Computers in Human Behavior 159 (2024) 108339

e 4

ELSEVIER

Contents lists available at ScienceDirect
Computers in Human Behavior

journal homepage: www.elsevier.com/locate/comphumbeh

-1 COMPUTERS IN
1 HUMAN BEHAVIOR

Enhancing bodily self-consciousness in the virtual world with synchronous

Check for

updates

multisensory stimulation, interoceptive feedback and peripersonal space

expansion: A narrative review

Andrea Macruz?, Bing Zhao ™", David Sperling ©

& College of Architectural and Urban Planning, Tongji University, Shanghai, China
Y Colloge of Architecture and Urban Planning, Tongji University, Shanghai, China
¢ Institute of Architecture and Urbanism, University of Sao Paulo, Sao Carlos, Brazil

ARTICLE INFO ABSTRACT

Handling editor: Bjorn de Koning

Keywords:

Neuroscience

Virtual worlds

Synchronous multisensory stimulation
Synchronous interoceptive feedback
Peripersonal space expansion

The article explores the link between neuroscience and the design fields by discussing works on predictive brain,
conscious mind, perception, and peripersonal space to increase bodily self-consciousness in the virtual world.
Unlike the physical reality, the virtual world often lacks the intricate bodily feedback necessary for self-
consciousness, thus resulting in less complete virtual representations. By incorporating findings from neurosci-
ence and the virtual world, this research suggests a theoretical approach to enhance bodily self-consciousness in
different virtual worlds, particularly augmented or diminished mixed realities and holistic virtual reality. This is
achieved through synchronous multisensory stimulation (visuo-tactile), interoceptive feedback, and peripersonal

space expansion (visuo-tactile and audio-tactile). As a narrative review, the article not only suggests a theoretical
method but also highlights the potential for future practical experiments to apply these insights.

Definition of terms

Below are definitions of pivotal concepts to afford readers a
comprehensive grasp of the terminology:

Predictive brain — Brains continuously make predictions about the
world and the self. These predictions are then compared to incoming
data, combined with prior beliefs. Differences between predicted signals
and actual data, called prediction errors, are used to update prior beliefs
and prepare for the next round of inputs. Most of the time, these pre-
dictions correspond to the actions that the system is taking or planning
to take, making them active rather than passive inferences (Hoemann
et al., 2017; Seth, 2021).

Conscious mind - Mental experiences are deeply rooted in the
interaction between the mind and the body. For some neuroscientists,
the mind becomes conscious when images providing information to the
organism about the internal state of the body (interoception) are
included, such as heart rate, blood pressure, breathing patterns and
muscular contractions (Carvalho & Damasio, 2021; Damasio, 2022;
Seth, 2021).

Interoceptive feedback — Interoception represents the state of the
body (Feldman et al., 2024). Interoceptive signals arise from many
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different physiological systems. The cardiovascular system is most
commonly studied, as in the example below (Marshal-
1Gentsch-EbrahimzadehSchiitz-Bosbach, 2022).

Cardio-visual feedback — Schaefer et al. (2014) used a heartbeat
training procedure in which participants received visual biofeedback of
their beating heart in the form of an animated red heart to improve their
heartbeat perception. Since then, several studies have employed visual
cardiac biofeedback methods, based on participant’s visual feedback
(Meyerholz et al., 2019; Schillings et al., 2022; Suzuki et al., 2013) or
real-time haptic feedback systems (Dobrushina et al.).

Multisensory integration — the process that enables information
from multiple senses to combine in a non-linear manner to reduce
environmental uncertainty, such as the combination of vision, touch and
breathing patterns (Saltafossi et al., 2023).

Synchronous multisensory stimulation - refers to the practice of
presenting stimuli to different senses at the same time and in a coordi-
nated way. For example, the stroking of an artificial hand synchronously
with a participant’s real hand, while visual attention is focused on the
artificial hand (visuo-tactile), leads the participant to experience the
artificial hand as part of his or her own body (Suzuki et al., 2013; Bot-
vinick & Cohen, 1998).
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Peripersonal space - the space that lies within reach, our immedi-
ate space. It extends around the body and is continuous with personal
space (Brozzoli et al., 2012; Livi, Lanzilotto, Maranesi, & Bonini, 2019).
Peripersonal space can be enlarged or contracted in the physical
(Campbell, 2007) and the virtual world (Noel et al., 2015; Petrizzo,
Mikellidou, Avraam, Avraamides, & Arrighi, 2024).

1. Introduction

Neuroscientific research has been significantly developing, espe-
cially in the last 50 years (Altimus et al., 2020). The article examines the
ways neuroscience can inform the design of new virtual worlds by dis-
cussing how embodiment affects bodily self-consciousness and pre-
senting works and experiments related to predictive brain, conscious
mind, perception and peripersonal space to increase bodily
self-consciousness in the virtual world.

There has been a noticeable increase in interest in the mechanisms
underlying body self-consciousness within the past 20 years (Dary &
Lopez, 2023). This interest arises from the development of virtual worlds
that aggregate while we live, play, work, connect, and learn more online
(Boczkowski, & PabloMitchelstein, 2021). David Chalmers says that we
might beliving already in a simulation. As a philosopher, he defines terms
such as "virtual world,” as an interactive computer-generated world that
can be immersive or not. For him, simulations, such as the virtual world
and immersive virtual reality, are a form of reality (Chalmers, 2022).
Following Chalmers’s definition, the article makes use of the term "virtual
world," and includes different digital domains (two-dimensional or
three-dimensional), which will be properly defined later.

A significant difference between the physical and the virtual world
concerns the understanding of objects. When designers create an object
in the physical world, they bear in mind an object’s shape, function-
ality, and compatibility with the human body. When they do it virtu-
ally, the object’s function takes precedence over its shape and how it
interacts with the human body. As there is no direct relationship with
the physical world, the comprehension of virtual objects decreases,
which means that the appearance and utility of virtual objects are not
necessarily connected (Goble, 2010). In addition, in the virtual world,
some of the sensory inputs crucial for self-recognition are lost, such as
proprioceptive, tactile, motor, and visual. These inputs, readily avail-
able in the physical world, are exemplified by the fact that when we
gaze in the mirror, we frequently move or touch our faces (Tsakiris,
2008).

The integration within these two realms is still complex, especially
considering that the body’s perception is severely restricted in the vir-
tual world. However, technological advancements are revising the old
distinctions between the physical and the virtual worlds by enhancing
the body’s perception in the virtual world and improving user experi-
ence. This tendency is supported by significant research from neuro-
scientific works and experiments.

Neuroscientific experiments demonstrate how simultaneous visuo-
tactile stimulation might improve self-identification with (a) another
person’s face (Sforza et al., 2010; Suzuki et al., 2013; Tsakiris, 2008);
(b) a fake physical rubber hand (Botvinick & Cohen, 1998; Craig, 2003;
Seth, 2017); (c) a fake virtual hand (Suzuki et al., 2013); (d) a whole
virtual body (Lenggenhager et al., 2007); (e) a whole virtual body with
peripersonal space (Noel et al., 2015); (f) or someone else’s body
(Ehrsson, 2007; Suzuki et al., 2013; Yong, 2011). These experiments,
complemented by other neuroscientific works, offer new opportunities
for understanding the creation of virtual worlds more aligned to the
body and its physiology. Within this context, this article explores how
bodily self-consciousness can be enhanced in the virtual world. Spe-
cifically, it delves into three important aspects: synchronous multi-
sensory stimulation, interoceptive feedback and peripersonal space
expansion.

