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The perceptions of our own body (e.g., size and shape) do not always
coincide with its real characteristics (e.g., dimension). To track the complexity
of our perception, the concept of mental representations (model) of the
body has been conceived. Body representations (BRs) are stored in the
brain and are maintained and updated through multiple sensory information.
Despite being altered in different clinical conditions and being tightly linked
with self-consciousness, which is one of the most astonishing features of
the human mind, the BRs and, especially, the underlying mechanisms and
functions are still unclear. In this vein, here we suggest that (neuro)robotics
can make an important contribution to the study of BRs. The first section of the
study highlights the potential impact of robotics devices in investigating BRs.
Far to be exhaustive, we illustrate major examples of its possible exploitation
to further improve the assessment of motor, haptic, and multisensory
information building up the BRs. In the second section, we review the main
evidence showing the contribution of neurorobotics-based (multi)sensory
stimulation in reducing BRs distortions in various clinical conditions (e.g.,
stroke, amputees). The present study illustrates an emergent multidisciplinary
perspective combining the neuroscience of BRs and (neuro)robotics to
understand and modulate the perception and experience of one’s own body.
We suggest that (neuro)robotics can enhance the study of BRs by improving
experimental rigor and introducing new experimental conditions. Furthermore,
it might pave the way for the rehabilitation of altered body perceptions.

KEYWORDS

body representations, neurorobotic, rehabilitation, stroke, amputee, haptic, eating
disorder (ED), sensorimotor function impairment

Mental body representations

Our body mediates the interactions with the external environment, through the
senses and movements. Moreover, the body is itself an object of perception, whose
current status is transmitted to the brain via multiple bodily signals. Bodily information
is conveyed by visual and external auditory cues, but also by tactile, proprioceptive,
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vestibular, or interoceptive signals. These multisensory and
motor signals are integrated into coherent models of the body,
i.e, body representations (BRs), that are stored in our brain
encoding and tracking the state of the body in time and space
(De Vignemont, 2016; Riva, 2018; Bassolino and Serino, 2021).
Intriguingly, the way we perceive the body does not always
coincide with the physical body. Studies revealed systematic
distortions of certain properties of the body (e.g., position
and size) across healthy individuals (Bassolino et al., 2014;
Longo, 2018; Galigani et al., 2020; Sorrentino et al., 2021), and
in different clinical conditions such as amputation, stroke, or
neuropsychiatric disorders (Thakkar et al., 2011; Keizer et al.,
2013; Blanke et al., 2016; Case et al., 2019).

Following the description of patients’ altered BRs, multiple,
separate body representations with specific characteristics and
functions have been described (Schwoebel et al., 2002; de
Vignemont, 2010). So far, no consensus has been reached on the
exact number and functions of different body representations
(de Vignemont, 2010; Kammers et al.,, 2010; Canzoneri et al.,
2013). The lack of a comprehensive model has determined a
widespread terminological and conceptual confusion on BRs
(Gallagher, 1986; de Vignemont, 2010). Thus, precise and
quantitative methods are required to isolate, control, and assess
the contribution of certain sensory information (e.g., vision or
proprioception) in the various BRs. The next section highlights
how (neuro)robotics can provide support in investigating BRs to
improve our understanding of their definitions and functions.

(Neuro)robotics to assess body
representations

In the context of BRs, a distinction between explicit
and implicit BRs has been proposed (Canzoneri et al., 2013;
Longo, 2015a). Explicit BRs include perceptual, conceptual, or
emotional subjective knowledge that humans consciously have
about their own body (Cash and Brown, 1987; de Vignemont,
2010; Longo, 2015a; Bassolino and Serino, 2021). Explicit
BRs can be assessed by asking subjects directly, as through
questionnaires [e.g., the Body Shape Questionnaire, Cuzzolaro
et al., 2006; the Bath Complex Regional Pain Syndrome (CRPS)
Body Perception Disturbance Scale, Ten Brink et al., 2021;
the Affected Limb Perception Questionnaire, see https://osf.
io/p6v7f], or via other protocols requiring participants to
compare, draw, or recognize their perceived image (e.g., the
image marking methods, optical distortion methods, depictive
method) (Gardner and Brown, 2010; Longo et al., 2015). In
contrast, there is knowledge about our bodies that we are
not constantly aware of, yet we implicitly use it to move
and interact with objects. For instance, when we venture into
a small cave, we can cross it without hitting the rock by
considering the dimensions of the cave, but also implicitly
the size of our body. Various tasks have been designed to
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tap into implicit BRs without asking the subject directly.
Some protocols focus on assessing metric features requiring
participants to localize body parts or somatic sensations in
the body (Longo and Haggard, 2010). Participants’ judgments
are used to infer the perceived implicit length/width of the
body parts by calculating the distance between two reported
localizations (e.g., the arm length is estimated by calculating
the distance between the perceived localization of the index
and the elbow). Then, the perceived and real dimensions are
compared to detect eventual bias (Bassolino et al., 2014; Saulton
et al, 2016; Longo, 2018). Often, these tasks benefit from
motion tracking systems to precisely register the perceived
and real positions of the body (Peviani and Bottini, 2018;
Galigani et al., 2020), thus reducing potential human errors
resulting from manual measurements. These protocols could
exploit robotics to guide or assist the participants’ movements
enabling experimental paradigms in active conditions, which
have already been showed to tap into metric BRs involved in
the action (e.g., see Peviani and Bottini, 2018; Peviani et al.,
2020 where participants move the tested non-visible hand to
reach external visual targets). Indeed, robotic workstations can
be programmed to include and control different parameters
(hand positions, speed, low friction, mechanical robustness,
etc.) allowing them to mimic the dynamic characteristics of
natural movement (Krebs et al., 1998; Grange et al, 2001;
Casadio et al., 2006). Movement-assistance robots would be
particularly useful to improve the current assessment of BRs
metrics in patients with sensorimotor deficits (Bassolino et al.,
2022). For instance, motor impairments and spasticity (i.e.,
muscle stiffness, tightness, and rigidity) (Pantano et al., 1995;
Sommerfeld et al., 2004) would prevent the use of active tasks
in some patients with poststroke, thus limiting their assessment
to static tasks (Longo and Haggard, 2012; Bassolino et al., 2015),
or motor imagery skills (Shahvaroughi-Farahani et al., 2021).
Assisting technology would allow exploiting residual motor
functions in these patients by promoting the use of active tasks to
investigate BR subserving action. In addition, robotic protocols
have been largely used to manipulate the external environment,
for instance by applying forces through a manipulandum as
in the seminal studies by Shadmehr and Mussa-Ivaldi (1994)
to study motor learning. Results showed gradual adaptation
of the subjects’ dynamics to the force-field manipulation by
suggesting the ability to predict and compensate for the changes
in the external environment (Shadmehr and Mussa-Ivaldi, 1994;
Burdet et al., 2001). These adaptative protocols would be
used to study plastic effects on BR due to motor learning in
healthy subjects and patients (Sarlegna et al., 2010; see also
next section). More generally, studying BR by considering the
perspective of motor control would drive major achievements in
the understanding of the origin and functions of distortions in
body perception (Bassolino and Becchio, Under Review).

