrotactile vest and Force vest, the calibration
procedure was different for the two vests. For the Vibrotactile vest, in case of failure in perceiving the vibrotactile stimuli,
the experimenter improved the perception by better fitting the vest on the participant’s torso. On the other hand, for the
Force vest, the experimenter manually adjusted the force stimulator (solenoid) position at different stroke lengths until
receiving verbal confirmation from the participant that they felt mechanical touch by each stimulator (more details can be
found in (Fadaei et al. 2021)). The calibration tasks for the Vibrotactile and Force vest lasted approximately 5 and 10
minutes, respectively. Participants completed a training session, similar to the main task but shorter (around 1 minute).
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During the training session, participants learned how to respond to tactile stimulation on their back with the corresponding

keypad (see Figure 5:1).

In the PL task, a series of discrete tactile stimuli were applied to the participants’ back. They were instructed to indicate
the location of the perceived stimulus, i.e., the position out of the total of 9 locations where the tactile cue had been applied
(9 alternatives forced choice, 9-AFC). Participants responded by specifying a number that corresponded to the stimulated
location by pressing a numeric keypad, as indicated in Figure 5:1f). Participants did not receive performance feedback
during the task. To reduce task complexity, they were asked to keep the keypad so they could see the buttons in the same
order as the stimulators numbering on the back. In each trial, stimulators were activated for 250 ms with a random inter-
trial interval of 2000+£250 ms. Tactile point activations (each of 9 different locations) were repeated 20 times, resulting in
a total of 180 trials. To reduce potential fatigue, the task was divided into two blocks, each one including 100 trials and

lasting 3 minutes. There was also a short break of around 2 minutes between two blocks.

In the DD task, participants received two consecutive stimuli, and they were asked to determine whether the second
was to the right, left, above, or below the first one or whether the same location was stimulated twice (5-AFC).
Considering the arrangements of stimulators on the vests (3 x 3), shown in Figure 5:1c, there are a possible 12 different
horizontals (H; i.e., along with transverse axis) and vertical (V; i.e., along with longitudinal axis) presentations, and nine
DA of the same stimulator. Each of the orientational combinations was repeated five times, and the DA condition was
repeated six times (to assess the same number of repetitions per condition), resulting in a total of 174 trials. The location
of the first stimulus and the relative position of the second were randomly arranged. Participants responded via a standard
numeric keypad with five marked buttons (see Figure 5:1g) corresponding to the five possible response options, and the
software recorded their responses. Similar to the PL task, stimulators were turned on for 250 ms with an inter-stimulus
interval of 50 ms. The inter-trial interval was altered randomly in the range of 2000+250 ms. To avoid fatigue, the task
was divided into two blocks of 87 trials, and each block lasted 4 minutes. There was a short break of approximately 2

minutes between two blocks.

5.2.5 Statical Analysis

All analyses were performed in R (R Core Team 2020) running in the RStudio environment (RStudio Team 2020). In
the DD task, two participants had very low accuracy across the vests. Those data were excluded from DD analysis as,
presumably, the two participants did not understand the DD procedure correctly. Thus, those analyses that involved DD
data only included data from 32 participants.

For the between-stimulus comparison, the average accuracy (in percentage) of each task was considered as the
response. A two-tailed paired sample t-tests were used to assess whether accuracy differed significantly between two
stimulations. The chance level for PL and DD tasks were estimated at 11.11% and 20% since there were 9 and 5 possible
response types in each trial, respectively. One-sample t-tests were used to compare the accuracy with the chance level.

To better understand the PL accuracy and its variation on the upper thoracic regions of the back, further analysis was
conducted by considering accuracy (in percentage) at each location (location 1 to 9) as the response. To investigate the
participants’ ability to identify the stimulator’s location along with the vertical (column) and horizontal (row) axis on the
back, data were collapsed across columns (upper, middle, and lower columns) and rows (right, middle, and left rows)

stimulators. Thus, a linear mixed-effect model was performed to assess the effect of vibrotactile vs. force by considering
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stimulation rows, columns, and interactions between them as fixed effects and the participant as a random effect,
accounting for between-subject variability.

To explore orientational biases in the PL task, the number of localization errors was computed at each location for both
vests. Mislocalization data were collapsed into adjacent (Nadjacent: CONfusion with stimulators that are situated one gap
away from the target) versus nonadjacent biases (Nnonadjacent: CONfusion with stimulators that are situated at more than one
gap away from the target), and horizontal (Nn: number of errors made along with horizontal axis) versus vertical (Nv:
number of errors made along with longitudinal axis) biases. As inferred with the Shapiro-Wilk test of normality,
mislocalization data significantly deviated from the normal distribution. Therefore, the Wilcoxon signed-rank test was
employed to investigate the effect of adjacent and orientational biases.

To investigate the orientation-dependent effect in DD results, mean accuracies for horizontal (DD#) and vertical (DDv)
trials were considered as the response. Then, a linear mixed-effect model was used by considering stimulation (vibrotactile
vs. force), tactile orientation (H vs. V), and their interaction as fixed effects and subject as a random effect.

All posthoc comparisons were conducted using the Tukey HSD test. Pearson correlation coefficient was calculated to
investigate the relationship between variables, and the p-values were corrected for multiple comparisons (Bonferroni

correction). In all analyses, significance was reported for p-values smaller than 0.05.

53 Results

5.3.1 Overall accuracy

Overall accuracy results are represented in the Figure 5:3a. In both tasks, participants were significantly better than
chance level (PL: vibrotactile: t(31) = 34.78, p < 0.001; force: t(31) = 29.9, p < 0.001; DD: vibrotactile: t(31) = 25.77, p
< 0.001; force: t(31) = 17.77, p < 0.001). Performance in the PL task was significantly higher with the vibrotactile
stimulation (M = 60.70%, SEM = 2.32) versus the force stimulation (M = 54.6%, SEM = 1.95; t(33) = -2.92, p = 0.006).
For the DD task, no significant accuracy difference was found in between the two stimulations (vibrotactile: M = 71%,
SEM = 1.98%; force: M = 67.7%, SEM= 2.69%; t(31) = -1.54, p = 0.13).

The tactile performance was found to correlate between tasks (PL, DD) and stimulations (vibration, force). Thus,
participants’ performance with vibrotactile stimulation significantly correlated with participants’ performance using force
stimulation in the PL task (R = 0.50, p = 0.002; brown line in Figure 5:3b) and in the DD task (R = 0.61, p < 0.001; green
line in Figure 5:3b). This was also found when comparing the two tasks, revealing significant correlations between the
two tasks for force stimulation (R = 0.46, p = 0.007; red line in Figure 5:3c), but for the vibrotactile stimulation, there

was only a trend towards a significant correlation (R = 0.33, p = 0.060; blue line in Figure 5:3c).
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Figure 5:3 Overall accuracy results.

(a) Box plot of overall accuracy for two stimuli across tasks. PL accuracy was significantly higher with vibrotactile stimulation, while
no difference was found between DD accuracies of two stimulations. Gray dash-lines represents the chance level. Each box plot shows
the median (50th percentile; dark bar), values to the 1.5 interquartile range (whiskers), 25th to 75th percentile range (box), and outliers.
(*p < 0.05 and **p < 0.01). (b) Scattered dot plot and Pearson correlation between accuracies with vibrotactile and force stimulations
across tasks. There are positive correlations between the accuracies of two simulators for both tasks. Each point represents data from a
single participant, and shaded areas show the 95% confidence interval for the regression line. (c) Scattered dot plot and Pearson corre-
lation analysis between PL and DD accuracies of two stimulations. There is a significant positive correlation between PL and DD
accuracies for force stimuli (in red) and not vibrotactile stimuli (in blue).

5.3.2 PL task

The range of localization accuracies across both types of stimulation was 52.0-71.7% for vibrotactile and 37.5%-65.1%
for force stimulation, respectively. The mixed-model showed a significant main effect of stimulation (F(1, 573) = 11.22,
p <0.001), stimulation row (F(2, 573) = 28.52, p < 0.001), and stimulation column (F(2, 573) = 8.22, p <0.001); none of
the interaction terms were significant. In line with the overall accuracy findings, participants' PL accuracy was
significantly higher for the vibrotactile versus force stimulation (t(561) = -3.34, p <0.001). Figure 5:3a shows that,
whereas PL performance in peripherial areas did not significantly differ (right-left columns: t(573) = 0.90, p = 0.6),
performance was significantly more accurate for stimulations in peripheral than midline columns (right versus middle
column: t (561) = 2.97, p = 0.009; left versus middle columns: t (561) = 3.87, p < 0.001, Figure 5:3a). In addition, as it is
shown in the Figure 5:3c, stimulations located in the middle row were more accurately perceived compared to the upper
(t(573)= -6.97, p < 0.001) and lower rows (t (66) = 5.79, p <0.001). No significant difference was found between

accuracies of the upper and lower rows (t(573) = 1.18, p =0.4).
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Figure 5:4 Results of the PL task.

(@) Mean PL accuracies at three columns in the array for both stimulations. (b) Mean PL accuracies at nine stimulation
landmarks in a 3 x 3 array for both stimulation types. (c) Mean PL accuracies at three rows in the array for both stimula-
tions. The dashed line shows the 50% threshold, and error bars illustrate the standard error of the mean (SEM) (*: p <
0.05, ** p < 0.01, *** p < 0 .001).

Table 1 lists localization errors in the PL task. For both stimulations, the majority of such errors were characterized by
a mislocalization to an adjacent location (adjacent versus nonadjecent location: vibrotactile: z = 595, p < 0.001; force: z
=505, p < 0.001). Analyzing whether there was an axis along which localization errors predominated, we found that the
number of horizontal errors was significantly lower than vertical errors, across stimulations (vibrotactile: z =5, p <0.001;
force: z=5.1, p <0.001).