Building on the above experiments and complemented works, the
research suggests that synchronous multisensory stimulation has the
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potential to update cognitive representations of self-recognition and
ownership. Furthermore, synchronous interoceptive feedback can play a
crucial role in enhancing the experience and effectiveness of synchronous
multisensory stimulation. Additionally, not only the body but also peri-
personal space can be used in the virtual world as part of our extended
body. Collectively, these three aspects enhance self-consciousness in
virtual worlds and foster the integration of physical and virtual worlds.

This theoretical article, with a narrative review method, aims to
explore new design possibilities in the virtual world by discussing
existing neuroscience research and raising intriguing questions along
the way, rather than providing particular solutions.

2. Types of virtual worlds

Following the xReality framework (XR), the variable x serves as a
placeholder for Augmented, Assisted, Mixed, Virtual, Atomistic Virtual,
Holistic Virtual, or Diminished Reality. This framework distinguishes
between Augmented Reality (AR) and Virtual Reality (VR), whether the
user’s experience is influenced by the physical environment. If so, the
experience is AR; if not, it is VR (Philipp et al., 2022).

The xReality framework also offers two continua to define AR and VR
in more detail: the AR continuum ranges from assisted to mixed reality,
with local presence serving as the primary differentiation between poles.
Local presence is defined as the degree to which a user experiences AR
objects as being actually present in his or her own physical environment
(Philipp et al., 2022).

In assisted reality, the purpose of the virtual objects is to assist the
user in obtaining a better understanding of the physical environment
rather than to merge virtual objects with the real world. For example,
maps with overlaid information for places of interest when on a sight-
seeing tour. In mixed reality, real and virtual realities merge and, in their
extreme form, become indistinguishable to the user. For example, apps
that track and map the environment in three dimensions, and integrate
digital objects realistically and seamlessly into the user’s perception of
the real world (Philipp et al., 2022).

Diminished Reality when at the assisted reality endpoint, uses an
unrealistic overlay, for example, such as a censor bar blurring content.
When at the mixed reality endpoint, diminished reality seamlessly
removes the perception of a real object in a way that is challenging or
impossible to notice by users (Philipp et al., 2022).

Within this perspective, it is important to realize that mixed reality is
not inherently “better” than assisted reality; this depends on the general
context. User goals determine whether users perceive one specific AR
application as being better than another one. However, local presence is
more significant in mixed reality, either in augmented or diminished
realities.

The VR continuum ranges from atomistic to holistic, and the level of
telepresence serves as the primary differentiation between poles. Tele-
presence refers to presence mediated through a fully virtual environ-
ment (Philipp et al., 2022).

Atomistic VR refers to applications of VR in which achieving a goal
frequently takes precedence over the quality of the user experience. For
example, when VR is used for training or modeling physical spaces, in
which the completion of a task is a priority. In these situations,
accomplishing a particular objective or outcome is more significant than
the user’s perception of telepresence. Holistic VR is characterized by a
VR experience that, in the user’s mind, is almost identical to a real-world
encounter. In these situations, the perception that the user feels present
in the virtual world takes precedence over other factors. Therefore,
telepresence is more important in Holistic VR (Philipp et al., 2022).

In conclusion, bodily self-consciousness affects all of these different
types of virtual worlds to a minor or greater extent. However, those in
which bodily self-consciousness is more taken into consideration might
be the ones in which local presence and telepresence are greater, such as
in augmented or diminished mixed realities, and holistic virtual reality.
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3. Bodily self-consciousness as predictive
3.1. Interoception as an important type of predictive perception

Perception comprises three essential parts: exteroception, proprio-
ception, and interoception (Audi, 2004; Barrett & Simmons, 2015;
Craig, 2002; Damasio, 2021; Seth, 2017). The first one is exteroception,
which is the perception of an organism’s exterior and is mediated by
exteroceptive senses (hearing, touch, smell, taste, and sight) (Damasio,
2003; Seth, 2017).

The second is proprioception, which is our ability to perceive the
location, movement, and action of the parts of the body, such as the
perception of the joint position, muscle force, and effort (Taylor, 2009;
Carvalho & Damasio, 2021; Craig, 2002; Parvizi & Damasio, 2001;
Stillman, 2002; Suzuki et al., 2013). Proprioception is an adaption of the
body to facilitate the best possible interaction with the environment
(Carvalho & Damasio, 2021). Therefore, perception entails both
receiving and acting on environmental information (Carvalho & Dam-
asio, 2021; Parvizi & Damasio, 2001).

According to research, self-actuated movement is necessary in order
to develop normal visual perception with depth, for example. Our bodily
movement provides the dimension of depth to mere visual sensations;
movement is the key to understanding the vision (Hein, Held, & Gower,
1970). For instance, if someone picks an animal, like a cat, and carries it
around in the world while it is growing up, it will not develop normal
vision because it becomes apparent that, at least for mammals, feedback
from our bodily movements is required to provide meaning to what is
seen. Sensation is only meaningful as it relates to embodiment (Camp-
bell, 2007). This happens because the cat is deprived of self-actuated
movement and cannot develop depth perception. Thus, the change of
patterns in the visual field does not have a spatial meaning for the cat,
and its vision is not normal.

The third is interoception, the perception of an organism’s interior,
for example, heart rate and the degree of contraction of visceral muscles.
Interoception is usually overlooked; however, it is crucial because it
gives insight into the workings of the body’s interior and helps maintain
physiological integrity, homeostasis and the emotional experiences that
accompany them (Seth, 2017). Homeostasis is described as a
self-regulating mechanism that allows an organism to retain internal
stability while responding to changing external conditions (Damasio,
2021; Seth, 2017).

Exteroception is essential for enhancing bodily self-consciousness,
especially regarding the use of synchronous multisensory stimulation
(visual-tactile) (Botvinick & Cohen, 1998; Craig, 2003; Lenggenhager
et al., 2007; Noel et al., 2015; Seth, 2017; Suzuki et al., 2013). However,
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recent debates in neuroscience and their emphasis on interoception and
proprioception have made embodiment become increasingly important
(Barrett, 2018; Campbell, 2017; Craig, 2009; Damasio, 2010; Seth et al.,
2012; Suzuki et al., 2013).

3.2. Bodily self-consciousness rooted in interoception

According to neuroscientist Antonio Damasio, the conscious mind is
made up of the mind that receives continuous sensory data both from
our senses (exteroception) and the self (interoception), (Fig. 1) (Dam-
asio, 2005, 2022).

Due to this, he highlights that changes in the state of the body during
and just before the perception of an object can significantly impact
subjectivity. As a result, a representational object, a responsive organ-
ism, and a self-evolving state caused by the organism’s response to the
object are all stored in working memory (Damasio, 2005, 2022). He also
highlights the importance of the body and the environment in which it
resides (Carvalho & Damasio, 2021; Damasio, 2005, 2021).