Other tasks used to evaluate BRs only partially exploit
the potential support of robotics. The Tactile Distance Task
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(TDT) is a widely used experimental procedure for assessing
the perception of distances between tactile stimuli (Tame et al.,
2016; Longo and Golubova, 2017; Tosi and Romano, 2020).
The rationale behind TDT is that no tactile receptor provides
information on the distance between two touches on the skin.
Accordingly, to estimate these distances, we need to map those
touches on a representation retaining the metric properties of
the body part being stimulated (Longo et al., 2010, 2015; Longo
and Haggard, 2011). Typically, the TDTs setup consists of sticks,
or a grid applied to the skin. Since the stimulations are often
applied manually, many factors are hard to control such as
the force or pressure of the stimulating objects, or the stimuli
position. Haptic robotic devices (i.e., devices designed to enable
human-machine interaction via the kinesthetic and/or tactile
sense) (Basdogan and Srinivasan, 2002; Biggs and Srinivasan,
2002; O’Malley and Gupta, 2008) would improve the control
and replicability of the experimental procedures allowing to
systematically apply the pressures with predefined force in the
same location.

Haptic robotics devices can also be used in the context of
multisensory integration paradigms (e.g., the Phantom force-
feedback devices) (Ernst and Banks, 2002; Gepshtein and
Banks, 2003), where sensory modalities (e.g., vision and touch)
are independently manipulated in various conditions. These
multisensory protocols have also been adapted to indirectly
investigate BRs, as in the case of patients suffering from
anorexia nervosa where the overestimation of stimuli’s width is
interpreted as an alteration of the perceived size of the stimulated
body region (Serino and Haggard, 2010; Risso et al., 2020),
or amputees where a multisensory optimal stimulation reduces
phantom sensations (Risso and Valle, 2022; Risso et al., 2022).
Multisensory stimulation has also been used to induce illusions
such as the rubber hand illusion (RHI) (Botvinick and Cohen,
1998) or the full-body illusion (FBI) (Lenggenhager et al., 2007)
to study self-perception and specifically body ownership (i.e.,
the unified and coherent experience of owning our body) and
agency (i.e., the subjective experience that the self is identified
as the agent of the actions). Typically, the synchronized tactile
stimulation of the subject’s real non-visible body, together with
the view of the same stimulation on a fake body, induces
the illusion that the fake body feels like the participants’ one.
The congruency between the visuotactile stimulation is crucial
inducing the illusion (Blanke et al., 2015). However, the tactile
stimulation is often given manually, thus introducing possible,
not measurable, incongruencies between stimulations on the
real and fake limbs and likely reducing the illusion strength.
Accordingly, technological versions of the RHI/FBI have been
developed employing virtual reality (Tsakiris et al., 2006; Kilteni
et al.,, 2012; Serino et al., 2022), neurostimulations (Marasco
et al,, 2011; Bassolino et al., 2018), and robotics (Arata et al.,
2014; Salomon et al., 2017; Huynh et al, 2019), allowing to
better control and synchronize the stimuli presentation, and
to propose other versions of the illusions (e.g., visuomotor
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stimulations). For instance, to induce the motor RHI, a robotic
master-slave manipulator has been used, where the subject
performs unilateral movements inducing similar movements on
the rubber hand (Hara et al., 2014). A similar approach has been
used to induce the feeling of presence (FoP), i.e., the strange
sensation that somebody is nearby when no one is actually
present. The FoP resembles the presence of hallucinations
described in neurological and psychiatric patients (Critchley,
1955; Brugger et al., 1996). The protocol to induce the FoP in
healthy individuals provides that while standing blindfolded,
participants moved their arms and the master device in front
of them. These movements were sent to the slave robot,
which applied tactile stimuli in real time to the participants’
backs. When the tactile feedback on the back is delivered
asynchronously with respect to patients’ arms movements in
the front, the FoP was reported (Blanke et al., 2014). Recently,
this protocol has also been applied to patients with Parkinson’s
disease (PD) to determine the fundamental mechanisms of
hallucinatory symptoms in this pathology (Bernasconi et al,
2021). The authors identified a subgroup of patients with PD
showing an increased sensitivity to conflicting sensorimotor
stimulation and robot-induced hallucinations. In addition, by
combining MR compatible robotics to deliver sensorimotor
stimulation in healthy participants and lesion network mapping
in neurological patients without PD, authors showed that the
frontotemporal connectivity, associated with hallucinations in
healthy participants, was disrupted in patients with PD suffering
from hallucinations. Moreover, this study can also be taken as
an example of the use of MR-compatible robotic devices (in this
case, the master—slave robot for the sensorimotor stimulation)
(Hara et al., 2014) to allow controlled and reproducible bodily-
related multisensory stimulation in the scanner to study the
neural correlates of body perception in healthy participants and
patients (see for other studies on body perception using MR-
compatible robotic devices: Tonta et al., 2011; Blanke et al., 2014;
Akselrod et al., 2021).

Overall, the use of neurorobotics has proved particularly
helpful to study self-body perception. Accordingly, the term
“cognetics” has been proposed to indicate key technological
approaches that can render and combine artificial multisensory
stimuli with motor signals to investigate bodily perception and
consciousness (Rognini and Blanke, 2016).

To sum up, the inclusion of robotic instruments into
BRs experimental routine might support more rigorous
empirical research and new experimental paradigms
allowing to unveil crucial BRS mechanisms (see upper
arrow Figure 1). The costs of the robotic devices limit
the applicability and development of robotics protocols
evaluating BRs. Often, these technologies are not available
in the research or rehabilitation centers (Wolpert and

Flanagan, 2010), and require considerable expertise.
Interdisciplinary collaboration among different professionals
and novel affordable user-friendly and transportable
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FIGURE 1

permission from Blanke et al. (2014).
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Interaction between body representations and (neuro)robotics. The figure represents the potential contribution of (neuro)robotics to the field of
body representations (BR). (Neuro)robotics might enhance the study of BRs by improving experimental rigor and by allowing new empirical
conditions that would be difficult to achieve without technological automation and control (top arrow). By providing controlled and precise
somatosensory stimuli, also in combination with other technologies (e.g., virtual reality), (neuro)robotics may offer a significant contribution to
the modulation of distorted BRs (bottom arrow). In this new perspective, the ability of robotic devices to monitor and possibly treat BRs
distortions could become one of the parameters to evaluate their effectiveness (central dotted arrow). The image on the right is modified with
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device development could be an important contribution
to future research.

Distortion in mental body
representations

In several pathological conditions (Keizer et al., 2013; Schott,
20145 Risso et al., 2020; Longo, 2022), abnormal perceptions
of the body could be directly caused by a lack of altered
inflow of sensory, proprioceptive, and/or motor information
to the brain due to central or peripheral lesions (e.g., stroke
or deafferentation), or because of structural damage (e.g.,
amputees). Alternatively, such distortions may not directly
involve the somatosensory pathway, as in eating disorders (Nico
et al., 2010; Keizer et al, 2012) or body integrity dysphoria
(Saetta et al., 2020). Although the presence of biases in body
perception can also characterize healthy subjects’ perceptions
(Longo and Haggard, 2011; Longo, 2017, 2022), pathologies
are often accompanied by undesired feelings. For instance,
amputation or deafferentation is characterized by unpleasant
phantom sensations and pain (Flor et al., 2006). In patients
with chronic stroke with persistent sensorimotor deficits, the
affected limb can be perceived as “foreign,” “ill,” and “like dead”
(Bassolino et al., 2022; Crema et al., 2022).

Noteworthy, one of the most interesting characteristics
of BRs is their plasticity. BRs can reshape accordingly to
sensorimotor experiences such as tool use (Canzoneri et al,
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2013; Martel et al., 2016; Galigani et al., 2020), anesthesia
(Paqueron, 2003), immobilization (Bassolino et al., 2015), or
in case of manipulation of multisensory processing inducing
illusory sensations (see the previous paragraph) (Taylor-Clarke
et al., 2004; Bruno and Bertamini, 2010; Tajadura-Jiménez et al.,
2012). This evidence suggests that the BRs distortions observed
in patients can be restored through appropriate rehabilitative
training. This is crucial given that alterations in BRs could be
a detrimental factor in the functional abilities’ recovery (Farne,
2004; Gialanella et al., 2005; Hammerbeck et al., 2019) and
protheses’ use and acceptance (Makin et al., 2017; Preatoni et al.,
2021).