We further compared the number of localization errors between the two types of stimulation for different categories of
error (i.e., adjacent vs. nonadjacent, and H Vs. V). Results showed no significant difference in the number of localization

errors between the two stimulations (all p > 0.05).
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Error of localization Force stimulation Vibrotactile stimulation
Nadjacent 63.2 (2.91) 58.2 (3.21)
Nnonadjacent 1.38 (0.36) 0.91 (0.23)
NH 5.94 (1.1) 7.5 (1.34)
Nv 53.6 (2.23) 47 (2.30)

Table 5:1 Means of different tactile localization errors (standard error of the mean) for two vests.

5.3.3 DD task

Investigating the effect of tactile orientation and of stimulation type on the accuracy in the DD, we found a significant
main effect for tactile orientation (F(1, 93) = 37.33, p < 0.001) and a significant interaction between the stimulation and
tactile orientation (F(1,93) = 8.68, p < 0.001). Post-hoc analysis showed that participants were more accurate for trials
presented along the horizontal axis only when using vibrotactile stimulation (t(93)= 6.76, p < 0.001; Figure 5:5) (this
effect was absent for force stimulation (t(93) = 2.24, p = 0.12)).

We assessed correlation coefficients separately for vertical and horizontal levels to explore any potential relationships
between orientation-related effects in DD accuracy (worse along the vertical axis) and localization errors in PL (higher
vertical errors). The only significant correlation was found for the vibrotactile stimulation in the vertical axis (DDy-Ny:
R=-0.36, p = 0.040; Bonferroni corrected p-value), revealing that those participants who had higher vertical errors (Nv)

in the PL task they also had low DD performance in discriminating vibrotactile stimulation in the vertical axis.

1001 Vibrotactile
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Figure 5:5 DD accuracies with vibrotactile and force stimulations.

The dash-line shows the chance level of 20%. The error bars show the standard error of the mean (SEM) (*** p <0
.001; n.s.: No significant).

5.4 Discussion

In the present study, we adapted two automatized tactile perception paradigms, namely tactile PL and tactile DD task,
and measured tactile spatial discrimination on the human back. More specifically, we evaluated tactile perception over

the thoracic region, using two custom-made haptic interfaces consisting of either vibrotactile or force stimulators. We
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found that PL and DD accuracy were slightly higher with vibrotactile stimulations than those with force stimulations.
Using a within-participant design, we further demonstrate that tactile performance generalizes across tasks (PL and DD)
for force stimulations but not for vibrotactile ones. Furthermore, we observed directional anisotropies in both tasks
characterized by better performance for horizontal directions.

5.4.1 Overall accuracy

We observed an overall PL accuracy of 60.7% for vibrotactile and 54.6% for force stimulation in the thoracic region
on the back. In the DD task, we reported an overall accuracy of 71% for vibrotactile and 67% for force stimulation. Our
PL results (accuracy) are in line with earlier studies that employed a two-dimensional array of vibrators reporting PL
accuracy around 60% when stimuli were applied to the participants’ lower back (Cholewiak and McGrath 2005; Jones
and Ray 2008). Considering the DD task, our vibrotactile accuracy was lower than in a recent study (J6hannesson et al.
2017), where the accuracy of 91% was found, even if the inter-stimulator distance of 30 mm was smaller than in our study
(60 mm). However, the latter authors used a 3-AFC DD task (via 3x3 vibrotactile array), which has a lower degree of

difficulty compared to the 5-AFC used in the current study.

5.4.2 Vibrotactile vs. force stimulation: correlation and comparison

We observed a moderate, positive correlation between performance for both stimulators across tasks (see Figure 5:3c),
suggesting that the spatial discrimination processes for both stimulation modalities, as tested in the present study, rely on
similar perceptual mechanisms. Load frequencies of the vibrator (175 Hz) and force stimulator (600 Hz) fall in the fre-
quency range of the Pacinian corpuscle sensitivity (100-1000 Hz) (Vallbo et al. 1984). The relatively low tactile spatial
discrimination rate (around 60%) reported for both stimulations and across tasks further points to this type of subcutane-
ous mechanoreceptor, with its comparatively large receptive fields. In comparison, non-Pacinian receptors embedded in

the glabrous skin of the palm or fingers have shown higher tactile spatial sensitivities (Weinstein 1968).

While accuracy was higher for the vibrotactile than for the force stimulation across both tasks (mean difference, PL:
6.1%; DD: 3.3%), this difference was only significant for the PL task. We fixed the spatial parameters (i.e., body site,
inter-stimulator distance) and temporal parameters (i.e., burst duration and inter-stimulus interval) between the two stim-
ulations as they may have a profound effect on both PL and DD results (Cholewiak et al. 2004; Van Erp 2005a; J6han-
nesson et al. 2017). Nonetheless, we observed greater accuracy when using vibrotactile stimulation, suggesting that other
stimulus properties account for this discrepancy. These could include physical features (frequency, intensity, mass), con-
tact area, the direction of movement with respect to the skin, and the amount of surface wave created by activating the
motor. We here observed a higher accuracy with vibrotactile stimulations, which had a lighter weight (1.1 gr vs. 39 gr),
slightly lower acceleration (1.3 G vs. 1.65G), and lower load frequency (175 Hz vs. 650 Hz). Considering that the com-
bination of mass, acceleration, and frequency of the tactile stimulation contributes to the perceived force, our results
corroborate previous studies (Gibson and Craig 2006; Hoffmann et al. 2018b), suggesting that the effect of physical
parameters is not sufficient to account for the performance in the PL and DD tasks. For the effect of frequency, it has
been found that increases in frequency above 80 Hz (i.e., Pacinian corpuscle) did not result in higher accuracy (Cholewiak
et al. 2004; Cholewiak and McGrath 2005; Hoffmann et al. 2018b). Another possible explanation for the higher PL and
DD accuracy with vibrotactile stimulations might also be that the contact area of the vibrotactile stimulator was twice as
large as the one chosen for the force stimulator (vibrotactile: 314 mm?, force: 78.5 mm?). While the effect of the contact
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area on the PL/DD has not been systematically investigated, it would seem that due to the spatial summation of afferent
signals from Pacinian corpuscles, vibrotactile thresholds (above 50 Hz) decrease as the stimulator area increases (Verrillo
1963; Gescheider et al. 2010), presumably enhancing the perceptual capabilities. In addition, we here observed that PL
and DD accuracy were higher with the vibrotactile stimulator (coin-shaped vibrators), which generates motions parallel
to the skin’s plane, compared to force stimulators that generate force perpendicular to the skin. This observation may
relate to previous findings of Hoffmann et al. (2018b), who found that DD accuracy was higher with vibrators that gen-
erate motion parallel to the skin (as in our study) compared to the perpendicular to the skin as it provides stronger surface
waves traveling on the skin (see Hoffmann et al. 2018 for more details). Future work is needed to investigate how tactile

perception on the back depends on these different mechanisms.

5.4.3 Association between PL and DD results

In the present study, we found a positive correlation between the PL and DD performances for the force stimulations
but not for the vibrotactile stimulations. Although prior studies often directly compared the results of tactile localization
(PL) with tactile spatial acuity (e.g., DD), our results suggest that extending the results of PL to DD (or the other way
around) depends on the type of tactile stimuli and may not hold for vibrotactile stimulation (at least in the present study).
The absent correlation between the PL and DD tasks with vibrotactile stimulations suggests that distinct and, presumably,
stimulation-related driving factors are involved in the discrimination process of the vibrotactile DD task as tested by us.
As discussed below, the DD task with the vibrotactile stimulation may more heavily depend on and vary with the

viscoelastic properties of the participants' skin.

5.4.4 PL task

We observed that the PL accuracies for both stimulations vary over the skin surface of the back in the thoracic region
(vibrotactile: 52%-71.68%, force: 37.47%-65.08%). This observation may partly be explained by garment conformity but
may also reflect differences in mechanoreceptor density on the torso. The present PL performance is in line with previous
studies that reported variation in tactile PL (for both static pressure and vibrotactile stimuli) across the skin surface for
different body parts, also including the back (e.g., forearm, abdomen, lower back, palm, thigh, etc.) (Cholewiak and
Collins 2003; Oakley et al. 2005).

5.4.5 Lower PL accuracy on the spine compared to the peripheral area

Concerning the PL performance on the spine, previous studies have yielded mixed results and further depended on the
physical arrangement of stimulators. Some studies that used a one-dimensional array of vibrators supported the
enhancement of PL in midline regions (close to the spine) as an anatomical body reference (i.e., as being related to the
joints of the body) (Boring 1942; Cholewiak and Collins 2003; Cholewiak et al. 2004; Van Erp 2005a; Jones and Ray
2008). Others, however, did not report improved PL in midline regions when using two-dimensional arrays (Lindeman
and Yanagida 2003; Jones and Ray 2008). In the present study, we observed that the PL accuracy was lower for stimulators
in the midline area (column 2) than those located peripherally (columns 1 and 3). These results match the findings of
previous multi-dimensional setups, suggesting that by adding dimension to the tactile display (e.g., two-dimensional ar-
ray), no midline advantage is observed. Compatible with this account, earlier studies on the PL for the forearm also found

increased accuracy at the edges of the arm compared to those in the center (Oakley et al. 2005; Chen et al. 2008). Based
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on the present data of enhanced performance for lateral stimulations, we speculate that perceptual and attentional mech-
anisms related to lateralized stimulations may boost performance. However, more work is needed to specifically test this
hypothesis and its comparison with enhanced midline performance. We also note that structural aspects such as the higher
curvature in the spinal area compared to lateralized torso locations and the consequent poorer fit of the vest and stimulators
around the midline may also play an important role.