Damasio also explains that the interoceptive process starts with the
peripheral detection of visceral or humoral homeostatic alterations and
leads to homeostatic feelings, while the exteroceptive process results in
emotions (Fig. 2). Consequently, in his view, emotions do not contain
intrinsic valence, such as positive or negative, although they are
commonly labeled with valences generated from feelings. They "borrow"
the labels that were originally developed as a component of homeostatic
regulation (Damasio & Carvalho, 2013).

According to him, homeostatic feelings enable consciousness to the
things that are co-experienced, thus overlaying the possibility of con-
sciousness to whatever we taste, see, hear, or touch (Damasio, 2022).
For instance, when we are hungry or in pain, we are instantaneously
conscious of such situations, which is one of the factors why homeostatic
feelings are so important (Damasio, 2022). To Damasio, consciousness
starts with interoception and homeostatic feelings and goes up to high
cognition. It is a bottom-up process.

Neuroscientist Anil Seth divides consciousness into several aspects.
For him, “consciousness of the world” is the result of the brain operating
as a prediction engine. Hence, perception is a process of informed
guessing in an attempt to grasp what is around us: the brain makes its
best guess by combining sensory data from the outside world with our
prior expectations and beliefs about the world (Fig. 3). He states that our
perception is fundamentally influenced by both external and internal
factors (Seth, 2014, 2017).

He explains that the “consciousness of the self” shares similar
reasoning based on predictions. He points out that there are numerous
ways in which we can experience having a self, such as having and being
a body (bodily self), perceiving the world from a first-person perspective
(perspectival self), intending to do things and being the cause of things
that happen in the world (volitional self), being a continuous and
distinctive person over time (narrative self), built from a rich set of
memories and social interactions (social self). These various ways in
which we perceive being a self can split up; thus, being a unified self is a
fragile construction of the brain (Seth, 2014, 2017, 2021).

VAV,

INTEROCEPTION DRIVE  EMOTION
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Fig. 2. Exteroceptive and interoceptive systems for Damasio.
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Fig. 3. Our consciousness of the world for Anil Seth.

Seth says that the same previous criteria apply to how the brain
creates the experience of being and having a body (bodily self): the brain
will try to guess what is and is not a part of the body. However, he points
out that experiences outside of the body are fundamentally distinct from
within. In the former, the brain creates predictions to figure out what is
out there, and we perceive objects as the origins of sensations. In the
latter, the brain uses predictions to control and regulate things, and we
just experience how well or badly the control is working. He points out
that we do not perceive each organ and its location; they are usually only
felt when something goes wrong (Seth, 2014, 2017, 2021).

Consequently, a person’s perception of the internal state of their
body is about maintaining rigorous control over physiological aspects
(homeostasis) consistent with survival. As a result, even our most
fundamental feelings of being a self and an embodied organism are
based on the biological processes that keep us alive. He explains that if
we completely grasp this concept, we may see that all our conscious
experiences start from this basic need to survive, as they all rely on the
same predictive perceptual mechanisms. According to him, we experi-
ence ourselves and the world through the frame of, and because of, our
living bodies (Seth, 2014, 2017, 2021).

Neuroscientist Lisa Barrett mentions that the brain constantly makes
predictions about what will happen next. When this moment comes, it
uses sensory input to either confirm or correct those predictions. This
becomes our experience. She says that the brain predictively controls the
systems inside the body, such as the cardiovascular, respiratory, and
immune systems, among many others. The brain has to predict the needs
of one’s body and move the resources around so that the body gets what
it requires before these needs arise, or else the person will be sick or hurt
(Fig. 4). She exemplifies it by saying that if a person is going to stand up,
the brain has to increase the blood pressure before doing so. Otherwise,
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Fig. 4. Predictive perceptual mechanisms for Lisa Barrett.
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the person will faint because there will not be enough oxygen reaching
the brain (Barrett, 2018; Barrett & Simmons, 2015; Campbell, 2017).

She points out that emotions work the same way: what we feel is
based on predictions from our knowledge and past experiences. Ac-
cording to her, how we feel alters what we see and hear. Moreover, we
feel what our brains believe; therefore, believing is feeling. She suggests
that we believe what we see, taste, smell, and hear.

She also suggests that we are not passive recipients of experience; we
actively engage in selecting what we see, even though this occurs
outside of our consciousness. Thus, the brain predictably regulates our
body, influencing our sense’s external inputs (Barrett, 2018; Barrett &
Simmons, 2015; Campbell, 2017). For example, if our heartbeats in-
crease, our also exteroception changes; hence we perceive things
differently.

In essence, Damasio, Seth, and Barrett’s works contribute to the idea
that what one perceives or feels might start in one’s body. They highlight
the importance of the body in one’s interactions with the physical world,
and this article extends this concept to the virtual world. In addition,
their works serve as basis to better understand the importance of bodily
self-consciousness in the virtual world and to the notion that it is also
based on predictions.

Consequently, while creating new virtual worlds, could designers
pay greater attention to interoception, knowledge, and prior experiences
and how they influence our perceptions, feelings and emotions?

4. Bodily self-consciousness enhanced by synchronous
multisensory stimulation and interoceptive feedback

A widely known experiment in neuroscience, called the Rubber Hand
Ilusion (Fig. 5), explains how the experience of being and having a body
works. While a person sits facing a desk without seeing one of their
hands and looking at a false hand, a paintbrush is brushed on both
hands: the real one, which is hidden, and the false one, which is visible.
As a result, most people slowly believe that the false hand is a genuine
part of their body (Botvinick & Cohen, 1998; Craig, 2003; Seth, 2017;
Suzuki et al., 2013).

This experiment shows that if the brain sees and feels touch on an
object that resembles a hand and is about where it should be, it may infer
that the false hand is a part of the body. Therefore it is clear that, even
the perception of one’s body is a type of guesswork by the brain, and that
identifying with a body relies on having a conscious self. It also shows
how individual variations in sensitivity to internal body signals (inter-
oception) influence the degree of this modulation, as well as how the
timing of exteroceptive, visual and tactile body-related feedback may be
utilized to alter the sensation of body ownership. Thus, for the brain to
perceive the body as its own, it needs to integrate information from
touch, vision, and proprioception in a way that makes sense over time,
and this integration is influenced by how these different senses relate to

Kinect

Kinect

AR marker

Virtwal S
paintbrush

Fig. 5. First two images: Rubber Hand Illusion setup, and the third: Rubber Hand Illusion in virtual reality setup.
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Fig. 6. Peripersonal space expansion.

each other (Botvinick & Cohen, 1998; Seth, 2017; Suzuki et al., 2013).

Anil Seth and his colleagues at the University of Sussex have devel-
oped a new version of the Rubber Hand Illusion (Fig. 5), in which people
sat facing a desk so they couldn’t see their hands. A virtual hand was
projected on the head-mounted display (HMD) at the location of the AR
marker, which was built in real-time using a 3D model of the actual hand
obtained by the Kinect. The virtual hand was superimposed over peo-
ple’s front-facing cameras linked to the HMD (Seth, 2017; Suzuki et al.,
2013).