(Neuro)robotics to reduce
distortions in body representations

The main idea behind rehabilitative robots is to provide
physical support to patients by adapting to their residual
sensorimotor abilities, with the specific aim of enabling actions
accomplishment and therapy support by increasing its intensity
and repetitions (Casadio et al., 2009; Marini et al, 2017
Gassert and Dietz, 2018). Most rehabilitation technologies
aim to restore motor impairments. Robotic technologies have
also been proposed to convey tactile feedback (Dario, 1991;
Reinkensmeyer and Dietz, 2016; Bicchi and Buttazzo, 2020;
Handelzalts et al., 2021; Yeh et al., 2021) or reliable and
quantitative proprioceptive assessments (Dukelow et al., 2010;
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Cappello et al, 2015). Neural interfaces based on invasive
and non-invasive stimulations yielded promising results in
this direction, restoring haptic sensations to individuals with
somatosensory deficits (Petrini et al, 2019a,c; Risso et al,
2019; Ortiz-Catalan et al., 2020; Crema et al., 2022). Overall,
these technologies allow modulating sensory modalities that
are fundamental to constructing and updating BRs. However,
their effects in reducing BRs distortions have been rarely
assessed. Few studies exploiting neural interfaces compared
the perceived body dimensions in patients with altered
BRs before and after stimulation. Rognini et al. (2018)
administered tactile stimulation to the phantom limb of
amputees via intraneural implant into the residual limb nerves.
Through virtual reality, such stimulation was combined with
a coherent visual illumination of the patients prosthetic hand.
This visuotactile immersive experience importantly reduced
telescoping phantom sensation (i.e., the phantom limb is
perceived as shorter than the intact limb). Phantom limb
distortions (i.e., perceiving the phantom dimensions/positions
as closer to contralateral length) were also proved to decrease
in a real-life environment (Graczyk et al, 2018) or when
biomimetic feedback (i.e., specific encoding strategy modulating
the frequency and amplitude of the stimulations to elicit more
natural sensations) was delivered in a natural environment (i.e.,
not in virtual reality) during precision grip tasks (Valle et al.,
2018). Similar results were shown in lower limb amputees,
where a multisensory approach combining virtual reality and
electrocutaneous non-invasive stimulation allowed to decrease
the telescoping effect in one patient and the phantom leg
displacement (i.e., the perceived shift in the phantom leg’s
position) in the second patient (Risso et al., 2022). Phantom
displacement reduction was also proved in lower limb amputees
provided with invasive direct nerve stimulation (Petrini et al.,
2019b). Intriguingly, even if the prosthetic device usually weighs
less than the limb they replace (Jones and MIT Press, 2019),
amputees often perceive it as much heavier, with an important
impact on prosthesis acceptance and use (Sinha et al., 2014;
Handy Eone et al., 2018). Preatoni et al. (2021) showed that an
amputee provided with a coherent somatosensory stimulation
via intraneural feedback during walking reported a decrease in
the perceived weight of the prosthesis (Preatoni et al., 2021).
Although
rehabilitation to improve altered BRs mainly focus on

studies  exploiting  neurorobotics-based
amputees with the aim of boosting artificial limb embodiment
(Makin et al., 2020), alterations in BRs have also been reported
in different clinical conditions such as eating disorders, chronic
pain, or stroke (Moseley et al, 2012; Keizer et al, 2013;
Bassolino et al., 2022). To tackle BRs alterations, rehabilitative
training exploiting multisensory stimulations has been proposed
(Bolognini et al., 2015; Garbarini et al., 2015). In this sense,
the potential of neurorobotics may be crucial providing
controlled and precise sensory stimuli also in combination
with other technologies (e.g., virtual reality) (see bottom arrow
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in Figure 1). Promising results in this direction are shown
by a recent study assessing the effect of neurorobotics-based
stimulation in patients with chronic stroke with motor deficits.
After receiving a rich sensorimotor neuromuscular electrical
stimulation through an array of 59 active electrodes embedded
in a matrix placed on the patients arm (helping hand), the
alterations in the perceived arm dimension and the altered
subjective feeling toward the affected limb were significantly
reduced (Crema et al.,, 2022). Interestingly, alteration in BRs also
involved other aspects of self-perception as body ownership,
agency (Longo, 2015b), and the perception of pain (Flor et al.,
2006; Makin et al., 2013, 2015; Halicka et al., 2020; Schone
et al, 2022). Intriguingly, recent studies suggest that sensory
stimulation via neurorobotics has beneficial effects on all these
aspects (agency: Collinger et al, 2013; ownership: Marasco
et al., 2011; and pain: Page et al., 2018; Petrini et al., 2019a).
However, before any attempt at rehabilitation, our knowledge
of distortions in different clinical populations should be better
known (leading back to the first part of this study, higher arrow
in Figure 1). For example, studies in patients with anorexia
nervosa showed impairments in their implicit body experience
(Keizer et al., 2013; Spitoni et al., 2015; Risso et al., 2020). A
neurorobotics-based rehabilitation allowing to correct these
implicit distortions could be relevant support for these patients.

In this perspective, the ability of robotic devices to monitor
and possibly treat BRs distortions could become one of
the parameters to evaluate their effectiveness (dotted central
arrow in Figure 1). Thanks to interdisciplinary collaboration
and knowledge, this change in perspective might create new
techniques to improve the recovery of patients with altered
BRs and sensorimotor functions and increase our knowledge on
self-body perception.

Conclusion

In conclusion, mental body representations (BRs) are a
complex and multifaceted concept involved in different clinical
conditions (e.g., stroke, psychiatric disease, deafferentation,
amputation, etc.) whose recovery might significantly improve
the patient’s outcomes. The past decades have seen rapid
developments in rehabilitative (neuro)robotics, which has been
only recently applied to the field of BRs. The few seminal
evidence on the use of neurorobotics for the evaluation and
treatment of BRs described in this review encourages the further
development of such an approach in patients with stroke and
amputees and its extension to other pathologies (e.g., eating
disorders, integrity dysphoria, deafferentation, etc.). However,
given that our knowledge of BRs is still partial and growing,
the application of neurorobotics for BRs rehabilitation must be
accompanied by basic scientific investigation. Robotics might
also be an important support in this regard, allowing more
sophisticated and controlled experimental paradigms to assess
unisensory and multisensory features underlying BRs.

frontiersin.org


https://doi.org/10.3389/fnbot.2022.964720
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org

Risso and Bassolino

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding author/s.

Author contributions

GR and MB co-wrote this review and made the figure. All
authors authorized submission of the manuscript.

Funding

This work was supported by the Swiss National Science
Foundation (SNSF) Ambizione Grant to MB (PZ00P1_161210).

References

Akselrod, M., Vigaru, B., Duenas, J., Martuzzi, R., Sulzer, J., Serino, A., et al.
(2021). Contribution of interaction force to the sense of hand ownership and the
sense of hand agency. Sci. Rep. 11, 18069. doi: 10.1038/s41598-021-97540-9

Arata, J., Hattori, M., Ichikawa, S., and Sakaguchi, M. (2014). robotically
enhanced rubber hand illusion. IEEE Trans. Haptics 7, 526-532.
doi: 10.1109/TOH.2014.2304722

Basdogan, C., and Srinivasan, M. A. (2002). “Haptic interfaces,” in Handbook of
Virtual Environments (Boca Raton, FL: CRC Press), 117-134.