5.4.6 Directional anisotropies

In the present study, we observed directional anisotropy in PL performance in both tasks, as participants made
considerably fewer localization errors in the horizontal than vertical axes (see Table 1). Using a 4x4 array of vibrotactile
on the back, Jones and Ray (2008) also showed that participants were less accurate in identifying the correct row of
activation than the column. These observations are also in line with earlier PL studies that reported systematic biases in
the vertical axis on the skin surface of the palm, thigh (Sofia and Jones 2013), and arm (Oakley et al. 2005; Chen et al.
2008; Sofia and Jones 2013). In addition, we, here, found that the level of anisotropy in PL performance was comparable
between the two tasks, suggesting that comparable mechanisms are involved in the spatial discrimination process for both
stimulations. One possible explanation, as discussed above, is that the torso’s lateral sides function as a perceptual refer-
ence point (as located to the endpoints of the stimulus range), affording higher accuracy in the horizontal direction. It has
also been proposed that receptive fields of afferent fibers and/or neurons in the spinal cord and somatosensory cortex are
oval-shaped and elongated along the longitudinal-vertical axis (Cody et al. 2008). Thus, one may speculate that stimula-
tors in the horizontal axis would more likely activate separate adjacent mechanoreceptors, leading to fewer localization
errors along with the horizontal axis. However, these argumentations do not seem to apply for our observation concerning
DD results as anisotropy was only seen in the results with vibrotactile stimulations: higher DD accuracy for vibrotactile
stimulation in the horizontal axis than vertical. Our observation for vibrotactile stimuli is consistent with the findings of
Hoffmann et al. (2018b), who recently found the superior DD accuracy for vibrotactile stimulations presented horizontally
on the lower thoracic region across different types of vibrators. We argue that anisotropy in DD results is mainly influ-
enced by the amount of surface waves created by force and vibrotactile stimulations and how they spread on the skin. In
contrast to focal force stimulation, vibrotactile stimuli spread beyond the contact area in the form of surface waves. As
the skin is a highly viscoelastic tissue, its mechanical properties highly impact the spread of the surface wave from the
vibration source. Some direct human and animal evidence suggested that skin stiffness is anisotropic with higher stiffness
along with the vertical axis than horizontal. Therefore, surface wave from a vibrating source may propagate further along
with the vertical axis and hence excite mechanoreceptors some distance from the site of the stimulation, which makes
difficult the recognition of the stimulation direction. (e.g., in our case, up or down).

5.4.7 Study limitations

The present study has several limitations. Although we evaluated and compared tactile spatial discrimination using
dynamic force (push-pull solenoid) and vibrotactile (coin-shaped ERM) stimulators, we only controlled for the temporal
and spatial parameters between the two simulators. However, there are other parameters that we did not control with the
present systems, such as physical parameters, contact area, or spread of vibration waves. Therefore, the generalization of
these results to other setups has to be taken with caution. Future experimental investigations are needed to systematically
investigate the effect of such individual actuator properties on spatial discrimination, which was beyond the scope of the

current study. Second, the design and control of force simulators are more problematic than vibrotactile stimulators. Thus,
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force stimulators require actual contact with the human skin to be perceived; moreover, as reported in our previous study
with a force vest (Fadaei et al. 2021), the solenoid’s impact force might change in the range of 0.5-0.8 N, depending on
the stroke length. Such effects could lessen the quality of force perception resulting in lower tactile perception with force
stimulators. Future work may monitor the uniformity of the perceived intensity across the array of actuators by employing
an objective calibration procedure, where the participants are asked to rate the intensity of each individual actuators.
Finally, for the field to advance, the same experimental procedures and tasks have to be applied across participants,

conditions, and different research groups, further empowered by the application of psychophysical methodology.

55 Conclusion

Collectively, although previous studies investigated the spatial discrimination of vibration stimuli on the back, our
study is the first to investigate both localization and tactile direction discrimination of the upper thoracic spine for two
different types of dynamic mechanical stimulations (vibrotactile and force) in a large group of healthy participants. Our
findings suggest that designers can use force stimulators to design the torso-worn tactile interface to provide more eco-
logical touch feedback with the (almost) similar level of tactile spatial discrimination accuracy as observed in widespread
vibrotactile interfaces. We also noted that overall accuracy with both stimulations is still relatively low (around 60%),
indicating that further technological improvements are required to improve torso-based tactile communication systems.
Apart from technological advancement, we might speculate that long-lasting training might improve performance. Alter-
natively, we suggest taking advantage of multisensory-training protocols (i.e., a combination of tactile with auditory,
visual, or vestibular) instead of unisensory protocols to produce greater and more efficient learning (Ghazanfar and
Schroeder 2006; Shams and Seitz 2008; Proulx et al. 2012). Furthermore, our findings provide new insights into the
association between the results of the PL and DD tasks on the torso, indicating that the generalization of the PL results to
DD is only valid for focal force stimulations and not for vibrotactile ones which spread further away. These results suggest
that studies using vibrotactile interfaces should ideally measure spatial discrimination with different measures in parallel

to estimate the actual discrimination accuracy.
Funding This research was supported by two generous donors advised by CARIGEST SA (Fondazione Teofilo Rossi di Montelera e di Premuda and
a second one wishing to remain anonymous) to O.B.

Availability of data and material This research was supported by two generous donors advised by CARIGEST SA (Fondazione Teofilo Rossi
di Montelera e di Premuda and a second one wishing to remain anonymous) to O.B.

Code availability The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable
request.

Declarations
Compliance with ethical standards Informed consent was obtained from all individual participants included in the study.

Consent to participate The authors have no relevant financial or non-financial interests to disclose.

85






Chapter 6  General Discussion

In four behavioral studies, this thesis investigated the development and validation of body-conforming, torso-based tactile
interfaces that register the sense of touch in static/mobile sensorimotor experimental setups, with an emphasis on robot-
induced PH and conscious gait monitoring paradigms. The findings of this thesis can be thus categorized in some con-
ceptual parts involving interface design guidelines, quantitative knowledge on tactile spatial discrimination on the back,
and experimental use-cases of torso-worn displays to investigate self-other distinction and tactile walking awareness in
healthy individuals. This chapter summarizes these findings, discusses them by relating the results of different studies

and suggests some possible future implications in the health and disease population.

6.1  Tactile spatial discrimination on the back via torso-worn tactile interfaces

6.1.1 Summary of scientific contributions
6.1.1.1  Wearability challenges for torso-worn tactile displays

While waist-worn tactile displays (placed at the lower torso) have been widely used in industrial and experimental
(psychophysical) frameworks in the last two decades (Jones and Ray 2008; McDaniel et al. 2008; J6hannesson et al. 2017;
Hoffmann et al. 2018b), only a limited number of studies have considered using torso-worn tactile interfaces that present
tactile stimuli on the upper thoraces torso (Arafsha et al. 2015; Lentini et al. 2016; Karafotias et al. 2017; Garcia-Valle et
al. 2018). This is because designing a wearable tactile interface for the upper torso areas has its own challenges. One
complication is the large morphological differences in the human torso area, resulting in substantial within-participant's
variabilities. Another issue is significant between participants' variabilities due to gender difference or variation in poten-
tial wearers' size. Hence, forming and fitting the torso-worn haptic display to the participants' torso is challenging in
assuring consistent stimulus application (Mortimer and Elliott 2017). Most previous studies neglected these limitations
and have simply used single, non-adjustable vests or T-shirts for different-sized users (see Figure 1:7 in section 1.4). In
the present thesis, | took the first step to provide empirical knowledge to design wearable tactile interfaces for the upper
torso. | tackled this wearability issue by developing flexible, body-conforming torso-based tactile displays. In a prelimi-
nary study (Study 1) (Jouybari et al. 2019), in spite of using gender-specific chest-belts containing 3x2 vibrators, | ob-
tained poor localization accuracy of 30.7% (on average) stemming from the impaired interface design. | noted that to
deliver localized vibrotactile stimuli, the tactile interface should be made of stretchable materials. Additionally, I discov-
ered that the ideal interface for the upper torso should be sufficiently adjustable to guarantee a correct fit, firm support,
and free-breathing for different-sized users even during movements despite the huge morphological variations in the torso

area.

In two subsequent studies (Study 2 and Study 3), I followed iterative design procedures, which involved several proto-
typing, testing, analyzing, and refining the interface. | eventually addressed these seemingly opposing requirements using
modular designs where the interface’s components are mainly made of stretchable materials. Both CognoVest and tactile

interface in FeetBack setup are Y-harness braces with stretchable straps wrapped around the shoulder, chest, and lower
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back, securing garment positioning on the users’ torso. The great advantage of Y-harness braces is that they are unisex,
and they allow covering the whole back while keeping the front part free for breathing. The back part of the brace should
be chosen based on the type of actuators employed in the interface. For instance, the back part of CognoVest is made of
durable polyester nylon and integrated laser-cut loops, facilitating mounting solenoid boxes on the back. On the contrary,
in the FeetBack system, vibrators were placed on a sponge which helped to provide localized tactile stimuli. According
to the results presented in 0, interfaces developed in the present study (i.e., CognoVest and vibrotactile interface in Feet-
Back system) can provide well-perceived tactile sensations (the overall accuracies of 60.7% for vibrotactile and 54.6%
for force stimulation) all over the back. Furthermore, | investigated the effects of the fitting (characterized with torso
sizing measurements, e.g., torso length, waist circumference, and chest circumference) and gender variabilities on the DD
and PL performance results (see section 7.2). As expected, participants' torso size and gender did not influence the PL
and DD results with each vest; however, the significant effect was only found for the effect of the chest circumstance on
the PL results. The findings of the present thesis are important for developing future torso-worn tactile interfaces as they

provide practical insight into the design of body-conforming, torso-worn tactile displays.