In addition, people wore pulse oximeters in their left hand to monitor
the timing of their heartbeats. Cardio-visual feedback was accomplished
by shifting the color of the virtual hand from its natural color to red and
back again in 500-ms intervals, either synchronously or asynchronously,
with the heartbeat. A paintbrush was created in the AR environment to
provide tactile feedback. A customized proprioceptive drift test for the
AR environment was used to determine the objective measurements of
virtual hand ownership, utilizing a virtual measure and cursor whose
scale and placement matched the ones in the real world (Seth, 2017;
Suzuki et al., 2013).

When the hand flashes synchronously—at the same rate as their
heartbeat—people were more convinced that the virtual hand was part
of their body. This experiment shows how the perceptions of our internal
state and regulating mechanisms contribute to our sensation of having a
body. According to Anil Seth, "We predict ourselves into existence”
(Seth, 2017).

Other experiments also present how synchronous visuo-tactile
stimulation can increase self-identification, but with another person’s
face (Sforza et al., 2010; Tsakiris, 2008), a virtual body — the Full Body
Ilusion (Lenggenhager et al., 2007) or someone else’s body (Ehrsson,
2007; Petkova & Ehrsson, 2008; Suzuki et al., 2013). For example,
during the Full Body Illusion, participants see a virtual body (avatar)
located 2m in front of them, being stroked while synchronously
receiving a congruent tactile stimulation on their physical body. In such
cases, participants report identifying with the virtual body and feeling
displaced toward the virtual body (Lenggenhager et al., 2007; Noel
et al., 2015). These studies demonstrate how crucial exteroceptive in-
puts are in developing multisensory integrated self-models.

Regarding interoceptive inputs, some studies highlight their impor-
tance and the sense of one’s body’s internal physiological state in sup-
porting one’s sense of self (Craig, 2009; Critchley et al., 2004; Damasio,
2010; Seth et al., 2012; Suzuki et al., 2013).

Both of these ideas combine to form the main concept of Seth’s
Rubber Hand Illusion: that selfhood arises through the development of
interoceptive representations and their integration with exteroceptive
signals (Suzuki et al., 2013).

Therefore, a crucial aspect of our sense of self as a subject of
conscious experience is the experience of the bodily self, which is the
feeling of being within a body we own and control (Blanke & Thomas,
2009; Gallagher, 2005; Jeannerod, 2006). Experimental studies show

that the sense of owning a body (self-identification) and being located
within the boundaries of that body (self-location) are fundamentally
rooted in the harmonious and coherent integration of multiple sensory
modalities within the spatio-temporal aspects of the physical body
(Blanke, 2012). Indeed, changing the spatio-temporal congruency of
several sensory modalities can produce a variety of physiological illu-
sions, like the Rubber Hand, the Full Body, and Out-of-Body illusions
(Noel et al., 2015).

In conclusion, all these experiments redefine the perception of what
is or is not part of our body. They also demonstrate how exteroceptive
and interoceptive data can be used to enhance bodily self-consciousness.
They raise questions about how designers may use a combination of
synchronous multisensory stimulation and interoceptive feedback, such
as heartbeat, in order to enhance the relationship between the physical
and the virtual world. This is especially relevant in the era of biofeed-
back, wearable technologies, and Quantified Self practices, all of which
can provide insight into interoception (Macruz et al., 2022).

5. Peripersonal space as part of the space of the bodily self

Every person has a “map” in their brain that tells them how the body
is organized according to structure, function, location, and size. One of
the basic maps the brain keeps is an entire map of the surface of our
body. The ongoing sensory feedback from our body significantly in-
fluences our sense of self (Blakeslee & Blakeslee, 2008; Campbell, 2007).

For example, the experiments of the Rubber Hand Illusions reveal
how important it is the fit between our internal maps and sensory data to
the sense of who we are. If the position of the fake hand aligns with the
placement of someone’s own hand, they may perceive the fake hand as a
part of themselves. Nonetheless, if the alignment is incorrect or off,
someone does not assume that the hand belongs to them (Campbell,
2007; Blakeslee & Blakeslee, 2008; Rizzolatti et al., 1997).

According to neuroscientist Giacomo Rizzolatti, it was only recently
discovered that monkey and human brains include maps of our bodies
and the area surrounding them, known as peripersonal space (Rizzolatti
et al., 1997; Rizzolatti & Fabbri-Destro, 2010). The capacity to utilize
tools is a direct outcome of having a map of this area around us as if they
almost blend in with us. Examples include eating with a knife and fork,
driving a car, or playing a game in which a ball or a racket feels as if they
constitute one entity with us (Fig. 6) (Campbell, 2007, 2008).

The maps of our peripersonal space are constantly altering as the
things we engage with in our surroundings change (Rizzolatti et al.,
1997; Rizzolatti & Fabbri-Destro, 2010). They also respond to other
individuals; these spatial maps have distinct comfort zones in different
cultures (Campbell, 2007).

Peripersonal space is why we may become so caught up in virtual
worlds such as video games and other virtual activities (Campbell,
2007). It can expand if someone begins arranging the space or using a
tool, such as a cane. In this condition, they are touching the cane while
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Fig. 7. First image: Full Body Illusion setup, and the second: Full Body Illusion and peripersonal space setup.

also feeling contact with the floor (Digital FUTURES, 2021).

It has already been suggested that during the Full Body Illusion
(Fig. 7), synchronous tactile stimulation on the body of the participants,
together with visual stimulation from the avatar seen at an extracor-
poreal location, may broaden the visual and receptive fields of neurons
that code for peripersonal space (Blanke, 2012). Multisensory peri-
personal space neurons integrate visual, tactile, and auditory stimuli
when presented at a limited distance from the body (Bremmer et al.,
2002; Graziano & Cooke, 2006; Makin et al., 2008; Petkova et al., 2011;
Rizzolatti et al., 1997). This limit determines the border of peripersonal
space, which is also called plastic, as the space where multisensory
stimuli are integrated expands when people engage with different tools
(Ladavas & Serino, 2008; Maravita & Iriki, 2004; Noel et al., 2015;
Serino et al., 2015).

An experiment was done to better understand peripersonal space in
the Full Body Illusion, in which a participant viewed on a head-mounted
display (HMD) a virtual body in front of them. Tactile stroking was
applied to the participant’s back, while synchronous or asynchronous
visual stroking was seen on the virtual body’s back. Peripersonal space
representation was tested by measuring response times to vibrotactile
stimuli applied to the individual’s chest while task-irrelevant looming
noises were provided from a loudspeaker array situated alongside the
participant. During synchronous stroking, or when the Full Body Illusion
is generated, the peripersonal space representation expands toward the
virtual body in front-space (boundary of peripersonal space initially
between 60 and 75 cm and enlarged to 75-90 cm —red line in the
figure) while simultaneously contracting in back-space (initially 75-90
cm away and shrunk to 60-75 cm—black line in the figure) (Fig. 7)
(Noel et al., 2015).

The experiment findings support the theory that during the Full Body
Illusion, peripersonal space boundaries translate toward the virtual
body, causing peripersonal space representation to shift from being
centered at the physical body’s location to being centered on the sub-
jectively experienced location of the self (Noel et al., 2015).