Bassolino, M., and Becchio, C. (Under Review). The “hand paradox”: distorted
representations guide optimal actions. Trends Cogn. Sci.

Bassolino, M., Campanella, M., Bove, M., Pozzo, T. and Fadiga, L.
(2014). Training the motor cortex by observing the actions of others during
immobilization. Cereb. Cortex 24, 3268-3276. doi: 10.1093/cercor/bht190

Bassolino, M., Finisguerra, A., Canzoneri, E., Serino, A, and Pozzo,
T. (2015). Dissociating effect of upper limb non-use and overuse
on space and body representations. Neuropsychologia 70, 385-392.
doi: 10.1016/j.neuropsychologia.2014.11.028

Bassolino, M., Franza, M., Bello Ruiz, J., Pinardi, M., Schmidlin, T., Stephan,
M. A, et al. (2018). Non-invasive brain stimulation of motor cortex induces
embodiment when integrated with virtual reality feedback. Eur. J. Neurosci. 47,
790-799. doi: 10.1111/ejn.13871

Bassolino, M., Franza, M., Canzoneri, E., Crema, A., Sorrentino, G.,
Vissani, M., Sokolov, A., and Micera, S. (2022). Body distortions in chronic
stroke patients with residual motor deficits. Brain Commun. 4, fcacl79.
doi: 10.1093/braincomms/fcac179

Bassolino, M., and Serino, A. (2021). “Representation and perception of the
body in space. in Reference Module in Neuroscience and Biobehavioral Psychology
(Amsterdam: Elsevier).

Bernasconi, F., Blondiaux, E., Potheegadoo, J., Stripeikyte, G., Pagonabarraga,
J., Bejr-Kasem, H., et al. (2021). Robot-induced hallucinations in Parkinson’s
disease depend on altered sensorimotor processing in fronto-temporal network.
Sci. Transl. Med. 13, eabc8362. doi: 10.1126/scitranslmed.abc8362

Bicchi, A., and Buttazzo, G. (2020). “Robot tactile sensing: skinlike and
intrinsic approach,” in Intelligent Robotic Systems (Boca Raton, FL: CRC Press).
doi: 10.1201/9781003066279-18

Biggs, J., and Srinivasan, M. A. (2002). “Haptic interfaces,” in Handbook of Virtual
Environments (Boca Raton, FL: CRC Press), 93-116.

Blanke, O., Faivre, N., and Dieguez, S. (2016). “Leaving body and life behind,”
in The Neurology of Conciousness (Elsevier) Public Publishers (London), 323-347.
doi: 10.1016/B978-0-12-800948-2.00020-0

Blanke, O., Pozeg, P., Hara, M., Heydrich, L., Serino, A., Yamamoto, A., et al.
(2014). Neurological and robot-controlled induction of an apparition. Curr. Biol.
24, 2681-2686. doi: 10.1016/j.cub.2014.09.049

Frontiersin Neurorobotics

06

10.3389/fnbot.2022.964720

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Blanke, O., Slater, M., and Serino, A. (2015). Behavioral, neural, and
computational principles of bodily self-consciousness. Neuron 88, 145-166.
doi: 10.1016/j.neuron.2015.09.029

Bolognini, N., Russo, C., and Vallar, G. (2015). Crossmodal illusions in
neurorehabilitation. Front. Behav. Neurosci. 9:212. doi: 10.3389/fnbeh.2015.00212

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

Brugger, P., Regard, M., and Landis, T. (1996). Unilaterally felt “presences”: the
neuropsychiatry of one’s invisible: Doppelganger. Cogn. Behav. Neurol. 9, 114-122.

Bruno, N., and Bertamini, M. (2010).
after a change in hand size. Neuropsychologia
doi: 10.1016/j.neuropsychologia.2010.01.006

Burdet, E., Osu, R., Franklin, D. W., Milner, T. E., and Kawato, M.

Haptic
48,

perception
1853-1856.

(2001). The central nervous system stabilizes unstable dynamics by
learning optimal impedance. Nature 414, 446-449. doi: 10.1038/351
06566

Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino, M., and Serino,
A. (2013). Tool-use reshapes the boundaries of body and peripersonal space
representations. Exp. Brain Res. 228, 25-42. doi: 10.1007/s00221-013-3532-2

Cappello, L., Elangovan, N., Contu, S., Khosravani, S., Konczak, J., and Masia, L.
(2015). Robot-aided assessment of wrist proprioception. Front. Hum. Neurosci. 9,
198. doi: 10.3389/fnhum.2015.00198

Casadio, M., Morasso, P., Sanguineti, V. and Giannoni, P.
(2009).  Minimally  assistive  robot  training for  proprioception
enhancement. Exp. Brain Res. 194, 219-231. doi: 10.1007/s00221-008-1
680-6

Casadio, M., Sanguineti, V., Morasso, P. G., and Arrichiello, V. (2006). Braccio
di Ferro: A new haptic workstation for neuromotor rehabilitation. Technol. Health
Care 14, 123-142. doi: 10.3233/THC-2006-14301

Case, L. K, Solcd, M., Blanke, O., and Faivre, N. (2019). Disorders
of body representation. Multisensory  Percept. Lab. Clin. 401-422.
doi: 10.1016/B978-0-12-812492-5.00018-8

Cash, T. F., and Brown, T. A. (1987). Body image in anorexia nervosa
and bulimia nervosa: a review of the literature. Behav. Modif. 11, 487-521.
doi: 10.1177/01454455870114005

Collinger, J. L., Wodlinger, B., Downey, J. E., Wang, W., Tyler-Kabara,
E. C, Weber, D. J, et al. (2013). High-performance neuroprosthetic
control by an individual with tetraplegia. The Lancet 381, 557-564.
doi: 10.1016/S0140-6736(12)61816-9

Crema, A., Bassolino, M., Guanziroli, E., Colombo, M., Blanke, O., Serino, A.,
et al. (2022). Neuromuscular electrical stimulation restores upper limb sensory-
motor functions and body representations in chronic stroke survivors. Medicine 3,
58-74.€10. doi: 10.1016/j.med;.2021.12.001

frontiersin.org


https://doi.org/10.3389/fnbot.2022.964720
https://doi.org/10.1038/s41598-021-97540-9
https://doi.org/10.1109/TOH.2014.2304722
https://doi.org/10.1093/cercor/bht190
https://doi.org/10.1016/j.neuropsychologia.2014.11.028
https://doi.org/10.1111/ejn.13871
https://doi.org/10.1093/braincomms/fcac179
https://doi.org/10.1126/scitranslmed.abc8362
https://doi.org/10.1201/9781003066279-18
https://doi.org/10.1016/B978-0-12-800948-2.00020-0
https://doi.org/10.1016/j.cub.2014.09.049
https://doi.org/10.1016/j.neuron.2015.09.029
https://doi.org/10.3389/fnbeh.2015.00212
https://doi.org/10.1038/35784
https://doi.org/10.1016/j.neuropsychologia.2010.01.006
https://doi.org/10.1038/35106566
https://doi.org/10.1007/s00221-013-3532-2
https://doi.org/10.3389/fnhum.2015.00198
https://doi.org/10.1007/s00221-008-1680-6
https://doi.org/10.3233/THC-2006-14301
https://doi.org/10.1016/B978-0-12-812492-5.00018-8
https://doi.org/10.1177/01454455870114005
https://doi.org/10.1016/S0140-6736(12)61816-9
https://doi.org/10.1016/j.medj.2021.12.001
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org

Risso and Bassolino

Critchley, M. (1955). The idea of a presence. Acta Psychiatr. Scand. 30, 155-168.
doi: 10.1111/j.1600-0447.1955.tb06055.x