6.1.1.2  Vibrotactile Vs. Force stimulator

Torso-worn haptic displays deploying tactile spatial cues to users have gained a lot of attention in recent years. Such
systems have been used in a variety of applications ranging from navigation (van Erp 2007; Viola et al. 2018), sensory
substitution (Buimer et al. 2018), immersion in VR (Lemmens et al. 2009), and cognitive and clinical neurosciences
(Jouybari et al. 2019; Fadaei et al. 2021). In all aforementioned applications, designers should consider the spatial reso-
lution of the human torso together with the system functionality to effectively convey spatially encoded tactile infor-
mation. Despite the growing interest in using the torso-worn haptic display for mobile users, there is still a lack of com-
prehensive knowledge about spatial discrimination features of the torso for dynamic mechanical stimulators such as vi-
brotactile and force stimulators. While there are some recent studies investigating the vibrotactile perception on the torso
using automated and wearable devices (Eskildsen et al. 1969; Jones et al. 2009; Hoffmann et al. 2018b), to our knowledge,
there is no study that measured tactile perception for a dynamic force stimuli, particularly on the torso. For instance, it
has not yet known whether force stimuli can provide an advantage, compared to widespread vibrotactile stimuli, in spatial

discrimination tasks on the torso. In the present thesis (0), | focused on this issue.

To this aim, | employed two body-conforming torso-based tactile displays, realized with arrays of 3x3 vibrotactile stim-
ulators (Vibrotactile vest); another realized with force stimulators (Force vest) and assessed tactile PL and DD on the skin
surface of the human upper thoracic area. This study extends the previous knowledge on the tactile spatial discrimination
on the back to different stimulations (vibrotactile, force) with different paradigms (PL, DD). Tactile accuracy for
vibrotactile and force stimulators was 60.7% and 54.6% for the PL task; 71% and 67.7% for the DD task, respectively.
These results are comparable with those reported in recent vibrotactile studies (Eskildsen et al. 1969; Cholewiak 1999;
Van Erp 2005a; Johannesson et al. 2017; Hoffmann et al. 2018b). Using the within-participants design allowed me to
directly compare the results of two stimulators and two tasks. Data presented in 0 showed that PL and DD performances
with the vibrotactile interface (commonly used) could be extended to force stimulations (the state-of-art) and vice versa;
in other words, | found a positive correlation between the two stimulations across tasks. This is presumably because the

frequency of both stimulators falls in the range of Pacinian corpuscles (Vallbo et al. 1995).
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Despite fixing temporal and spatial parameters between the two stimulators, which have the most effects on the tactile
spatial discrimination, | found slightly higher tactile performance for vibrotactile stimuli across tasks. | speculate that the
slight different performances between two stimulators are based on their difference in other characteristics such as contact
area (vibrotactile: 314 mm2, force: 78.5 mmz2) or direction of movement with respect to the skin (vibrotactile: parallel to
the skin, force: perpendicular to skin). Future experimental investigations are needed to systematically investigate the
effect of these parameters on the spatial discrimination of both vibrotactile and force stimulators. Such results would also
help determine to what extent the spatial resolution of vibrotactile stimuli can be expanded to the focal force ones. It is
worth noting that the comparison between PL and DD accuracies of the two stimulators presented in this article is based
on the specific range of differences in the characteristics of two special force and vibrotactile stimulators used in the

current study. Therefore, the generalization of these results to any other setup should be taken with sufficient caution.

Additionally, the present study results for the PL and DD accuracy are limited to the skin surface of the thoracic spine.
As noted in the previous studies (Cholewiak 1999; Cholewiak et al. 2004; Myles and Binseel 2007), several potential
factors are influencing the results of tactile spatial discrimination such as actuator arrangement on the skin, overall size,
density, and the shape of the underlying mechanoreceptor afferent receptive fields, proximity to anatomical body
landmarks, etc. that results in different performance on the different areas of the body. Therefore, the generalization of

these results to other body parts or even different regions on the torso should be made with considerable caution.

6.1.1.3  Suggestions to design high-resolution tactile interfaces for the back

Studies of tactile spatial perception reveal the importance of understanding the properties of the somatosensory system
and their marked variation across the body (Cholewiak and McGrath 2005; Van Erp 2005a; Jones 2011; Hoffmann et al.
2018b). Factors such as tactile anisotropies, proximity to the anchor point, spatial-temporal interactions, etc., must be
considered carefully in designing and evaluating tactile interfaces. In 0, | empirically assessed the effect of the spine as
an anatomical reference point to improve PL results. Using two-dimensional arrays of actuators, | did not find any superior
effect of the body midline on the tactile PL task. Although this observation differs from classical studies supporting the
enhancement of spatial resolution in proximity with anatomical body reference (Boring 1942; Cholewiak and Collins
2003; Cholewiak et al. 2004; Van Erp 2005a; Jones and Ray 2008), it accords well with results of those studies that
investigated PL on the torso using a two-dimensional array of vibrators (Lindeman and Yanagida 2003; Jones and Ray
2008). | argue that observations in classical studies were limited to the setup using a one-dimensional (i.e., linear) array
of stimulators (Cholewiak and Collins 2003; Cholewiak et al. 2004). Whereas, by adding dimension to the tactile display
(e.g., two-dimension array), the efficacy of the spine in the improvement of PL may change. In the present study, | claim
that torso sides, as located at the borders (endpoints) of the array, might receive a greater proportion of a participant’s
attentional resource than the spine, which is a passive joint located in the middle of the array. Given that no body-landmark
was found on the back that improves tactile localization in the vertical axis, | propose that tactile interface designers may
add arbitrary local signs that could provide perceptual reference points that the participants can use in identifying the site
of the stimulation. These local signs can be as simple as point stimulations that stimulate differently than the target stim-

ulators, and they might be located at the endpoints of the stimulus range.

In addition, | observed that participants made considerably fewer errors of localization in the horizontal axis than vertical
ones (see Table 5:1), consistently across stimulators. This observation is in line with earlier studies using PL task that

reported systematic biases in vertical axis on the skin surface of the back (Jones and Ray 2008), palm, thigh (Sofia and
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Jones 2013), arm (Oakley et al. 2005; Chen et al. 2008; Sofia and Jones 2013), and provide further evidence for
mislocalization pattern with dynamic mechanical stimulators (i.e., vibrotactile and moving force stimuli) on the thoracic
spine region. In addition, | found that the effect of stimulus orientation on the DD accuracy is only significant for the
vibrotactile stimulator and not for the force stimulator, as | observed higher DD accuracy for vibrotactile stimulation in
the transverse than longitudinal axis. This result is in line with the findings of Hoffmann et al. (2018b), who recently
found the superior DD accuracy for vibrotactile stimulations presented horizontally (transverse) on the lower thoracic
region for different types of vibrators. Here, using a within-participants design, | provide further information indicating
that the tactile acuity in the DD task does not only depend on the stimuli orientation but also the type of tactile stimuli. |
propose that the torso-worn tactile interface designer should consider relatively bigger inter-tactor distance in the vertical
axis than the horizontal (of course, both vertical and horizontal inter-tactor distance must be higher than the localization

threshold) to reduce the error of localization and improve direction discrimination capabilities in the vertical direction.

6.1.2 Does visual feedback of the back enhance tactile spatial resolution?

In O, | found that the overall accuracy with both stimulators was fairly low (around 60%), indicating that more work is
required to improve torso-based tactile communication systems. Apart from technological advancement (discussed
above), | might speculate that long-lasting training might improve the performance, even if a recent study (J6hannesson
et al. 2017) suggested that the tactile accuracy on the back is not affected by extensive familiarization with torso stimula-
tor. Alternatively, the torso-worn tactile interface could be designed to provide stimuli from different modalities (auditory,
vestibular, visual). Recent studies on multisensory integration found that the human brain has evolved to learn and operate
in natural environments that involve a constant stream of information integrated across multiple sensory modalities
(Aspell et al. 2011; Ehrsson 2012; Ronchi et al. 2018). Therefore, multisensory-training protocols, as opposed to unisen-
sory protocols, can better approximate natural settings and, thus, produce greater and more efficient learning (Ghazanfar
and Schroeder 2006; Shams and Seitz 2008; Proulx et al. 2012). For instance, studies investigating the multisensory
processing of somatosensory stimuli of the ones’ body demonstrated that the tactile spatial discrimination ability is con-
stantly increased when participants can look at the stimulated body part (Kennett et al. 2001; Haggard et al. 2003; Press
et al. 2004; Taylor-Clarke et al. 2004; Schaefer et al. 2006; Harris et al. 2007; Serino et al. 2009; Medina et al. 2018).
These studies also showed that the additional effect of vision tended to be stronger when the tactile spatial task is more
challenging and closer to the performance limit. This effect is known as a visual enhancement of touch (VET), and it has
been reported for different body parts, such as fingers (Taylor-Clarke et al. 2004), hands, arms (Kennett et al. 2001; Press
et al. 2004; Schaefer et al. 2006; Haggard et al. 2007; Serino et al. 2009), face, and feet (Tipper et al. 2001; Serino et al.
2009), but there is very limited knowledge on the VET for the human torso (Catley et al. 2014). To examine VET for the
back, in a pilot study (N=12), | tested vibrotactile direction discrimination on the back while showing different views to
healthy volunteers (for more details about the experimental design and results, see section 7.3). This pilot study aimed to
investigate whether providing visual information of the participants back would boost tactile direction discrimination and
if such an effect depends on the complexity of the tactile spatial discrimination task (i.e., shorter inter-tactor distance).
The vibrotactile vest, presented in Chapter 4 (or 0), was used; however, in this study, the vest only included a vertical
array of vibrators (12 vibrators with an inter-tactor distance of 15 mm). This decision has been made to avoid the effect
of tactile direction dependencies. A within-participants repeated measures design was used by considering inter-tactor

distance (four levels including 15 mm, 30 mm, 45 mm, and 60 mm plus 0 mm as the catch trial) and visual condition
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(three levels: Body, No-Body, Blind) as the main variables. Participant's average accuracies and response time in different

conditions were analyzed.