In conclusion, understanding body maps and peripersonal space al-
lows us to discuss the idea of an extended body as a dynamic system that
connects our physical body to other bodies across the physical and the
virtual worlds. This reinforces the concept that the body is growing
further detached from us while being more connected than ever. It also
raises questions about how to use integrated visual, tactile, and auditory
stimuli to expand peripersonal space when presented at a limited dis-
tance from the body.

6. Bodily self-consciousness and the creation of new virtual
worlds: discussion

The neuroscientific works and experiments shown in the article
emphasize the importance of the body’s internal processes and the
environment in which this organism operates, as both of them are
required for regulation (homeostasis) (Carvalho & Damasio, 2021;
Damasio, 2005; Parvizi & Damasio, 2001). They raise questions about
the beginning and end of the body and place the environment as an

extension of it. This allows us to draw a parallel between the body,
including peripersonal space (Rizzolatti et al., 1997; Rizzolatti &
Fabbri-Destro, 2010), and the Autopoiesis Theory. This theory was
proposed by neuroscientists Varela and Maturana and suggests that
systems continuously construct themselves and define their own re-
lations to the environment (Maturana & Varela, 1980). In this scenario,
one input from the body’s interior changes an external input, which
changes additional input from within, and so on.

Therefore, if systems are never static, can virtual worlds become
more interactive, fostering heightened consciousness of individuals’
impact of their behavior on the environment? Might this real-time
feedback loop between user behavior and design shape how new vir-
tual worlds are built?

Some works are moving in this direction, showing a more porous
relationship between body and mind, physical and virtual, interoception
and exteroception, humans and machines. One of these works is that of
The Tangible Media group at MIT, which has created a wrist-worn
mobile heart rate regulator device. It uses tactile stimulation to pro-
vide closed-loop biofeedback to users depending on their heartbeat rate.
The device uses physiological synchronization through a touch mecha-
nism to smoothly regulate heart rate, which is closely related to mental
stress levels. Therefore, tactile stimulation guides the user’s heart rate to
resonate with the device in order to either raise or drop the heart rate
with the least amount of cognitive load (Choi and Ishii, 2020).

The same lab has developed a portable pneumatic-haptic device that
uses subtle tactile feedback to assist users in regulating their breathing
rate. The tactile stimulation patterns, intensity, and frequency can be
personalized using a variety of air pouch actuators, which may indi-
vidually inflate and deflate. The device helps people reduce their
average breathing rate while keeping a high level of pleasantness and
energy (Choi, 2020, 2022).

Another work from MIT Media Lab explores the relationship between
physiology, affective display and internal cognitive calibration. A sub-
liminal physiological stress signal of the body (goosebumps) was
enhanced and transferred to an artificial skin that displayed this phys-
iological and emotional output (goosebumps). This output was associ-
ated with a galvanic skin response (sweaty palms) to see whether it
could positively influence behavioral changes (Liu, n.d.). Even though
the results of this work are inconclusive, they were extremely important
because they show how interoception influences exteroception and
vice-versa.

However, despite the fact that all these works contain virtual ele-
ments, they are still mainly focused on the physical world. The challenge
would be how they could add to virtual world and create a feedback loop
between interoception, proprioception and exteroception.

One area that blurs the line between physical and virtual worlds is
interface design. Cell phones usually collect data about our activities and
other information. Nevertheless, we do not know what information is
being collected and used to improve the device interface and user
experience. Similarly, computers, social media, and Als, like ChatGPT,
constantly extract data about us, such as facial recognition, eye gaze,
motion analysis, and personal background and preferences. This
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Fig. 8. The “Futures Cone” diagram setup, based on Joseph Voros’ 2017.

information is rarely used in a transparent, conscious, and valuable
manner to provide us with meaningful insights about ourselves. The
challenge might be how to use this collected data to improve our
perception of ourselves, others, and the environment—understanding
them as an extension of ourselves. Hence, deeper connections between
the physical and the virtual worlds could emerge.

This article opens new doors for the design of “Future Possibilities”
rather than limiting itself to a specific design proposal. Considering
Joseph Voros’s Futures Cone diagram (Voros, 2017), these future pos-
sibilities might include projects in a range from Preferable to Possible
Futures (Fig. 8). Preferable Futures are those that “should” or “ought to”
happen according to normative value judgments. Possible futures are
those that might happen, given future knowledge. Between these two,
other types of Futures are included and should also be considered. As a
result, many design possibilities with distinct degrees of immediate
practicality and feasibility may be embraced.

7. Conclusion

The research is carried out through multiple directions. The first
proposed direction to increase bodily self-consciousness is the use of
synchronous multisensory stimulation. This article specifically explored
the combination of visuo-tactile inputs, but designers could explore
other combinations in virtual worlds, furthering our knowledge and
application in this field.

The second is the use of synchronous interoceptive feedback. The
research suggests that designers can create more inclusive and perfor-
mative virtual worlds by accommodating variations in sensory and
motor abilities. This can be applied in assisting people experiencing
anxiety or cognitive challenges or with temporary disabilities as it can
contribute to self-consciousness and the regulation of the internal state
of users. This also can be applied to detect muscular tension, providing
users with guidance on techniques to promote stress reduction and
relaxation.

The third involves the use of peripersonal space expansion. Peri-
personal space also appears to be one of the integrated elements that
support our feeling of physical self-awareness, which in turn supports
our entire sense of self. As peripersonal space representation shifts from
being centered on the physical body toward the virtual one, it raises
questions such as how using peripersonal space in virtual worlds pro-
vides people with more control over the space surrounding them. One
avenue of exploration lies in the development of tools that allow users to
tailor the size and positioning of the virtual world in relation to their
own body and peripersonal space, thereby engendering a more

personalized and user-centric experience. Another conceivable appli-
cation involves the integration of avatars within the virtual world,
calibrated to convey social cues, such as eye contact or proximity,
adapted to the individual’s peripersonal space.

The fourth combines these three directions: synchronous multisen-
sory stimulation, interoceptive feedback, and peripersonal space
expansion. Deeper work is necessary on this path, as neuroscientific
literature increasingly draws attention to the interdependence of these
factors. The dynamic interplay between the stimulation of different
sensory inputs, interoceptive technologies, and the plasticity of peri-
personal space may yield novel opportunities for increasing bodily self-
consciousness and redefining the perception of spatial boundaries
within the virtual world (Summary of the main directions, see Table 1).

One limitation of this research is that individual variations in
sensitivity to internal body signals influence the degree of this modu-
lation and the timing of exteroceptive, visual, and tactile body-related
feedback that alters the sensation of body ownership. Thus, current
models of how this works can be enriched with a temporal dimension of
synchronous interoceptive feedback, multisensory stimulation, and
peripersonal space expansion. For this, designers could work with neu-
roscientists to test different stimuli and their timing in distinct settings.

Another limitation is that as much as these four directions can be
integrated into the design of different types of virtual worlds, each
technique might be better for a specific type, and this would need to be
tested to be better understood. It would be particularly important to do
tests in virtual worlds where bodily self-consciousness is more empha-
sized, like in those with higher levels of local presence and telepresence,
such as augmented or diminished mixed realities, and holistic virtual
reality.