Cuzzolaro, M., Vetrone, G., Marano, G., and Garfinkel, P. E. (2006). The
Body Uneasiness Test (BUT): development and validation of a new body image
assessment scale. Eat. Weight Disord. Stud. Anorex. Bulim. Obes. 11, 1-13.
doi: 10.1007/BF03327738

Dario, P. (1991). Tactile sensing: technology and applications. Sens. Actuators
Phys. 26, 251-256. doi: 10.1016/0924-4247(91)87001-]

de Vignemont, F. (2010). Body schema and body image-Pros and cons.
Neuropsychologia 48, 669-680. doi: 10.1016/j.neuropsychologia.2009.09.022

De Vignemont, F. (2016). Bodily Space, Mind the Body: An
Exploration of Bodily Self-Awareness. Oxford: Oxford University Press.
doi: 10.1093/0s0/9780198735885.003.0005

Dukelow, S. P., Herter, T. M., Moore, K. D., Demers, M. J., Glasgow, J. L, Bagg,
S.D., etal. (2010). Quantitative assessment of limb position sense following stroke.
Neurorehabil. Neural Repair 24, 178-187. doi: 10.1177/1545968309345267

Ernst, M. O., and Banks, M. S. (2002). Humans integrate visual and
haptic information in a statistically optimal fashion. Nature 415, 429-433.
doi: 10.1038/415429a

Farne, A. (2004). Patterns of spontaneous recovery of neglect and associated
disorders in acute right brain-damaged patients. J. Neurol. Neurosurg. Psychiatry
75, 1401-1410. doi: 10.1136/jnnp.2002.003095

Flor, H., Nikolajsen, L., and Stachelin Jensen, T. (2006). Phantom limb
pain: a case of maladaptive CNS plasticity? Nat. Rev. Neurosci. 7, 873-881.
doi: 10.1038/nrn1991

Galigani, M., Castellani, N., Donno, B., Franza, M., Zuber, C,
Allet, L., et al. (2020). Effect of tool-use observation on metric body
representation and peripersonal space. Neuropsychologia 148, 107622.
doi: 10.1016/j.neuropsychologia.2020.107622

Gallagher, S. (1986). Body image and body schema: a conceptual clarification. the
journal of mind and behavior. J. Mind Behav. 7, 541-554.

Garbarini, F., Fossataro, C., Berti, A., Gindri, P., Romano, D., Pia, L., et al.
(2015). When your arm becomes mine: pathological embodiment of alien limbs
using tools modulates own body representation. Neuropsychologia 70, 402-413.
doi: 10.1016/j.neuropsychologia.2014.11.008

Gardner, R. M., and Brown, D. L. (2010). Body image assessment: a
review of figural drawing scales. Personal. Individ. Differ. 48, 107-111.
doi: 10.1016/j.paid.2009.08.017

Gassert, R., and Dietz, V. (2018). Rehabilitation robots for the treatment
of sensorimotor deficits: a neurophysiological perspective. J. NeuroEngineering
Rehabil. 15, 46. doi: 10.1186/s12984-018-0383-x

Gepshtein, S., and Banks, M. S. (2003). Viewing Geometry Determines How
Vision and Haptics Combine in Size Perception. Curr. Biol. 13, 483-488.
doi: 10.1016/S0960-9822(03)00133-7

Gialanella, B., Monguzzi, V., Santoro, R., and Rocchi, S. (2005). Functional
recovery after hemiplegia in patients with neglect: the rehabilitative role of
anosognosia. Stroke 36, 2687-2690. doi: 10.1161/01.STR.0000189627.27562.c0

Graczyk, E. L., Resnik, L., Schiefer, M. A., Schmitt, M. S., and Tyler, D.
J. (2018). Home use of a neural-connected sensory prosthesis provides the
functional and psychosocial experience of having a hand again. Sci. Rep. 8, 9866.
doi: 10.1038/541598-018-26952-x

Grange, S., Conti, F., Helmer, P., Rouiller, P., and Baur, C. (2001). Delta Haptic
Device as a Nanomanipulator, eds B. J. Nelson, and J.-M. Breguet (Boston, MA;
Washington, DC: SPIE), 100. doi: 10.1117/12.444117

Halicka, M., Vitterse, A. D., Proulx, M. J., and Bultitude, J. H. (2020).
Neuropsychological Changes in Complex Regional Pain Syndrome (CRPS). Behav.
Neurol. 2020, 1-30. doi: 10.1155/2020/4561831

Hammerbeck, U., Gittins, M., Vail, A.,, Paley, L, Tyson, S. F, and
Bowen, A. (2019). Spatial neglect in stroke: identification, disease process and
association with outcome during inpatient rehabilitation. Brain Sci. 9, 374.
doi: 10.3390/brainsci9120374

Handelzalts, S., Ballardini, G., Avraham, C., Pagano, M., Casadio, M., and
Nisky, I. (2021). Integrating tactile feedback technologies into home-based
telerehabilitation: opportunities and challenges in light of COVID-19 pandemic.
Front. Neurorobotics 15, 617636. doi: 10.3389/fnbot.2021.617636

Handy Eone, D., Nseme Etouckey, E., Essi, M. J., Ngo Nyemb, T. M,
Ngo Nonga, B., Ibrahima, F., et al. (2018). Satisfaction of patients with
amputated lower limb wearing external prostheses. Int. J. Orthop. Sci. 4, 368-372.
doi: 10.22271/0rtho.2018.v4.i1£.52

Hara, M., Salomon, R., van der Zwaag, W., Kober, T., Rognini, G., Nabae,
H., et al. (2014). A novel manipulation method of human body ownership

Frontiersin Neurorobotics

07

10.3389/fnbot.2022.964720

using an fMRI-compatible master—slave system. J. Neurosci. Methods 235, 25-34.
doi: 10.1016/j.jneumeth.2014.05.038

Huynh, T. V., Bekrater-Bodmann, R., Frohner, J., Vogt, J., and Beckerle,
P. (2019). Robotic hand illusion with tactile feedback: unravelling the relative
contribution of visuotactile and visuomotor input to the representation of body
parts in space. PLoS ONE 14, €0210058. doi: 10.1371/journal.pone.0210058

Tonta, S., Heydrich, L. Lenggenhager, B., Mouthon, M., Fornari, E,
Chapuis, D., et al. (2011). Multisensory mechanisms in temporo-parietal
cortex support self-location and first-person perspective. Neuron 70, 363-374.
doi: 10.1016/j.neuron.2011.03.009

Jones, L. A, and
doi: 10.7551/mitpress/11014.001.0001

Kammers, M. P. M., Kootker, J. A., Hogendoorn, H., and Dijkerman, H. C.
(2010). How many motoric body representations can we grasp? Exp. Brain Res.
202, 203-212. doi: 10.1007/s00221-009-2124-7

Keizer, A., Smeets, M. A. M., Dijkerman, H. C., Uzunbajakau, S. A., van Elburg,
A., and Postma, A. (2013). Too fat to fit through the door: first evidence for
disturbed body-scaled action in anorexia nervosa during locomotion. PLoS ONE
8, €64602. doi: 10.1371/journal.pone.0064602

Keizer, A., Smeets, M. A. M., Dijkerman, H. C., van Elburg, A., and Postma, A.
(2012). Aberrant somatosensory perception in Anorexia Nervosa. Psychiatry Res.
200, 530-537. doi: 10.1016/j.psychres.2012.05.001

Kilteni, K., Normand, J.-M., Sanchez-Vives, M. V., and Slater, M. (2012).
Extending body space in immersive virtual reality: a very long arm illusion. PLoS
ONE 7, €40867. doi: 10.1371/journal.pone.0040867

Krebs, H. I, Hogan, N., Aisen, M. L., and Volpe, B. T. (1998). Robot-aided
neurorehabilitation. IEEE Trans. Rehabil. Eng. 6, 75-87. doi: 10.1109/86.662623

Lenggenhager, B., Tadi, T., Metzinger, T., and Blanke, O. (2007). Video
ergo sum: manipulating bodily self-consciousness. Science 317, 1096-1099.
doi: 10.1126/science.1143439

MIT Press (2019). Haptics.

