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Objects which a human agent controls by efferent activities (such as real or virtual
tools) can be perceived by the agent as belonging to his or her body. This suggests
that what an agent counts as “body” is plastic, depending on what she or he controls.
Yet there are possible limitations for such momentary plasticity. One of these limitations
is that sensations stemming from the body (e.g., proprioception) and sensations
stemming from objects outside the body (e.g., vision) are not integrated if they do
not sufficiently “match”. What “matches” and what does not is conceivably determined
by long–term experience with the perceptual changes that body movements typically
produce. Children have accumulated less sensorimotor experience than adults have.
Consequently, they express higher flexibility to integrate body-internal and body-external
signals, independent of their “match” as suggested by rubber hand illusion studies.
However, children’s motor performance in tool use is more affected by mismatching
body-internal and body-external action effects than that of adults, possibly because
of less developed means to overcome such mismatches. We review research on
perception-action interactions, multisensory integration, and developmental psychology
to build bridges between these research fields. By doing so, we account for the flexibility
of the sense of body ownership for actively controlled events and its development
through ontogeny. This gives us the opportunity to validate the suggested mechanisms
for generating ownership by investigating their effects in still developing and incomplete
stages in children. We suggest testable predictions for future studies investigating both
body ownership and motor skills throughout the lifespan.

Keywords: body ownership, attentional reweighting, children, haptic neglect, ideomotor theory, ontogeny,
perception and action

INTRODUCTION

What counts as a person’s body? When looking at other living agents, most of them
appear to have a more or less clearly circumscribed body, which is separated from
other objects and other agents. Thus, the body of other agents is an object that can be
distinguished from other objects by all the perceptual means that apply to separating objects
from each other (such as figure-ground segmentation and gestalt factors of perception).
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Yet, when agents perceive their own body, thematter of affairs
seems to becomemore complicated. Of course, an agent’s body is
a distinct object, like all other objects, and can thus be separated
from other objects by the same means as mentioned before. But
what makes it unique? How is the biological body experienced as
not just another object in the environment, but as being ‘‘owned’’
by oneself? The crucial factors seem to relate to interoception1,
which can be passively experienced or actively generated, as
discussed in the following.

“Passive” Coincide of Interoceptive and
Exteroceptive Signals
An agent’s body provides sensory signals that are accessible to
only the agent herself. These are interoceptive signals, which
result in tactile, proprioceptive, and kinesthetic perception. Thus,
interoceptive signals are unique in the sense that only one object
in the perceptual world generates such signals, namely the object
that is called own ‘‘body’’, whereas other objects do not. For
example, agents can see that two objects touch each other so as
they can see that an object touches the own body. Yet, only the
own body generates the experience of touch. Interoceptive signals
thus provide a very strong and unambiguous cue of ownership.
The special role of interoceptive signals is also underlined by the
existence of neuronal pathways and brain regions like the insular,
anterior cingulate, or somatosensory cortex which are specialized
in processing these interoceptive signals (Critchley et al., 2004;
Craig, 2009).

However, an organism can perceive exteroceptive signals
as well, i.e., signals that originate from locations other than
that of the sensors which encode them (e.g., light reflected
by an object creating a visual sensation) and also for these
specific neuronal pathways exist (e.g., visual cortex: Grill-Spector
and Malach, 2004; auditory cortex: Romani et al., 1982; Belin
et al., 2000). Obviously, we see parts of our body (such as our
hands) quite often, and other agents can also see them. If a
body limb is touched, the agent feels and sees that touch so
both interoceptive and exteroceptive perceptual information is
available. Interestingly, visual changes that are accompanied by
corresponding tactile changes are judged as belonging to the
agent herself. This is the basic idea behind the rubber hand
illusion and its various versions (e.g., Botvinick and Cohen, 1998;
Armel and Ramachandran, 2003; Sanchez-Vives et al., 2010;
Kalckert and Ehrsson, 2012; Ma and Hommel, 2015a,b; Cardinali
et al., 2021). In the original experiment by Botvinick and Cohen
(1998), participants received brush strokes on their occluded
hand while simultaneously watching a fake hand in front of them
being stroked synchronously or asynchronously with their real
hand. While participants had the illusory experience that the
artificial hand was part of their own body in the synchronous
condition, this was not the case or to a much lesser extent in the
asynchronous condition. That the system ascribes ownership to

1Regarding the inconsistent use of the term ‘‘interoception’’ in the literature, we
want to state here what we refer to by this term: Unlike other authors we do not
constrain interoception to the perceptual signals generated only inside the body
(e.g., by visceral organs; Craig, 2009; Tsakiris, 2017), but we subsume all perceptual
signals under this term which are generated either on or within the biological body
like, for example, also tactile signals or proprioception.

such artificial objects like fake hands comes across in different
ways. First, people report experiencing ownership when being
asked (e.g., Dummer et al., 2009; Rohde et al., 2011; Kalckert
and Ehrsson, 2012; Ma and Hommel, 2013, 2015b; Liesner et al.,
2020a). Second, the felt position of a touched body part moves
towards the object that is seen to be touched (proprioceptive
drift; e.g., Dummer et al., 2009; Rohde et al., 2011; Kalckert and
Ehrsson, 2012; Liesner et al., 2020b). Third, there are neural
(Ehrsson et al., 2004; Makin et al., 2008) and several physiological
responses to these manipulations such as a temperature decrease
of the stimulated body part (e.g., Moseley et al., 2008; Hohwy
and Paton, 2010; van Stralen et al., 2014) and increased skin
conductance responses when the observed external object is
threatened (e.g., Armel and Ramachandran, 2003; Ma and
Hommel, 2013, 2015a).