In line with previous findings on the vibrotactile discrimination (J6hannesson et al. 2017; Hoffmann et al. 2018b), my
data from the VET study showed that participants' tactile performance and response time consistently improve as the
inter-tactor distance increases. Nevertheless, | did not find any superior effect for seeing the back on the tactile accuracy
and response time. As it is clear from Figure 7:7, participants’ tactile performance was almost the same for different visual
conditions, suggesting that tactile performance on the back does not improve by providing visual information of the back.
While the results of the pilot study are in contrast with those previous studies that reported VET for human face, neck,
fingers, hand, feet (Kennett et al. 2001; Press et al. 2004; Taylor-Clarke et al. 2004; Haggard et al. 2007), it corroborates
well with findings of Catley et al. (2014) who tested participants in the series of experiments and reported that there is no
VET for the human back. One may assume that providing an indirect view of the back may diminish the VET effect;
however, previous findings on the VET for the face and neck suggested that vision of the body site, independent of

proprioceptive orienting, can influence tactile detection.

A possible explanation for the lack of VET in the current study might be that in the present paradigm, participants could
not see the skin of the back. Due to technical complexity, participants only saw the view of their back which was covered
with the vibrotactile vest. However, in the previous VET studies, participants were exposed to the skin view of the body
part (Haggard et al. 2003; Press et al. 2004; Taylor-Clarke et al. 2004; Cardini et al. 2012). Earlier studies on the arm
have reported that viewing a neutral object in place of the arm does not enhance tactile acuity (Kennett et al. 2001; Cardini
et al. 2012). It is possible that the covered view of the back was perceived as a neutral object rather than one’s own body
part. Thus, most likely, participants did not associate their back with their own body because they are not used to visual-
izing it. It has also been shown that VET works while looking at the rubber hand (Longo et al. 2008) or someones else’s
hand (Haggard 2006; Longo et al. 2008), suggesting that the VET effect seems to be related to a generic visual body
image, arising from the recognition of the characteristic structural form of a hand. Observations in the current VET study
support this hypothesis as, during post-briefing, 10 out of 12 participants reported that the “Body” condition was distract-
ing (“It was weird to see the back™; “I could better concentrate when I had my eyes close or looked at the cross”). Simi-
larly, Kennett et al. (2001) have also shown that higher VET for the human forearm can be achieved, while participants
saw the magnified view of their body part compared to the normal view. Thus, the ideal VET experiment may expose
participants to the realistic view of the back with sufficient detailed information of the back morphology. On the other
hand, as Catley et al. (2014) speculated, it is possible that bimodal visuotactile cells, thought to be involved in visuotactile

performance in hand, do not exist for the back - an area that is not usually viewed.

6.2  Torso-worn tactile displays to robotically induce Presence Hallucination

6.2.1 Summary of scientific contributions

In this thesis, | took the first step towards developing and applying torso-worn tactile displays to register touch sensations
and induce specific bodily illusions in healthy individuals. In an initial attempt (Chapter 2), | adapted a robotic system
and paradigm previously established by our lab (Blanke et al. 2014) that investigate self-other distinction to torso-worn

vibrotactile display. My data reveal that with the semi-wearable, vibrotactile setup (the combination of Geomagic Touch
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device and vibrator interface), | could induce moderate illusory passivity experiences and mild illusory self-touch; how-
ever, participants gave low ratings to the PH question. Via assessing vibrotactile point localization accuracy on the back,
I showed that illusory own-body perceptions are not driven by tactile spatial accuracy. Nevertheless, during post-condition
debriefing, participants' reports indicated that the vibration stimuli on their back were not comparable to human poking.
Although vibrotactile displays have been commonly known as effective and inexpensive tools to provide tactile stimula-
tions in various virtual environments, the findings presented in Chapter 2 demonstrated that a simple vibratory pulse
might not be sufficiently realistic to induce bodily illusion sensations as strong as reported in the previous studies (Blanke
etal. 2014). Thus we claimed that providing an ecologically valid sense of touch is essential in experimental manipulation
of BSC states. This corroborates previous studies that highlighted the immediate and private quality of bodily sensations,
particularly the sense of touch. For instance, | can understand your visual percepts by looking in the same direction as
you, but understanding your tactile sensation would require being in your skin (Haggard et al. 2003). Overall, the study
presented in Chapter 2 suggests that technological advances in the experimental manipulation of BSC should be concerned

with providing ecological haptic solutions that adequately resemble the human body's sensations.

In a subsequent study (Chapter 3), | present a proof-of-concept and experimental use-case for the novel torso-worn force
display that provides human-like poking sensations as well as its functionally in experimentally-induced PH paradigm. |
addressed the complexity of designing a body-conforming, torso-worn force display and proposed a technical approach
including principles from robotics, fashion design, and 3D printing technologies: CognoVest. CognoVest includes simple,
low-weight, inexpensive on-off force actuators placed in custom-made 3D printed boxes. Actuator boxes are mounted on
a Y-harness brace with stretchable straps wrapped around the shoulder, chest, and lower back, securing the garment
positioning on the users' torso. The behavioral study results with the novel robotic system, which included CognoVest,
confirmed the induction of mild to moderate illusory experience of self-touch, passivity, and PH in healthy individuals.
Comparing these results with those of Chapter 2 suggests that force stimulation is more effective in robot-induced PH
systems than vibrotactile stimulation. This finding is in line with prior studies which showed that presenting force feed-
back to provide mechanical touches or simulate collisions in virtual environments may enhance immersion (Lopes et al.
2015; Delazio et al. 2018; Garcia-Valle et al. 2018).

Nevertheless, illusory ratings in the study presented in Chapter 3 were still relatively lower compared to findings (e.g.,
PH scores) in (Blanke et al. 2014). One possible explanation is that integrated force actuators (embedded in 3D printed
boxes) generate lower force compared to the human finger poking (maximum impact force is around 0.8 N which is lower
than the peak finger poking force of 2.15 N), which may lead to weaker induction and modulation of robot-induced
illusory own-body perception. Additionally, as the evaluation test results showed, the new arrangement of the force actu-
ators (embedded in the 3D-printed box) leads to temporal delays in following activation and deactivation commands.
Although this problem was addressed in the control algorithm by implementing the linear estimation to predict events for
the next 100 ms, some participants still reported the temporal delays at deactivation moments in the synchronous condi-
tion. Given that the present hallucination paradigm is synchrony-dependent, any unwanted temporal shift may negatively
influence the results. Future work should address this issue using a more reliable solenoid actuator, guaranteeing time

precision and ensuring a sufficiently strong poking force.
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Figure 6:1 Graphic User Interface (main window) for flexible vibrotactile research platform.

(1) Vibrator ID (2) Amplitude control (3) Start time control (4) Effect selection (5) Send single command (6) Vibrator
type selection (7) Duration control (8) Frequency control (9) Mode selection (10) Send the command for all vibrators
(11) Send the command to calibrate corresponding to selected types (unchecked will be calibrated to ERM) (12) Opens
a dialog to select XML’s file location and saves the current parameters (13) Open a pattern player to replay saved setup
(14) Connection status bar, indicates if USB and/or Bluetooth are connected.

6.2.2 Current and future technical improvements
6.2.2.1  More sophisticated vibrotactile sensations would be effective in modulating bodily illusions?

Chapter 2 showed that a simple vibratory pulse might not be a suitable replacement for human finger poking. While the
findings presented in Chapter 3 demonstrated that using on-off force actuators is practical for robot-induced PH para-
digms, future work should also consider enhancing vibration sensation quality to resemble human finger poking. Recently
there has been compelling evidence on the potential of the vibrotactile stimulator in conveying rich and contextual infor-
mation (Hayward 2008; Seifi and Maclean 2013; Miri et al. 2017). The high-quality tactile sensation can be achieved by
adjusting multiple levels of controls allowed by vibrators (e.g., amplitude, intensity, waveform, etc.). Yet, the vibrotactile
design space is really broad, interactive, and perceptually challenging (Seifi and Maclean 2013), as there is a large number
of effective parameters, including vibrotactile physical parameters like frequency, amplitude, and envelope, temporal
factors such as stimuli duration and pulse repetition rate, and spatial variables, for instance, body site and spacing between
actuators (Choi and Kuchenbecker 2012). In addition, the effects of each of these engineering factors on affective per-
ception can vary in function of others (Yoo et al. 2015). To address this problem, | supervised a master student project
aimed to develop a flexible research platform allowing researchers to fine-tune vibrator parameters easily. We used the

vibrator board presented in section 5.2.2.1, including 16 Texas Instruments DRV2605 vibrator drivers designed explicitly
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for haptic application. This driver was an excellent choice for us, as it is highly versatile and offers wide range of features,
such as control of both ERM and LRA vibrators, open-loop frequency control for LRA, haptic waveform library (includ-
ing over 100 licensed effects from Immersion for ERM and LRA, which eliminates the need to design haptics waveforms),
and waveform control through various inputs. A customized GUI was implemented in the Qt platform (free and open-
source platform to create GUI), which allows us to easily modify physical properties of vibrotactile actuators, including
intensity, frequency, effect type (according to the haptic library list), stimulus duration, and stimulus onset asynchrony

(see Figure 6:1). This platform was also used to design and fine-tune the tactile apparent movement used in Chapter 4.

6.2.2.2  Further improvements of CognoVest setup

Now that the functionality of simple on-off force actuators to provide human-like poking stimuli is proved, future work
should use other types of linear servo actuators (e.g., voice coil motor), which provide proportional force stimulations to
better simulate the gradual speed/force profile of finger poking. As a sensing device, the Geomagic Touch Device can
detect incremental action of poking (speed and force), proportional force stimulators could provide a more convincing
feeling and likely result in higher bodily illusions. Furthermore, the mechanically distance adjustable boxes can be au-
tomatized by using a combination of linear actuators and pressure sensors, allowing to uniformly adjust solenoid distance
from the body in a more precise and efficient manner. This also eases the handling procedure for the researcher and allows
the device to be donned and operated by an unsupervised user. However, any further improvements of setup should
consider the user comfort and portability criteria by choosing light-weight electronic components and actuators. Finally,
I note that our robotic system's lead part, non-wearable in the present system, could be made wearable by integrating
standard state-of-the-art motion-sensing technology and a finger-based tactile display. This would make our system fully
portable and wearable, paving the way to developing wearable haptic systems able to administer touch and induce bodily

illusions under dynamic conditions and in real-life settings.