Longo, M. R. (2015a). Implicit and explicit body representations. Eur. Psychol.
20, 6-15. doi: 10.1027/1016-9040/a000198

Longo, M. R. (2015b). “Types of body representation,” in Perceptual and
Emotional Embodiment, eds Y. Coello, and M.H. Fischer (Routledge).

Longo, M. R. (2017). Distorted body representations in healthy cognition. Q. J.
Exp. Psychol. 70, 378-388. doi: 10.1080/17470218.2016.1143956

Longo, M. R. (2018). The effects of instrumental action on perceptual hand maps.
Exp. Brain Res. 236, 3113-3119. doi: 10.1007/s00221-018-5360-x

Longo, M. R. (2022). Distortion of mental body representations. Trends Cogn.
Sci. 26, 241-254. doi: 10.1016/j.tics.2021.11.005

Longo, M. R,, Azanén, E., and Haggard, P. (2010). More than skin deep:
body representation beyond primary somatosensory cortex. Neuropsychologia 48,
655-668. doi: 10.1016/j.neuropsychologia.2009.08.022

Longo, M. R, and Golubova, O. (2017). Mapping the internal geometry
of tactile space. J. Exper. Psychol.: Human Percept. Perform. 43, 1815-1827.
doi: 10.1037/xhp0000434

Longo, M. R,, and Haggard, P. (2010). An implicit body representation
underlying human position sense. Proc. Natl. Acad. Sci. U. S. A. 107, 11727-11732.
doi: 10.1073/pnas.1003483107

Longo, M. R., and Haggard, P. (2011). Weber’s illusion and body shape:
anisotropy of tactile size perception on the hand. J. Exp. Psychol. Hum. Percept.
Perform. 37, 720-726. doi: 10.1037/a0021921

Longo, M. R,, and Haggard, P. (2012). Implicit body representations and the
conscious body image. ACTPSY 141, 164-168. doi: 10.1016/j.actpsy.2012.07.015

Longo, M. R, Mancini, F., and Haggard, P. (2015). Implicit body
representations and tactile spatial remapping. Acta Psychol. 160, 77-87.
doi: 10.1016/j.actpsy.2015.07.002

Makin, T. R,, de Vignemont, F., and Faisal, A. A. (2017). Neurocognitive
barriers to the embodiment of technology. Nat. Biomed. Eng. 1, 0014.
doi: 10.1038/s41551-016-0014

Makin, T. R, de Vignemont, F., and Micera, S. (2020). Soft
embodiment for engineering artificial limbs. Trends Cogn. Sci. 24, 965-968.
doi: 10.1016/j.tics.2020.09.008

Makin, T. R., Scholz, J., Filippini, N., Henderson Slater, D., Tracey, L,
and Johansen-Berg, H. (2013). Phantom pain is associated with preserved
structure and function in the former hand area. Nat. Commun. 4, 1570.
doi: 10.1038/ncomms2571

Makin, T. R., Scholz, J., Henderson Slater, D., Johansen-Berg, H., and Tracey,
1. (2015). Reassessing cortical reorganization in the primary sensorimotor cortex
following arm amputation. Brain 138, 2140-2146. doi: 10.1093/brain/awv161

frontiersin.org


https://doi.org/10.3389/fnbot.2022.964720
https://doi.org/10.1111/j.1600-0447.1955.tb06055.x
https://doi.org/10.1007/BF03327738
https://doi.org/10.1016/0924-4247(91)87001-J
https://doi.org/10.1016/j.neuropsychologia.2009.09.022
https://doi.org/10.1093/oso/9780198735885.003.0005
https://doi.org/10.1177/1545968309345267
https://doi.org/10.1038/415429a
https://doi.org/10.1136/jnnp.2002.003095
https://doi.org/10.1038/nrn1991
https://doi.org/10.1016/j.neuropsychologia.2020.107622
https://doi.org/10.1016/j.neuropsychologia.2014.11.008
https://doi.org/10.1016/j.paid.2009.08.017
https://doi.org/10.1186/s12984-018-0383-x
https://doi.org/10.1016/S0960-9822(03)00133-7
https://doi.org/10.1161/01.STR.0000189627.27562.c0
https://doi.org/10.1038/s41598-018-26952-x
https://doi.org/10.1117/12.444117
https://doi.org/10.1155/2020/4561831
https://doi.org/10.3390/brainsci9120374
https://doi.org/10.3389/fnbot.2021.617636
https://doi.org/10.22271/ortho.2018.v4.i1f.52
https://doi.org/10.1016/j.jneumeth.2014.05.038
https://doi.org/10.1371/journal.pone.0210058
https://doi.org/10.1016/j.neuron.2011.03.009
https://doi.org/10.7551/mitpress/11014.001.0001
https://doi.org/10.1007/s00221-009-2124-7
https://doi.org/10.1371/journal.pone.0064602
https://doi.org/10.1016/j.psychres.2012.05.001
https://doi.org/10.1371/journal.pone.0040867
https://doi.org/10.1109/86.662623
https://doi.org/10.1126/science.1143439
https://doi.org/10.1027/1016-9040/a000198
https://doi.org/10.1080/17470218.2016.1143956
https://doi.org/10.1007/s00221-018-5360-x
https://doi.org/10.1016/j.tics.2021.11.005
https://doi.org/10.1016/j.neuropsychologia.2009.08.022
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1073/pnas.1003483107
https://doi.org/10.1037/a0021921
https://doi.org/10.1016/j.actpsy.2012.07.015
https://doi.org/10.1016/j.actpsy.2015.07.002
https://doi.org/10.1038/s41551-016-0014
https://doi.org/10.1016/j.tics.2020.09.008
https://doi.org/10.1038/ncomms2571
https://doi.org/10.1093/brain/awv161
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org

Risso and Bassolino

Marasco, P. D., Kim, K., Colgate, J. E., Peshkin, M. A., and Kuiken, T. A.
(2011). Robotic touch shifts perception of embodiment to a prosthesis in targeted
reinnervation amputees. Brain 134, 747-758. doi: 10.1093/brain/awq361

Marini, F., Hughes, C. M. L., Squeri, V., Doglio, L., Moretti, P., Morasso,
P., et al. (2017). Robotic wrist training after stroke: adaptive modulation
of assistance in pediatric rehabilitation. Robot. Auton. Syst. 91, 169-178.
doi: 10.1016/j.robot.2017.01.006

Martel, M., Cardinali, L., Roy, A. C., and Farng, A. (2016). Tool-use: an open
window into body representation and its plasticity. Cogn. Neuropsychol. 33, 82-101.
doi: 10.1080/02643294.2016.1167678

Moseley, G. L., Gallace, A., and Spence, C. (2012). Bodily illusions in health and
disease: physiological and clinical perspectives and the concept of a cortical “body
matrix”. Neurosci. Biobehav. Rev. 36, 34-46. doi: 10.1016/j.neubiorev.2011.03.013

Nico, D., Daprati, E., Nighoghossian, N., Carrier, E., Duhamel, J.-R., and Sirigu,
A. (2010). The role of the right parietal lobe in anorexia nervosa. Psychol. Med. 40,
1531-1539. doi: 10.1017/S0033291709991851