In general, the research proposes a theoretical research method for
enhancing bodily self-consciousness in the virtual world. Although it
lacks experimental validation as a narrative review, it also lays the
groundwork for future practical experiments.

Table 1
Summary of the main directions.

Directions Main concepts Implemented through

Direction 01 synchronous multisensory visuo-tactile stroking

stimulation
Direction 02 synchronous interoceptive visual cardiac biofeedback,
feedback breathing patterns,

others ...
visuo-tactile stroking,
audio—tactile interaction

Direction 03 peripersonal space
expansion

Direction 04 combination of the above




A. Macruz et al.
CRediT authorship contribution statement

Andrea Macruz: Writing — original draft, Conceptualization, Meth-
odology. Bing Zhao: Writing — review & editing, Methodology. David
Sperling: Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

Altimus, C. M., Marlin, B. J., Charalambakis, N. E., Colén-Rodriquez, A., Glover, E. J.,
Izbicki, P., Johnson, A., Lourenco, M. V., Makinson, R. A., McQuail, J., Obeso, L.,
Padilla-Coreano, N., & Wells, M. F., for Training Advisory Committee. (2020). The
next 50 Years of neuroscience. Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 40(1), 101-106. https://doi.org/10.1523/
JNEUROSCI.0744-19.2019

Audi, R. (2004). Perception and consciousness. In I. Niiniluoto, M. Sintonen, &

J. Woleniski (Eds.), Handbook of epistemology. Dordrecht: Springer. https://doi.org/
10.1007/978-1-4020-1986-9_2.

Barrett, L. F. (2018). How emotions are made: The secret life of the brain. Boston: Mariner
Books.

Barrett, L. F., & Simmons, W. K. (2015). Interoceptive predictions in the brain. Nature
reviews neuroscience. Nature Publishing Group. https://doi.org/10.1038/nrn3950

Blakeslee, S., & Blakeslee, M. (2008). The body has a mind of its own: How body maps in
your brain help you do (almost) everything better. USA: Random House.

Blanke, O. (2012). Multisensory brain mechanisms of bodily self-consciousness. Nature
Reviews Neuroscience. https://doi.org/10.1038/nrn3292

Blanke, O., & Thomas, M. (2009). Full-body illusions and minimal phenomenal selfhood.
Trends in Cognitive Sciences, 13(1), 7-13. https://doi.org/10.1016/j.tics.2008.10.003

Boczkowski, J., Pablo, & Mitchelstein, E. (2021). The digital environment: How we live,
learn, work, and play. The MIT Press.

Botvinick, M., & Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see. Nature, 391,
756. https://doi.org/10.1038/35784

Bremmer, F., Klam, F., Duhamel, J. R., Hamed, S. B., & Werner, G. (2002). Visual-
vestibular interactive responses in the Macaque ventral intraparietal area (VIP).
European Journal of Neuroscience, 16(8), 1569-1586. https://doi.org/10.1046/
j-1460-9568.2002.02206.x

Brozzoli, C., Makin, T. R., Cardinali, L., Holmes, N. P., & Farne, A. (2012). Peripersonal
space: A multisensory interface for body-object interactions. In M. M. Murray, &
M. T. Wallace (Eds.), The neural bases of multisensory processes. Boca Raton (FL): CRC
Press/Taylor & Francis.

Campbell, G. (2007). Body maps (BS 21). Brain Science, 2007 https://brainsciencepodca
st.com/new-products/bsp21.

Campbell, G. (2008). A closer look at mirror neurons (BS 35). Brain Science, 2008 https://
brainsciencepodcast.libsyn.com/podcast/size/5/?search=Giacomo%2BRizzolatti.

Campbell, G. (2017). Lisa Barrett on how emotions are made (BS 135). Brain Science,
2017 https://brainsciencepodcast.com/bsp/2017/135-emotions-barrett.

Carvalho, G. B., & Damasio, A. (2021). Interoception and the origin of feelings: A new
synthesis. BioEssays, 43(6). https://doi.org/10.1002/bies.202000261

Chalmers, D. J. (2022). Reality+: Virtual worlds and the problems of philosophy. New York:
W. W. Norton & Company.

Choi, K. Y., Elhaouij, N., Lee, J., Picard, R. W., & Ishii, H. (2022). Design and evaluation
of a clippable and personalizable pneumatic-haptic feedback device for breathing
guidance. In Proceedings of the ACM on interactive, mobile, wearable and ubiquitous
technologies (Vol. 6, pp. 1-36). Association for Computing Machinery.

Choi, K. Y., & Ishii, H. (2020). AmbienBeat: Wrist-Worn mobile tactile biofeedback for
heart rate rhythmic regulation. In Tei 2020 - proceedings of the 14th international
conference on tangible, embedded, and embodied interaction (pp. 17-30).

Craig, A. D. (2002). How do you feel? Interoception: The sense of the physiological
condition of the body. Nature Reviews Neuroscience, 3(8), 655-666. https://doi.org/
10.1038/nrn894

Craig, A. D. (2003). Interoception: The sense of the physiological condition of the body.
Current opinion in neurobiology. Elsevier Ltd. https://doi.org/10.1016/50959-4388
(03)00090-4

Craig, A. D. (2009). How do you feel — now? The anterior insula and human awareness.
Nature Reviews Neuroscience, 10(1), 59-70. https://doi.org/10.1038/nrn2555

Critchley, H. D., Wiens, S., Rotshtein, P., Ohman, A., & Dolan, R. J. (2004). Neural
systems supporting interoceptive awareness. Nature Neuroscience, 7(2), 189-195.
https://doi.org/10.1038/nn1176

Damasio, A. (2003). Feelings of emotion and the self. Annals of the New York Academy of
Sciences, 1001(1), 253-261. https://doi.org/10.1196/annals.1279.014

Damasio, A. (2005). Descartes’ error: Emotion, reason, and the human brain. London:
Penguin Books.

Computers in Human Behavior 159 (2024) 108339

Damasio, A. (2010). Self comes to mind: Constructing the conscious brain. New York:
Pantheon Books.

Damasio, A. (2021). Feeling & knowing: Making minds conscious. New York: Pantheon.

Damasio, A. (2022). CMS mindfulness science keynote lecture - Dr. Antonio Damasio, MD,
PhD. https://www.youtube.com/watch?v=GMV2e9Ci5sk.

Damasio, A., & Carvalho, G. B. (2013). The nature of feelings: Evolutionary and
neurobiological origins. Nature Reviews Neuroscience. https://doi.org/10.1038/
nrn3403

Dary, Z., & Lopez, C. (2023). Understanding the neural bases of bodily self-consciousness:
Recent achievements and main challenges. Frontiers in Integrative Neuroscience, 17,
Article 1145924. https://doi.org/10.3389/fnint.2023.1145924

DigitalFUTURES. (2021). Digital consortium lecture - architecture + philosophy -
manuel DeLanda, 2021 https://www.youtube.com/watch?v=1xJwZcpDnoY.

Dobrushina, O. et al. Training interoceptive awareness with real-time haptic vs. visual
heartbeat feedback -https://www.biorxiv.org/content/10.1101/2024.01.12.
575196v1#:~:text=We%20developed%20a%20naturalistic%20real,in%20efficacy
%20and%20user%20satisfaction.