6.2.3 Wearable therapeutic device to down-regulate PH

According to reports in clinical populations, PH is experienced by over 40% of patients with schizophrenia and PD,
mainly as early motor deficits symptoms (Fénelon et al. 2011; Llorca et al. 2016). Hallucination and particularly PH are
associated with negative clinical symptoms such as psychosis, depression, early home placement, higher mortality, and
dementia (Fénelon et al. 2000; Fénelon et al. 2011; Kataoka and Ueno 2015). While there are many treatment options for
the motor symptoms in PD (and beyond), hallucination treatment is limited and still requires novel solutions. Recent
studies from our lab have investigated the neural mechanism of robot-induced PH in healthy individuals using fMRI
compatible robot (Bernasconi et al. 2020) and link that to lesions observed in neurological patients with focal brain dam-
age associated with PH (Bernasconi et al. 2020), suggesting that both involve the similar brain mechanism. Likely, in the
same way that developed setups can trick the brain into creating an alien presence, they could also train the psychotic
brain to relearn the difference between self and others. In this context, researchers are interested in developing a thera-
peutic device that can down-regulate or reduce psychotic symptoms in actual patients. My colleagues at LNCO took the
first step to control activity within the brain network, specifically associated with hallucinatory states, using real-time
neurofeedback. Such results would be potentially used to control subjective mental conditions of PH and other relevant
illusory states in psychosis (Dhanis et al., in preparation). Given that PH may often occur at a particular time and in
specific environments (Fénelon et al. 2011), the ideal therapeutic device should be a wearable garment that patients could

use either in the hospital for rehabilitation programs or at home or in any other environment during which PH occurs.
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CognoVest was the first attempt to have the portable and wearable device to modulate self-other distinction and pave the

way for future portable anti-hallucinatory therapeutic devices.

6.3  Step-related, remapped feedback on the torso modulate walking agency

6.3.1 Summary of scientific contributions

“Actions are critical steps in the interaction between the self and the external milieu” (Jeannerod, 2007). Previous work
has shown that the SoA can be influenced by manipulating perceptual and sensorimotor cues during different phases of
action execution (Fourneret and Jeannerod 1998; Frith et al. 2000; Knoblich and Kircher 2004; Sato and Yasuda 2005;
Farrer et al. 2008). The sense of touch is the most fundamental, immediate consequence of the majority of human move-
ments. Although the integration of audio-visual feedback into the sensorimotor control has been widely investigated for
both body parts (Nielsen 1963; Franck et al. 2001; van den Bos and Jeannerod 2002; Daprati and Sirigu 2002; Farrer et
al. 2003; Knoblich and Kircher 2004; Posada et al. 2007; Farrer et al. 2008; Shimada et al. 2010; Salomon et al. 2011) or
full-body (Menzer et al. 2010; Kannape and Blanke 2013) movements, to the best of our knowledge, there is no individual
study investigating the effect of tactile action consequence on the SoA and the accompanying motor adaptation. This is
because the spatiotemporal manipulation of the actual sense of touch is not technically possible. In Study 3 (Chapter 4),
I tackled this issue using the tactile remapping technique, which aims to reproduce tactile action consequence on a differ-
ent body part, in our case, participants’ back. | also aimed to investigate gait movements that, due to involving the whole
body's movements, lead to explore the fundamental aspect of the global bodily self (Menzer et al. 2010). To do so, |
employed a fully wearable biofeedback system to investigate walking agency via temporal manipulation of step-related,
remapped tactile feedback presented on the participants' back during free walking. For the first time, | demonstrated that
delayed remapped tactile feedback could influence the SoA for locomotion. Participants rated trials with small delays as
well as trials with delays matching their stride-time as self-generated, similar to observations in analogous visual and
auditory feedback studies. Feedback lateralization mattered as temporally synchronous trials, but left-right reversed were
not attributed to the ongoing movement. | also found the temporal SoA threshold of ~378.4 ms (including intrinsic delay
of 60 ms) for tactile gait awareness. The temporal threshold for tactile gait agency was much higher than the temporal
acuity of the skin (~50 ms), indicating that our study was an awareness paradigm linked to the sense of agency. In addition,
this observation is in line with earlier studies on intentional binding or those that asked participants to judge delays for
audio-motor and visuomotor awareness paradigms (both body parts movements and gait awareness paradigms) where the
observed thresholds were way above perceptual discrimination thresholds (Fourneret and Jeannerod 1998; Franck et al.
2001; Sato and Yasuda 2005; Repp 2006; Repp and Knoblich 2007; Sato 2008; Shimada et al. 2010; Kannape and Blanke
2013; Suzuki et al. 2019). Extending the finding of the earlier studies on the visual and auditory action consequence
(Menzer et al. 2010; Kannape and Blanke 2013) to the tactile one, | suggest that the SoA threshold is rather independent
of the sensory threshold, the type of movements, and the sensory modality tested. These findings confirm that a common
and super-model neural mechanism is responsible for tactile, auditory, and visual action monitoring.

Nevertheless, the temporal threshold for remapped tactile gait awareness (378 ms) was relatively higher and noisier (i.e.,
higher intersubjective variability; SD = 239 ms) compared to those reported in the audio (~200 ms; (Menzer et al. 2010))
and visual (~210 ms; (Kannape and Blanke 2013)) walking SoA paradigms. This is probably because in our paradigm,
participants perceived both remapped and natural heel strike as a consequence of walking, resulting in noisier feedback,
impairs the central monitoring mechanism. This may also explain the observation that | did not find a systematic change
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in participants’ stride time influenced by the delayed remapped tactile feedback, as reported in previous gait studies. The
cognitive load of perceiving the second task also plays a role. To address these issues, one possible solution could be
exposing participants to a longer training (for instance, in the course of weeks) before the main task, which, as previously

shown it improves the performance for sensorimotor learning tasks (Shams and Seitz 2008; Proulx et al. 2012).

6.3.2 Relevance for neurorehabilitation

Altogether, Study 3 (Chapter 4) demonstrates that healthy participants have a strong SoA for remapped tactile “feetback”
and highlights the importance of haptic perception in gait control and motor awareness in locomotion. These findings
may have important implications for enhancing gait awareness in patients with neuropathic, sensory, and hemiplegic gait
problems who suffer from sensory (touch or proprioceptive) deficits in one foot or both feet. For instance, Ling et al.
(2020) employed a haptic biofeedback system that provides the foot pressure status of a paralyzed foot of hemi-paraplegic
patients, in terms of discrete vibration, onto the back. They reported significant improvement for the ankle push-off,
although patients needed to monitor the discrete vibratory pattern on their back. We believe that substituting heel-strike
with continuous and concurrent vibrotactile sensation as in the current “FeetBack™ system may provide a more realistic
sensation, which may further enhance the gait performance in different patient populations while reducing the need for
visual gait monitoring. In addition, our setup could be used as a sensory substitution system for neuroprosthetics to im-
prove the prosthesis’ functionality by providing bidirectional sensorimotor information. Patients with lower limb ampu-
tation often compensate for the lack of proprioceptive information by continually monitoring their prosthesis with their
eyes, which entails a significant cognitive burden (Crea et al. 2017). Previous studies that used simple, gait phase-specific
vibrotactile feedback presented on the thigh or forearm of amputees demonstrated considerable improvement in walking
autonomy and gait temporal symmetry (Sharma et al. 2014; Crea et al. 2017; Lauretti et al. 2017). Our technique reveals
a clear advantage over previous haptic-based gait biofeedback systems as it provides real-time feedback during the gait
cycle on the torso as a passive body part, allowing users to use their active body parts such as hand, leg, feet, etc. for daily
activities. Finally, the FeetBack system could also be used to improve gait characteristics in patients with neurological
movement disorders, such as Parkinson’s disease, where several studies already revealed benefits for different forms of
gait feedback (Baram and Miller 2007; Baram and Lenger 2012; Baram et al. 2016).

6.3.3 Towards inducing “PH in locomotion” in healthy walkers

My colleagues at LNCO provided clinical evidence suggesting that PH in PD patients may happen when they are involved
in repetitive and procedural locomotor activities such as walking, running, or cycling (Potheegadoo et al. in preparation).
In this clinical study, they interviewed four patients diagnosed with PD who reported PH on a daily or weekly basis,
mainly when they were walking, running or cycling alone outside their home. These patients, particularly, described that
they had an impression of another agent (often shadowy and not very clear) following them (catching up or even over-
taking, often, with the distance of 0-3 m behind them) which disappeared by stopping locomotor activities. These obser-
vations are comparable with findings of experimentally-induced PH in healthy and parkinsonian patients, assessed via
robotically mediated sensorimotor conflicts (Blanke et al. 2014; Bernasconi et al. 2020). My colleagues, hence, argued
that abnormal sensorimotor mechanisms related to gait in PD, like disclosure to robotic sensorimotor stimulation, could

provoke the occurrence of PH (Potheegadoo et al. in preparation).
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FeetBack experimental setup and the walking paradigm presented in this thesis could be used to investigate locomotion-
related PH experience in healthy or clinical populations as it can provide real-time sensorimotor conflicts during locomo-
tion. One possible experimental procedure to induce PH in locomotion could be conducting the same experiment as gait
agency study (Chapter 4) but asking participants to rate the PH questionnaire at the end of each trial. In this way, we can
examine if the somatosensory—motor conflict between the foot and torso can modulate the illusory feeling of experiencing
someone behind, as it was previously shown for the hand-torso somatosensory-motor conflicts (Blanke et al. 2014). How-
ever, | would suggest exposing participants to a longer familiarization block (e.g., longer than 10 minutes walking while
receiving real-time remapped tactile feedback) before completing the main experimental part and longer trial duration.
The former helps participants get used to the remapped feedback, allowing them to rely more on the remapped feedback
rather than their own actual foot rolling sensation on the ground. The latter would be needed as it takes some time for the

sensorimotor mechanism to be disturbed.