O’Malley, M. K., and Gupta, A. (2008). “Haptic interfaces,” in HCI Beyond the
GUI (Amsterdam: Elsevier), 25-73. doi: 10.1016/B978-0-12-374017-5.00002-X

Ortiz-Catalan, M., Mastinu, E., Sassu, P., Aszmann, O., and Branemark, R.
(2020). Self-contained neuromusculoskeletal arm prostheses. N. Engl. J. Med. 382,
1732-1738. doi: 10.1056/NEJMo0al917537

Page, D. M., George, J. A, Kluger, D. T., Duncan, C., Wendelken, S., Davis, T.,
et al. (2018). Motor control and sensory feedback enhance prosthesis embodiment
and reduce phantom pain after long-term hand amputation. Front. Hum. Neurosci.
12, 352. doi: 10.3389/fnhum.2018.00352

Pantano, P., Formisano, R., Ricci, M., Di Piero, V., Sabatini, U., Barbanti, P., et al.
(1995). Prolonged muscular flaccidity after stroke Morphological and functional
brain alterations. Brain 118, 1329-1338. doi: 10.1093/brain/118.5.1329

Paqueron, X. (2003). The phenomenology of body image distortions induced by
regional anaesthesia. Brain 126, 702-712. doi: 10.1093/brain/awg063

Petrini, F. M., Bumbasirevic, M., Valle, G., Ilic, V., Mijovi¢, P., Cvancara,
P., et al. (2019a). Sensory feedback restoration in leg amputees improves
walking speed, metabolic cost and phantom pain. Nat. Med. 25, 1356-1363.
doi: 10.1038/541591-019-0567-3

Petrini, F. M., Valle, G., Bumbasirevic, M., Barberi, F., Bortolotti, D.,
Cvancara, P., et al. (2019b). Enhancing functional abilities and cognitive
integration of the lower limb prosthesis. Sci. Transl. Med. 11, eaav8939.
doi: 10.1126/scitranslmed.aav8939

Petrini, F. M., Valle, G., Strauss, 1., Granata, G., Di lorio, R, D’Anna, E.,
et al. (2019¢). Six-month assessment of a hand prosthesis with intraneural tactile
feedback: hand prosthesis. Ann. Neurol. 85, 137-154. doi: 10.1002/ana.25384

Peviani, V., and Bottini, G. (2018). The distorted hand metric representation
serves both perception and action. J. Cogn. Psychol. 30, 880-893.
doi: 10.1080/20445911.2018.1538154

Peviani, V., Liotta, J., and Bottini, G. (2020). The motor system (partially)
deceives body representation biases in absence of visual correcting cues. Acta
Psychol. 203, 103003. doi: 10.1016/j.actpsy.2020.103003

Preatoni, G., Valle, G., Petrini, F. M., and Raspopovic, S. (2021). Lightening
the perceived prosthesis weight with neural embodiment promoted by sensory
feedback. Curr. Biol. 31, 1065-1071.e4. doi: 10.1016/j.cub.2020.11.069

Reinkensmeyer, D. J., and Dietz, V. (2016). Neurorehabilitation technology. New
York, NY: Springer. p. 1-647. doi: 10.1007/978-3-319-28603-7

Risso, G., Martoni, R. M., Erzegovesi, S., Bellodi, L., and Baud-Bovy, G.
(2020). Visuo-tactile shape perception in women with Anorexia Nervosa and
healthy women with and without body concerns. Neuropsychologia 149, 107635.
doi: 10.1016/j.neuropsychologia.2020.107635

Risso, G., Preatoni, G., Valle, G., Marazzi, M., Bracher, N. M., and Raspopovic,
S. (2022). Multisensory stimulation decreases phantom limb distortions and is
optimally integrated. IScience 25, 104129. doi: 10.1016/j.is¢i.2022.104129

Risso, G., and Valle, G. (2022). Multisensory integration in bionics: relevance and
perspectives. Curr. Phys. Med. Rehabil. Rep. 1-8. doi: 10.1007/s40141-022-00350-x

Risso, G., Valle, G., Iberite, F., Strauss, L, Stieglitz, T., Controzzi, M., et al.
(2019). Optimal integration of intraneural somatosensory feedback with visual
information: a single-case study. Sci. Rep. 9, 7916. doi: 10.1038/s41598-019-
43815-1

Riva, G. (2018). The neuroscience of body memory: from the self through the
space to the others. Cortex 104, 241-260. doi: 10.1016/j.cortex.2017.07.013

Rognini, G., and Blanke, O. (2016). Cognetics: robotic interfaces for the
conscious mind. Trends Cogn. Sci. 20, 162-164. doi: 10.1016/j.tics.2015.12.002

Frontiersin Neurorobotics

10.3389/fnbot.2022.964720

Rognini, G., Petrini, F. M., Raspopovic, S., Valle, G., Granata, G., Strauss, L, et al.
(2018). Multisensory bionic limb to achieve prosthesis embodiment and reduce
distorted phantom limb perceptions. J. Neurol. Neurosurg. Psychiatry. 90, 833-836.
doi: 10.1136/jnnp-2018-318570

Saetta, G., Hanggi, ., Gandola, M., Zapparolj, L., Salvato, G., Berlingeri, M., et al.
(2020). Neural correlates of body integrity dysphoria. Curr. Biol. 30, 2191-2195.
doi: 10.1016/j.cub.2020.04.001

Salomon, R., Noel, J. P., Lukowska, M., Faivre, N., Metzinger, T., Serino,
A, et al. (2017). Unconscious integration of multisensory bodily inputs in the
peripersonal space shapes bodily self-consciousness. Cognition 166, 174-183.
doi: 10.1016/j.cognition.2017.05.028

Sarlegna, F. R., Malfait, N., Bringoux, L., Bourdin, C., and Vercher,
J.-L. (2010). Force-field adaptation without proprioception: can vision
be wused to model limb dynamics? Neuropsychologia 48, 60-67.
doi: 10.1016/j.neuropsychologia.2009.08.011

Saulton, A., Longo, M. R,, Wong, H. Y., Biilthoff, H. H., and de la Rosa, S. (2016).
The role of visual similarity and memory in body model distortions. Acta Psychol.
164, 103-111. doi: 10.1016/j.actpsy.2015.12.013

Schone, H. R, Baker, C. I, Katz, J., Nikolajsen, L., Limakatso, K., Flor, H., et al.
(2022). Making sense of phantom limb pain. J. Neurol. Neurosurg. Psychiatry. 93,
833-843. doi: 10.1136/jnnp-2021-328428

Schott, G. D. (2014). Revealing the invisible: the paradox of picturing a phantom
limb. Brain 137, 960-969. doi: 10.1093/brain/awt244

Schwoebel, J., Coslett, H. B., Bradt, J., Friedman, R., and Dileo, C. (2002).
Pain and the body schema: effects of pain severity on mental representations of
movement. Neurology 59, 775-777. doi: 10.1212/WNL.59.5.775

Serino, A., and Haggard, P. (2010). Touch and the body. Neurosci. Biobehav. Rev.
34, 224-236. doi: 10.1016/j.neubiorev.2009.04.004

Serino, A., Konik, S., Bassolino, M., Serino, S., and Perez-Marcos, D.
(2022). Immersive virtual reality for assessment and rehabilitation of deficits
of body representations and cognitive functions. Rev. Neuropsychol. 14, 15-26.
doi: 10.1684/nrp.2022.0700

Shadmehr, R., and Mussa-Ivaldi, F. (1994). Adaptive representation of
dynamics during learning of a motor task. J. Neurosci. 14, 3208-3224.
doi: 10.1523/JNEUROSCI.14-05-03208.1994