Ehrsson, H. H. (2007). The experimental induction of out-of-body experiences. Science.
https://doi.org/10.1126/science.1142175

Feldman, M. J., Bliss-Moreau, E., & Lindquist, K. A. (2024). The neurobiology of
interoception and affect. https://doi.org/10.1016/j.tics.2024.01.009. Published:
February 22.

Gallagher, S. (2005). How the body shapes the mind. How the body shapes the mind. Oxford
University Press. https://doi.org/10.1093/0199271941.001.0001

Goble, M. (2010). Managing the gap between the physical and digital world through a balance
between transparent and performative interaction.

Graziano, M. S. A., & Cooke, D. F. (2006). Parieto-frontal interactions, personal space,
and defensive behavior. Neuropsychologia, 44(6), 845-859. https://doi.org/10.1016/
j.neuropsychologia.2005.09.009

Hoemann, K., Gendron, M., & Barrett, L. F. (2017). Mixed emotions in the predictive
brain. Curr opin behav sci. Epub 2017 May 31. PMID: 29109966; PMCID:
PMC5669377. 15, 51-57. https://doi.org/10.1016/j.cobeha.2017.05.013.

Jeannerod, M. (2006). Motor cognition: What actions tell to the self. Oxford: Oxford
University Press.

Ladavas, E., & Serino, A. (2008). Action-dependent plasticity in peripersonal space
representations. Cognitive Neuropsychology, 25, 1099-1113. https://doi.org/
10.1080/02643290802359113

Lenggenhager, B., Tadi, T., Metzinger, T., & Blanke, O. (2007). Video Ergo Sum:
Manipulating bodily self-consciousness. Science, 317(5841), 1096-1099. https://doi.
org/10.1126/science.1143439

Liu, A. n.d. “To Engineer a Gut Feeling:Testing the Somatic Marker Hypothesis Through
Emotive Skins.” https://ani-liu.com/engineer-gut-feelings.

Livi, A., Lanzilotto, M., Maranesi, M., & Bonini, L. (2019). Agent-based representations of
objects and actions in the monkey pre-supplementary motor area. See more.
Proceedings of the National Academy of Sciences of the United States of America, 116(7),
2691-2700. https://doi.org/10.1073/pnas. 1810890116

Macruz, A., Bueno, E., Palma, G. G., Vega, J., Palmieri, R. A., & Wu, T. C. (2022).
Measuring human perception of biophilically-driven design with facial micro-
expressions analysis and EEG biosensor. In Proceedings of the 2021 DigitalFUTURES
(pp. 231-241). Singapore: Springer. https://doi.org/10.1007/978-981-16-5983-6_
22.

Makin, T. R., Holmes, N. P., & Ehrsson, H. H. (2008). On the other hand: Dummy hands
and peripersonal space. Behavioural Brain Research. https://doi.org/10.1016/j.
bbr.2008.02.041

Maravita, A., & Iriki, A. (2004). Tools for the body (schema). Trends in cognitive Sciences.
Elsevier Ltd. https://doi.org/10.1016/j.tics.2003.12.008

Marshall, A. C., Gentsch-Ebrahimzadeh, A., & Schiitz-Bosbach, S. (2022). From the inside
out: Interoceptive feedback facilitates the integration of visceral signals for efficient
sensory processing. Neurolmage, 251. https://doi.org/10.1016/j.
neuroimage.2022.119011

Maturana, H. R., & Varela, F. J. (1980). Autopoiesis and cognition: The realization of the
living. Dordrecht: D. Reidel Publishing Company.

Meyerholz, L., Irzinger, J., Witthoft, M., Gerlach, A. L., & Pohl, A. (2019). Contingent
biofeedback outperforms other methods to enhance the accuracy of cardiac
interoception: A comparison of short interventions. Journal of Behavior Therapy and
Experimental Psychiatry, 63, 12-20. https://doi.org/10.1016/J.JBTEP.2018.12.002

Noel, J. P., Pfeiffer, C., Blanke, O., & Serino, A. (2015). Peripersonal space as the space of
the bodily self. Cognition, 144, 49-57. https://doi.org/10.1016/j.
cognition.2015.07.012

Parvizi, J., & Damasio, A. (2001). Consciousness and the brainstem. Cognition, 79(1-2),
135-160. https://doi.org/10.1016/50010-0277(00)00127-x

Petkova, V. L., Bjornsdotter, M., Gentile, G., Jonsson, T., Li, T. Q., & Ehrsson, H. H.
(2011). From part- to whole-body ownership in the multisensory brain. Current
Biology, 21(13), 1118-1122. https://doi.org/10.1016/j.cub.2011.05.022

Petkova, V. I., & Ehrsson, H. H. (2008). If I were you: Perceptual illusion of body
swapping. PLoS One, 3(12). https://doi.org/10.1371/journal.pone.0003832

Petrizzo, 1., Mikellidou, K., Avraam, S., Avraamides, M., & Arrighi, R. (2024). Reshaping
the peripersonal space in virtual reality. Scientific Reports, 14, 2438. https://doi.org/
10.1038/541598-024-52383-y

Rizzolatti, G., & Fabbri-Destro, M. (2010). Mirror neurons: From discovery to autism.
Experimental Brain Research. https://doi.org/10.1007/500221-009-2002-3

Rizzolatti, G., Fadiga, L., Fogassi, L., & Gallese, V. (1997). The space around us. Science,
277, 190-191. https://doi.org/10.1126/science.277.5323.190

Saltafossi, M., Zaccaro, A., Gianni Perrucci, M., Ferri, F., & Costantini, M. (2023). The
impact of cardiac phases on multisensory integration. Biological Psychology, 182.
https://doi.org/10.1016/j.biopsycho.2023.108642