Alternatively, foot-step related signals during locomotion is probably one of the evident sensory consequence of walking.
Clinical data in neurological patients have supported this; for instance, one of the patients in (Potheegadoo et al. in prep-
aration) had the impression of hearing footsteps coming from behind. I propose that a sensorimotor manipulation exper-
iment to investigate PH in locomotion could also include auditory-motor conflict during walking. A similar paradigm has
already been tested to investigate walking awareness in healthy walkers (Menzer et al. 2010). Considering the importance
of somatosensory perception on the global aspect of BSC (Blanke 2012; Park and Blanke 2019), it seems interesting to
design an experiment that includes both foot-falls sound and remapped feedback on the torso as a consequence of walking.
For instance, it is possible to keep the remapped step-related tactile feedback synchronous with walking and only delay
the footfall sounds. Future studies are required to investigate the possibility of inducing PH in locomotion by applying

somatosensory-motor or auditory-motor conflicts during human locomotion.

6.4 Conclusion

Using a multidisciplinary approach including robotics, haptics and behavioral neuroscience, my thesis takes the first steps
towards design, implementation, and verification of torso-worn tactile displays that investigate somatosensory perception
and self-consciousness in healthy individuals. | prototyped two novel body-conforming torso-worn tactile interfaces,
equipped with force (CognoVest) and vibrotactile (FeetBback) actuators, to provide well-perceived and ecologically valid
tactile sensations on the lower thoracic region of the back. The findings of this thesis provide comprehensive knowledge
on tactile spatial discrimination for dynamic mechanical stimulations. This knowledge can be used to formulate guidelines
for the design of torso-based tactile displays, such as regarding tactile stimulation, garment design, arrangement of actu-
ators on the back, and direction of stimulus presentation. The results of the experimental use-case with CognoVest that
investigated the induction of PH in healthy individuals were promising and highlighted the importance of providing an
ecologically valid sense of touch in experimental manipulation of BSC states. In addition, for the first time, | showed that
tactile action consequence could modulate walking agency when presented in the form of remapped feedback delivered
to the users’ back. Outcomes of this thesis pave the way to develop future wearable haptic systems able to administer

touch and induce bodily illusions under dynamic conditions and in real-life settings.
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Chapter 7  Annexes

7.1  Qualitative experience of vibrotactile apparent motion

7.1.1 Overview

Vibrotactile displays have revealed their great potential in a variety of applications such as rehabilitation (John-
son and Higgins 2006), navigation (Ertan et al. 1998), affective touch (Lemmens et al. 2009), etc. In many applications,
researchers require to deploy numerous vibrators to provide rich and informative touch sensations, leading to a complex
and costly system. However, research into the tactile illusion phenomenon offers comparably simple, technically, and
computationally economical ways to address this problem (Petkova and Ehrsson 2008; Pittera et al. 2017; Hoffmann et
al. 2018a). The principal idea of tactile illusion is providing a convincing tactile sensation without rendering every single
part of the phenomenon (Israr and Poupyrev 2011b). In other words, the stimulation point is perceived as moving contin-
uously from one position to another, although the stimulating physical points are discrete. Such sparse actuation reduces
the cost, size, weight, and design complexity. Therefore, vibrotactile apparent motion (VAM) has gained considerable
attention in the literature. For instance, the directional tactile sensation produced via VAM can be used in various appli-
cations such as navigation (Israr et al. 2012), sensory substitution systems (lIsrar et al. 2012), contacts in virtual environ-

ments (lIsrar et al. 2012), etc.

VAM can be invoked by activating two or more tactors, sequentially with specific timing parameters. Yet, depending on
the combination of control parameters, the perceived sensation can be different (Israr and Poupyrev 2011b). The authors
in [35] (Sherrick and Rogers 1966) demonstrated that the variables producing robust apparent tactile motion are the du-
ration of stimuli (DoS) and the stimulus onset asynchrony (SOA). Israr and Poupyrev (2011b) also conducted a psycho-
metric study in which they measured the control space of apparent tactile motion between two vibrations on the forearm
and on the back. They estimated SOA thresholds between no motion and motion (lower thresholds) and between discrete
and continuous motion (upper thresholds). They thus reported the midpoint between the upper and lower thresholds as
the optimal SOA for generating continuous apparent motion at the test duration. While prior studies on VAM were only
focusing on whether the illusion was happening or not (two-alternative forced-choice), no one investigated the qualitative
experience of VAM. As part of my Ph.D., | conducted a small pilot study with five healthy volunteers investigating the

VAM experience quality, i.e., how "continuous" or "smooth™ it was felt.

7.1.2 Experimental design and statistical analysis

A with-in participants’ design experiment was conducted by considering the duration of stimuli (DoS; 100 ms,
150 ms, 200 ms) and SOA (50ms, 100ms, 150ms). We also added an intensity block to investigate the effect of intensity
while DoS and SOA were fixed (DoS =150 ms, SOA =95 ms). DoS and SOA values were chosen in the range suggested
by Israr and Poupyrev (2011b) to provide continuous VAM sensations. We also add one discrete pattern as catch trial.
Overall, there were 14 different conditions (or patterns), each presented 15 times resulting in 210 trials. After each trial,
subjects had to rate their feeling on a Likert scale from 0 (totally disagree) to 6 (totally agree) to whether they "clearly

felt a continuous tactile sensation on their back."
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We used the GUI presented in 6.2.2 to create and save a set of 143 patterns. The vibrotactile vest used in FeetBack system
(see Figure 4:1), which involved two vertical arrays of vibrators (each including four vibrators), was employed to present
these patterns on the users’ back. Trials were randomly presented on the left or right (half-half). During the whole exper-
iment, subjects were standing in front of a computer, wearing headphones that played white noise to cover the noise of
the vibrations. After each trial, the custom program running on the computer prompted them to rate the last stimuli, and

the next one started once the answer was entered using a numeric keyboard.

Prior to the main experiment, participants were trained about the experimental procedure. Additionally, we ensured that
they understood what was meant by “continuous” or “discrete” via showing a few examples of discrete and continuous
stimulations on their back. We then helped participants to wear the vest, and we make sure that it was sufficiently tight
on their torso. Next, participants completed a short training session of 20 trials to get familiar with the task and the system.
The experiment flow is shown in Figure 7:1. Trials were presented in 4 blocks (in random order), starting with intensity

block and following with 3 SOA blocks each at a specific DoS. In total, the experiment lasts for around 20 minutes.

score—avg(score)

Participants’ scores were standardized (Standardized Score = ) to avoid any effect of personal bias. As

std(score)
data were not normally distributed (test with one-sample Kolmogorov-Smirnov), Kruskal-Wallis tests were used to see
whether there is a significant effect for intensity, DoS, and SOA. Posthoc analyses were performed using multiple com-

parison Tukey-Kramer to investigate the significant difference between various levels.
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Figure 7:1 Experimental flow for the qualitative experience of the VAM.

7.1.3 Results

The Figure 7:2 represents the average participants’ ratings to the qualitative experience of VAM question as a function
of different levels of intensity. We did not find any significant effect of intensity on the qualitative experience of VAM
(x2 = 1.7, p = 0.08). These findings are showing that the intensity at which VAM gets presented does not have any effect

on how smooth it can be felt.

99



Annexes

DOS = 150ms, SOA = 95ms
0.8
| |
06 ——] J

0.2

Normalized score
o
T

0.4+

-0.8

_1 1 1 L 1
25 50 75 100

Intensity [%]

Figure 7:2 The effect of intensity on the qualitative experience of the VAM

Participants ratings to qualitative experience of touch do not change as a function of intensity.

The Figure 7:3 shows the variation of the qualitative experience of VAM as a function of the DOS and SOA. Our results
showed that the qualitative experience of touch is significantly depends on the both SOA and DoS with stronger effect
for SOA (SOA: y2 = 14.9, p < 0.01, DoS: 42 = 9.27, p=0.01). As it can be seen in Fig.24, for DoS of 100ms the results
for SOA of 150ms is significantly lower. This can be easily explained by the fact that these timing values are clearly

outside of the range were apparent motion is felt as measured in literature (Israr and Poupyrev 2011b).
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Figure 7:3 The qualitative experience of the VAM score as a function of SOA and DoS.
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7.2 Investigating the effect of gender and torso sizing on the tactile spatial discrim-
ination

7.2.1 Statistical analysis

We investigated the effects of the fitting and gender variabilities on the DD and PL performance results. Participants'
torso sizings (i.e., torso length, waist circumference, and chest circumference) were measured before the experiment
(explained in the procedure section). For the PL task, the overall PL accuracy was considered as the response. A linear
mixed-effect model was used to assess the significant difference between the two stimulators by considering the stimulator
type as a fixed factor, gender as a control variable, torso length, chest circumstances, and waist circumference as covariate

and subject as a random effect.

For the DD task, the overall DD accuracy was considered as the response. A linear mixed-effect model was also used to
assess the significant difference between the two stimulators by considering the stimulator type as a fixed effect, gender
as a control variable, and torso length, chest circumstances, and waist circumference as covariate variables and subject as

a random effect.

7.2.2 Results

Statistical analysis showed that the PL accuracy was significantly higher with vibrotactile stimulators (F(1, 33) = 8.55, p
< 0.01). Furthermore, we found a significant effect for the chest circumference (F(1, 29) = 6.98, p = 0.01); suggesting
that the PL accuracy improved by increasing the participants' chest circumference (see Fig. 1). This observation most
likely further supports our argument that participants used torso edge as reference points with which stimuli can be
associated. However, the effect of other covariant factors was insignificant (both p > 0.2). We also did not find any
significant effect for the gender on the PL results (F(1, 29) = 0.09, p = 0.77).