Shahvaroughi-Farahani, A., Linkenauger, S. A., Mohler, B. J., Behrens, S. C., Giel,
K. E., and Karnath, H.-O. (2021). Body size perception in stroke patients with
paresis. PLoS ONE 16, €0252596. doi: 10.1371/journal.pone.0252596

Sinha, R., van den Heuvel, W. J., and Arokiasamy, P. (2014). Adjustments to
amputation and an artificial limb in lower limb amputees. Prosthet. Orthot. Int. 38,
115-121. doi: 10.1177/0309364613489332

Sommerfeld, D. K., Eek, E. U.-B., Svensson, A.-K., Holmqvist, L. W,
and von Arbin, M. H. (2004). Spasticity after stroke: its occurrence and
association with motor impairments and activity limitations. Stroke 35, 134-139.
doi: 10.1161/01.STR.0000105386.05173.5E

Sorrentino, G., Franza, M., Zuber, C., Blanke, O., Serino, A., and
Bassolino, M. (2021). How ageing shapes body and space representations: a
comparison study between healthy young and older adults. Cortex 136, 56-76.
doi: 10.1016/j.cortex.2020.11.021

Spitoni, G. F., Serino, A., Cotugno, A., Mancini, F., Antonucci, G., and
Pizzamiglio, L. (2015). The two dimensions of the body representation
in women suffering from Anorexia Nervosa. Psychiatry Res. 230, 181-188.
doi: 10.1016/j.psychres.2015.08.036

Tajadura-Jiménez, A., Longo, M. R,, Coleman, R., and Tsakiris, M. (2012).
The person in the mirror: using the enfacement illusion to investigate the
experiential structure of self-identification. Conscious. Cogn. 21, 1725-1738.
doi: 10.1016/j.concog.2012.10.004

Tame, L., Braun, C., Holmes, N. P., Farne, A., and Pavani, F. (2016). Bilateral
representations of touch in the primary somatosensory cortex. Cogn. Neuropsychol.
33, 48-66. doi: 10.1080/02643294.2016.1159547

Taylor-Clarke, M., Jacobsen, P., and Haggard, P. (2004). Keeping the world
a constant size: object constancy in human touch. Nat. Neurosci. 7, 219-220.
doi: 10.1038/nn1199

Ten Brink, A. F., Halicka, M., Vittersa, A. D., Jones, H. G., Stanton, T. R., and
Bultitude, J. H. (2021). Validation of the bath CRPS body perception disturbance
scale. J. Pain 22, 1371-1384. doi: 10.1016/j.jpain.2021.04.007

Thakkar, K. N., Nichols, H. S., McIntosh, L. G., and Park, S. (2011). Disturbances
in body Ownership in schizophrenia: evidence from the rubber hand illusion
and case study of a spontaneous out-of-body experience. PLoS ONE 6, €27089.
doi: 10.1371/journal.pone.0027089

frontiersin.org


https://doi.org/10.3389/fnbot.2022.964720
https://doi.org/10.1093/brain/awq361
https://doi.org/10.1016/j.robot.2017.01.006
https://doi.org/10.1080/02643294.2016.1167678
https://doi.org/10.1016/j.neubiorev.2011.03.013
https://doi.org/10.1017/S0033291709991851
https://doi.org/10.1016/B978-0-12-374017-5.00002-X
https://doi.org/10.1056/NEJMoa1917537
https://doi.org/10.3389/fnhum.2018.00352
https://doi.org/10.1093/brain/118.5.1329
https://doi.org/10.1093/brain/awg063
https://doi.org/10.1038/s41591-019-0567-3
https://doi.org/10.1126/scitranslmed.aav8939
https://doi.org/10.1002/ana.25384
https://doi.org/10.1080/20445911.2018.1538154
https://doi.org/10.1016/j.actpsy.2020.103003
https://doi.org/10.1016/j.cub.2020.11.069
https://doi.org/10.1007/978-3-319-28603-7
https://doi.org/10.1016/j.neuropsychologia.2020.107635
https://doi.org/10.1016/j.isci.2022.104129
https://doi.org/10.1007/s40141-022-00350-x
https://doi.org/10.1038/s41598-019-43815-1
https://doi.org/10.1016/j.cortex.2017.07.013
https://doi.org/10.1016/j.tics.2015.12.002
https://doi.org/10.1136/jnnp-2018-318570
https://doi.org/10.1016/j.cub.2020.04.001
https://doi.org/10.1016/j.cognition.2017.05.028
https://doi.org/10.1016/j.neuropsychologia.2009.08.011
https://doi.org/10.1016/j.actpsy.2015.12.013
https://doi.org/10.1136/jnnp-2021-328428
https://doi.org/10.1093/brain/awt244
https://doi.org/10.1212/WNL.59.5.775
https://doi.org/10.1016/j.neubiorev.2009.04.004
https://doi.org/10.1684/nrp.2022.0700
https://doi.org/10.1523/JNEUROSCI.14-05-03208.1994
https://doi.org/10.1371/journal.pone.0252596
https://doi.org/10.1177/0309364613489332
https://doi.org/10.1161/01.STR.0000105386.05173.5E
https://doi.org/10.1016/j.cortex.2020.11.021
https://doi.org/10.1016/j.psychres.2015.08.036
https://doi.org/10.1016/j.concog.2012.10.004
https://doi.org/10.1080/02643294.2016.1159547
https://doi.org/10.1038/nn1199
https://doi.org/10.1016/j.jpain.2021.04.007
https://doi.org/10.1371/journal.pone.0027089
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org

Risso and Bassolino

Tosi, G., and Romano, D. (2020). The longer the reference, the shorter the legs:
how response modality affects body perception. Atten. Percept. Psychophys. 82,
3737-3749. doi: 10.3758/s13414-020-02074-3

Tsakiris, M., Prabhu, G., and Haggard, P. (2006). Having a body versus moving
your body: how agency structures body-ownership. Conscious. Cogn. 15, 423-432.
doi: 10.1016/j.concog.2005.09.004

Valle, G., Mazzoni, A., Iberite, F., D’Anna, E., Strauss, 1., Granata, G., et al.
(2018). Biomimetic intraneural sensory feedback enhances sensation naturalness,

Frontiersin Neurorobotics

09

10.3389/fnbot.2022.964720

tactile sensitivity, and manual dexterity in a bidirectional prosthesis. Neuron 100,
37-45.€7. doi: 10.1016/j.neuron.2018.08.033

Wolpert, D. M., and Flanagan, J. R. (2010). QandA: robotics as a tool to
understand the brain. BMC Biol. 8, 92. doi: 10.1186/1741-7007-8-92

Yeh, I-L., Holst-Wolf, J., Elangovan, N., Cuppone, A. V., Lakshminarayan,
K., Capello, L., et al. (2021). Effects of a robot-aided somatosensory training
on proprioception and motor function in stroke survivors. J. NeuroEngineering
Rehabil. 18, 77. doi: 10.1186/s12984-021-00871-x

frontiersin.org


https://doi.org/10.3389/fnbot.2022.964720
https://doi.org/10.3758/s13414-020-02074-3
https://doi.org/10.1016/j.concog.2005.09.004
https://doi.org/10.1016/j.neuron.2018.08.033
https://doi.org/10.1186/1741-7007-8-92
https://doi.org/10.1186/s12984-021-00871-x
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org

	Assess and rehabilitate body representations via (neuro)robotics: An emergent perspective
	Mental body representations
	(Neuro)robotics to assess body representations
	Distortion in mental body representations
	(Neuro)robotics to reduce distortions in body representations
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