https://doi.org/10.1523/JNEUROSCI.0744-19.2019
https://doi.org/10.1523/JNEUROSCI.0744-19.2019
https://doi.org/10.1007/978-1-4020-1986-9_2
https://doi.org/10.1007/978-1-4020-1986-9_2
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref4
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref4
https://doi.org/10.1038/nrn3950
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref7
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref7
https://doi.org/10.1038/nrn3292
https://doi.org/10.1016/j.tics.2008.10.003
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref10
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref10
https://doi.org/10.1038/35784
https://doi.org/10.1046/j.1460-9568.2002.02206.x
https://doi.org/10.1046/j.1460-9568.2002.02206.x
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref13
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref13
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref13
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref13
https://brainsciencepodcast.com/new-products/bsp21
https://brainsciencepodcast.com/new-products/bsp21
https://brainsciencepodcast.libsyn.com/podcast/size/5/?search=Giacomo%2BRizzolatti
https://brainsciencepodcast.libsyn.com/podcast/size/5/?search=Giacomo%2BRizzolatti
https://brainsciencepodcast.com/bsp/2017/135-emotions-barrett
https://doi.org/10.1002/bies.202000261
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref19
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref19
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref20
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref20
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref20
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref20
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref21
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref21
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref21
https://doi.org/10.1038/nrn894
https://doi.org/10.1038/nrn894
https://doi.org/10.1016/S0959-4388(03)00090-4
https://doi.org/10.1016/S0959-4388(03)00090-4
https://doi.org/10.1038/nrn2555
https://doi.org/10.1038/nn1176
https://doi.org/10.1196/annals.1279.014
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref28
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref28
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref29
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref29
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref30
https://www.youtube.com/watch?v=GMV2e9Ci5sk
https://doi.org/10.1038/nrn3403
https://doi.org/10.1038/nrn3403
https://doi.org/10.3389/fnint.2023.1145924
https://www.youtube.com/watch?v=1xJwZcpDnoY
https://www.biorxiv.org/content/10.1101/2024.01.12.575196
https://www.biorxiv.org/content/10.1101/2024.01.12.575196
https://doi.org/10.1126/science.1142175
https://doi.org/10.1016/j.tics.2024.01.009
https://doi.org/10.1093/0199271941.001.0001
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref39
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref39
https://doi.org/10.1016/j.neuropsychologia.2005.09.009
https://doi.org/10.1016/j.neuropsychologia.2005.09.009
https://doi.org/10.1016/j.cobeha.2017.05.013
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref42
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref42
https://doi.org/10.1080/02643290802359113
https://doi.org/10.1080/02643290802359113
https://doi.org/10.1126/science.1143439
https://doi.org/10.1126/science.1143439
https://ani-liu.com/engineer-gut-feelings
https://doi.org/10.1073/pnas.1810890116
https://doi.org/10.1007/978-981-16-5983-6_22
https://doi.org/10.1007/978-981-16-5983-6_22
https://doi.org/10.1016/j.bbr.2008.02.041
https://doi.org/10.1016/j.bbr.2008.02.041
https://doi.org/10.1016/j.tics.2003.12.008
https://doi.org/10.1016/j.neuroimage.2022.119011
https://doi.org/10.1016/j.neuroimage.2022.119011
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref51
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref51
https://doi.org/10.1016/J.JBTEP.2018.12.002
https://doi.org/10.1016/j.cognition.2015.07.012
https://doi.org/10.1016/j.cognition.2015.07.012
https://doi.org/10.1016/s0010-0277(00)00127-x
https://doi.org/10.1016/j.cub.2011.05.022
https://doi.org/10.1371/journal.pone.0003832
https://doi.org/10.1038/s41598-024-52383-y
https://doi.org/10.1038/s41598-024-52383-y
https://doi.org/10.1007/s00221-009-2002-3
https://doi.org/10.1126/science.277.5323.190
https://doi.org/10.1016/j.biopsycho.2023.108642

A. Macruz et al.

Schaefer, M., Egloff, B., Gerlach, A. L., & Witthoft, M. (2014). Improving heartbeat
perception in patients with medically unexplained symptoms reduces symptom
distress. Biological Psychology, 101(1), 69-76. https://doi.org/10.1016/J.
BIOPSYCHO.2014.05.012

Schillings, C., Karanassios, G., Schulte, N., Schultchen, D., & Pollatos, O. (2022). The
effects of a 3- week heartbeat perception training on interoceptive abilities. Frontiers
in Neuroscience, 16, 614. https://doi.org/10.3389/FNINS.2022.838055/BIBTEX

Serino, A., Canzoneri, E., Marzolla, M., Pellegrino, G.di, & Magosso, E. (2015). Extending
peripersonal space representation without tool-use: Evidence from a combined
behavioral-computational approach. Frontiers in Behavioral Neuroscience, 9(FEB).
https://doi.org/10.3389/fnbeh.2015.00004

Seth, A. (2014). 30-Second brain: The 50 most mind-blowing ideas in neuroscience, each
explained in half a minute. New York : Sterling.

Seth, A. (2017). Your brain hallucinates your conscious reality. TED Talk. https://www.ted.
com/talks/anil_seth_your_brain_hallucinates_your_conscious_reality.

Seth, A. (2021). Being you: The inside story of your inner universe. London: Faber & Faber.
Seth, A., Suzuki, K., & Critchley, H. D. (2012). An interoceptive predictive coding model
of conscious presence. Frontiers in Psychology, 3(JAN). https://doi.org/10.3389/

fpsyg.2011.00395

Computers in Human Behavior 159 (2024) 108339

Sforza, A., Bufalari, 1., Haggard, P., & Aglioti, S. M. (2010). My face in yours: Visuo-
tactile facial stimulation influences sense of identity. Social Neuroscience, 5(2),
148-162. https://doi.org/10.1080,/17470910903205503

Stillman, B. C. (2002). Making sense of proprioception: The meaning of proprioception,
Kinaesthesia and related terms. Physiotherapy, 88(11), 667-676. https://doi.org/
10.1016/50031-9406(05)60109-5

Suzuki, K., Garfinkel, S. N., Critchley, H. D., & Seth, A. K. (2013). Multisensory
integration across exteroceptive and interoceptive domains modulates self-
experience in the rubber-hand illusion. Neuropsychologia, 51(13), 2909-2917.
https://doi.org/10.1016/j.neuropsychologia.2013.08.014

Tsakiris, M. (2008). Looking for myself: Current multisensory input alters self-face
recognition. PLoS One, 3(12). https://doi.org/10.1371/journal.pone.0004040

Voros, J. (2017). Big history and anticipation: Using big history as a framework for
global foresight. In R. Poli (Ed.), Handbook of anticipation: Theoretical and applied
aspects of the use of future in decision making (pp. 1-40). International: Springer.

Yong, E. (2011). Master of illusion: Henrik Ehrsson uses mannequins, rubber arms and
virtual reality to create body illusions, all in the name of neuroscience. Nature, 480
(1), 168-170. https://doi.org/10.1038/480168a


https://doi.org/10.1016/J.BIOPSYCHO.2014.05.012
https://doi.org/10.1016/J.BIOPSYCHO.2014.05.012
https://doi.org/10.3389/FNINS.2022.838055/BIBTEX
https://doi.org/10.3389/fnbeh.2015.00004
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref65
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref65
https://www.ted.com/talks/anil_seth_your_brain_hallucinates_your_conscious_reality
https://www.ted.com/talks/anil_seth_your_brain_hallucinates_your_conscious_reality
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref67
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.3389/fpsyg.2011.00395
https://doi.org/10.1080/17470910903205503
https://doi.org/10.1016/S0031-9406(05)60109-5
https://doi.org/10.1016/S0031-9406(05)60109-5
https://doi.org/10.1016/j.neuropsychologia.2013.08.014
https://doi.org/10.1371/journal.pone.0004040
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref73
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref73
http://refhub.elsevier.com/S0747-5632(24)00207-3/sref73
https://doi.org/10.1038/480168a

	Enhancing bodily self-consciousness in the virtual world with synchronous multisensory stimulation, interoceptive feedback  ...
	Definition of terms
	1 Introduction
	2 Types of virtual worlds
	3 Bodily self-consciousness as predictive
	3.1 Interoception as an important type of predictive perception
	3.2 Bodily self-consciousness rooted in interoception

	4 Bodily self-consciousness enhanced by synchronous multisensory stimulation and interoceptive feedback
	5 Peripersonal space as part of the space of the bodily self
	6 Bodily self-consciousness and the creation of new virtual worlds: discussion
	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