For the DD task, statistical analysis revelaed no significant effect of the stimulator type (F(1,33) = 2.81, p =0.1). There
was no significant effect for covarient factors (Torso length: F(1, 29) = 3.84, p = 0.06; waist circumference: F(1, 29) =
0.11, p =0.73; chest : F(1, 29) = 2.85, p =0.1) neither for the gender factor (F(1, 29) = 0.12, p =0.73).
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Figure 7:4 PL accuracy as a function of the chest circumference (cm).

PL accuracy as a function of chest circumference (cm). Each point shows the average PL accuracy of one participant
with one of the vests.
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7.3 Visual enhancement of touch on the back

7.3.1 Method
7.3.1.1  Participants

Twelve naive healthy individuals (age 20-30, mean 23.8, 7 females), reporting normal or corrected-to-normal vision and
normal touch, were recruited for the experiment. All participants were right-handed (assessed via a 12-item Edinburgh
Handedness Inventory (Oldfield and others 1971)). They provided informed consent and ethical approval granted by the can-
tonal ethics committee in Geneva. All participants received a compensation of 20 CHF/hour for their commitment to the

experiment.

7.3.1.2  Apparatus

The vibrotactile vest consists of a vertical array of vibrators (12 ERM vibrators similar to the ones used in chapter 5) with
an inter-tactor distance of 15 mm, placed on the spine. The same conntroller board as Chapter 5 was used to control ERMs
which connects via Bluetooth to a host PC. ERM vibrators are attached to a 20mm-thick foam using a glued-on snaps.
The vibrator foam was fixed to a fully-elastic, posture-corrector brace, similar to the one used in the Chapter 4. An HD
webcam (C920 HD Pro Webcam), fixed on a camera stand, was used to film participants’ back. Visual information were

displayed via Oculus Rift S headsets which was connected to the host PC.

7.3.1.3  Experimental design

A within-participants repeated measures design was used by considering inter-tactor distance (four levels including 15
mm, 30 mm, 45 mm, and 60 mm plus 0 mm as the catch trial) and visual condition (three levels: Body, No-Body, Blind)
as experimental factors. Participants were asked to complete the vibrotactile direction discrimination task, while are ex-

posed to one of the visual conditions.

7.3.1.4  Procedure

The experimenter helped participants to wear the torso-worn vibrotactile display and guided them to sit on a stoll chair
placed in front of the camera. To ensure that if participants have uniform sensations over all actuators, participants were
asked to complete a calibration task prior to the main experiment. In this task they received one single stimulus at a time
and they had to answer on a 6-point Likert scale, how strong was the tactile perception (from 1 = barely noticeable, to 6
= very clear). During the calibration, participant were open-eyes and no visual information was provided. For the main
part of the experiment, participants were asked to wear the head mounted display which showed real-time view of their
back (filmed via a camera placed behind them) in Body condition, a picture of the same scene but only showing a cross
located at their location (at the level of the torso) in No-body condition and a black picture in blind condition. They were
randomly assigned in a balanced way to the first experimental session with one of the three visual conditions (Body, No-body, Blind).
They were required to complete vibrotactile direction discrimination task. In each trial, participants received two consecutive
stimuli, and they were asked to determine whether the second was above or below the first one, or whether it happened
at the same location (3-alternative forced choice, 3 AFC). The first stimulation was always started with one of actuators

4,5, 6, and 7 and the location of the second actuator (at which distance and which direction) was randomly arranged.
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Stimulations always started with actuators 4, 5, 6, or 7. The double activation of the same stimulators (0 mm) was con-
sidered as a catch trial. Participants responded via a standard numeric keypad with three marked buttons (see Figure 1.9)
corresponding to the three possible response options, and the software recorded their responses. In each trial, stimulators
were turned on for 250 ms with an inter-stimulus interval of 50 ms. The inter-trial interval was altered randomly in the
range of 4000+250 ms. Each condition repeated around 10 times, except for the catch trial which repeated 8 times resulting
in total 144 trials. To avoid fatigue, trials were presented in 6 blocks (two repetitions of each visual condition), and each
block lasted 6 minutes (approximately). Each block started with a 30 sec of visual exposure. Participants were provided
with 2-3 minutes between blocks, while keeping the head mounted camera. Participants completed a training session,
similar to the main task but shorter (around 2 minutes). During the training session, participants learned how to respond

to tactile stimulation on their back with the corresponding keypad (see Figure 2).

HMD

Figure 7:5 Experimental setup for VET experiment.

Participant was wearing the vibrotactile interface and sit on a stoll chair, back to the camera. He had a HMD which showed different
visual conditions. There was a numeric keypad on the table for capturing their responses. Participant was asked to put his chin in the
chin rest in order to avoid any extra movements and probably potential fatigue.

7.3.1.5  Statistical analysis

All analyses were performed in R (R Core Team 2020) running in the RStudio environment (RStudio Team 2020). All
post-hoc comparisons were conducted using the Tukey HSD test. In all analyses, significance was reported for p-values

smaller than 0.05.

A linear mixed-effect model was used to analyze data from calibration experiment, by considering actuator number as

fixed effect and subject as a random effect.

Average accuracies (in percentage) of each distance and visual condition were considered as the response. A linear mixed-
effect model was performed to assess the effect of the visual condition on the accuracy, by considering inter-tactor dis-

tance, visual condition and interactions between them as fixed effects and the subject as a random effect, accounting for
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between-subject variability. The chance level for vibrotactile DD tasks were estimated at 33.3% since there were 3 pos-

sible response types in each trial. One-sample t-tests were used to compare the average accuracy with the chance level.

In addition, we analyzed trial to trial variabilities in response, to see if we can find any superior effect for the vision of
the body on the trials’ response variabilities. We considered participants’ binary response (true/false) as the response. A
linear mixed-effect model was performed by considering inter-tactor distance, visual condition and trial number, and

interactions between them as fixed effects and the subject as a random effect, accounting for between-subject variabilities.

We also measured participants response time. A linear mixed-effect model was performed to assess the effect of visual
information on the response time by considering inter-tactor distance and visual condition, and interactions between them

as fixed effects and the subject as a random effect, accounting for between-subject variability.

7.3.2 Results and discussion

The average rating in the calibration task was 4.9 £ 0.28 (in scale 1 to 6; see Figure 7:6). We found a significant effect of
actuator number on the participants rating in the calibration task (F(11,553) = 4.38, p < 0.001). However, postdoc analyses
only showed significant difference for actuators 12-11 and 12-1 (1 and 12 are the uppermost and lowest actuators in the
array, respectively; 12-11: t(553) = 5.41, p<0.001; 12-11 : t(553) = 4.87, p<0.001; other p> 0.1) which could be due to
fitting problem at the lowest end of the array. These results demonstrate that vibrotactile interface used in this study can

provide fairly uniform tactile sensations on the back.

%k %k %k

Vibrator arrangement

1 2 3 4 5 6 7 8 9 10 11 12
Actuator number

Figure 7:6 Calibration results.

Left Right plot shows the result of calibration test. Participants received one single stimuli at a time and they had to rate
the intensity of stimuli in scale 1 (barely perceivable) to 6 (very clear). Right plot represents the arrangement of vibra-
tors on the participants back and their numbering.

The overall accuracy as a function of inter-tactor distance and visual condition are shown in the Figure 7:7. Participants

performance in all conditions were significantly higher than the chance level (all p>0.1). We found a significant effect of
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inter-tactor distance (F(4, 154) = 97.04, p<0.01) on the overall accuracy; however, the effect of visual condition (F(2,
154)=0.61, p=0.54) and interaction terms were not significant (F(4, 154)=0.17, p=0.9).

Investigating the trial to trial variabilities in response, we only found the significant effect of the inter-tactor distance (F(4,

4714.5)=55.2, p<0.01) on the participants’ response variabilities ( other p>0.2).
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Figure 7:7 Average accuracy as a function of inter-tactor distance and visual condition.

Vibrotactile discrimination accuracy enhances as inter-tactor distance increases; however, participants performed very similarly in
different visual conditions. Error bars show the standard error of the mean.

We also investigate the VET effect on the response time. Our statistical analysis showed only significant effect for the
inter-tactor distance (F(4, 154) = 13.9, p<0.001), with significantly shorter response time for bigger inter-tactor distance.
However, the effect of visual condition (F(2, 154) = 1.3, p=0.27) and interaction terms (F(8, 154) = 0.4, p=0.9) were
insignificant. We further investigate if the visual condition can influence on the response time variabilities. Again, we
only found significant effect for the inter-tactor distance (F(4, 154) = 13.15, p<0.001), while other effects were insignifi-
cant (p>0.1).
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Figure 7:8 Response time as a function of inter-tactor distance and visual condition.

Participants reaction time decreases as the inter-tactor distance increases. Error bars show the standard error of the mean.
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B Post

BF

CVsr

DD

DeactD

DEVsr

DoS

ERM

Fee

FBI

FD

GUI

HD

LRA

MA

Msr
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OBE

PH

PLT
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RHI
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SYNC

SE

Activation delay
Asynchronous

Bodily self-consciousness

Pre-baseline without tactile feedback

Post-baseline without tactile feedback

Baysian factor

Stride time coefficient of variation

Direction discrimination
Deactivation delay
Stride time deviations
Duration of stimulation
Eccenteric rotating mass
Peak poking Force

Full body illusion

Full delay

Graphical user interface
Half delay

Linear resonant actuator
Motor awareness

Mean stride time

No delay

Out of body experience
Presence hallucination
Point localization task
Point localization

Rber hand illusion
Standard deviation
synchronous
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