Following this ground-breaking observation it has been
suggested that the human perceptual system is biased towards
ascribing body ownership to essentially any object that generates
exteroceptive signals (e.g., Gallagher, 2000; Verschoor and
Hommel, 2017), providing they sufficiently coincide in a spatial-
temporal manner with interoceptive signals (e.g., Botvinick
and Cohen, 1998; Suzuki et al., 2013; Kalckert and Ehrsson,
2014; Tajadura-Jiménez and Tsakiris, 2014; Ma and Hommel,
2015a,b). This relatively ‘‘unselective’’ approach has however
been criticized recently, the reasons for which we will discuss
throughout this article.

Constraints of Passive Ownership and
Developmental Factors
The experience of ownership in passive agents is constrained
in various ways. As said before a sufficient spatial and
temporal coincidence of exteroceptive and interoceptive signals
is necessary. In fact, the comparison between synchronous and
asynchronous stimulation has become a kind of gold standard
to indicate ownership experience (Botvinick and Cohen, 1998;
Ehrsson et al., 2004; Tsakiris and Haggard, 2005; for a critical
assessment see Kalckert et al., 2019a).

Physical resemblance (i.e., ‘‘corporeality’’) of the seen body
part to the own body seems important as well. By and large,
the less similar an object is to an agent’s body parts, the lower
is experienced ownership (Tsakiris et al., 2010; Guterstam et al.,
2013). Here it is important to critically evaluate the synchronous-
asynchronous index mentioned before. For example, it might
well be that people report more experienced ownership in the
former than latter condition with all kinds of objects they see.
Yet, the absolute level of the body ownership experience with
non-corporeal objects is often way below what people report
with a body-similar rubber hand (e.g., Kalckert et al., 2019a)
and it is unclear from which level of reported experience on
an ‘‘authentic’’ feeling of bodiliness should be assumed (see
Liesner et al., 2020b, for similar arguments). Therefore, besides
investigating difference scores, researchers should carefully take
into account the absolute level of ownership measures and
critically evaluate which conclusions can and cannot be drawn
from their measures. This especially applies to explicit ratings of
ownership which might be prone to demand effects (Orne, 1962)
since participants might feel ‘‘committed’’ to respond differently
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to different manipulations. Additionally, for highly corporeal
objects some level of ownership experience has been reported
even in the absence of any stroking, though lower compared
to conditions with stroking, suggesting that the experience is
elicited easily with these objects (Rohde et al., 2011; Samad et al.,
2015). Despite quantitative changes, even the qualitative aspect
of ownership might change with more or less corporeal objects
which are stroked or actively controlled. For example, while even
in the most realistic settings using the rubber hand illusion, most
participants still explicitly ‘‘know’’ that the seen rubber hand
is not actually part of their body, they nevertheless have the
experience that they feel the brush stroke on the rubber hand and
report that it feels like it would be their own hand (e.g., Botvinick
and Cohen, 1998). However, while even with non-corporeal
objects (e.g., wooden blocks, balloons, cursors), several measures
(e.g., proprioceptive drift, skin conductance response) might still
suggest the presence of the illusion, it is much less likely that
participants report to ‘‘feel’’ the stroke on the artificial object,
let alone rationally accept it as part of their own body (e.g.,
Ma and Hommel, 2015a; Kalckert et al., 2019a; Liesner et al.,
2020b). In fact, it has been suggested by most studies that illusory
(explicit) ownership cannot be experienced for non-corporeal
objects at all (e.g., Tsakiris and Haggard, 2005; Tsakiris et al.,
2010; Guterstam et al., 2013; Kalckert et al., 2019a). There are
a few noticeable studies from recent years which question this
constraint which we will discuss in the section ‘‘Does Active
Ownership Depend on Immediate Control Experience?’’ (e.g.,
Liepelt et al., 2017; Cardinali et al., 2021). Full-body illusions (e.g.,
Slater et al., 2010), a paradigm in which a complete virtual body is
looked at by the participant which either receives (a)synchronous
tactile stimulation with the participant or is (a)synchronously
controlled by the participant, might provide the opposite end of a
corporeal-to-non-corporeal continuum.While grounding on the
same mechanisms of visuotactile or visuomotor matching as the
rubber hand illusion, it has been shown that the more realistic a
virtual body looks, the less additional multisensory stimulation is
needed to induce an ownership illusion (Maselli and Slater, 2013;
Kilteni et al., 2015; O’Kane and Ehrsson, 2021).

In the same vein, it seems as if a biologically plausible position
of the external object is necessary (e.g., Ehrsson et al., 2004)
to experience ownership over it. Ownership over the (stroked)
body-external object decreases with increasing distance to the
participant’s real limb until it vanishes completely (e.g., Lloyd,
2007; Kalckert et al., 2019b).

From a developmental perspective, it would be interesting
to study whether the requirement of visual and/or anatomical
resemblance is a matter of own visual experience of body parts,
or perhaps more or less innate. This question is particularly
pertinent for certain versions of ownership ‘‘illusions’’ like
the impression that a seen face is the own face when
being concurrently touched (enfacement illusion; e.g., Tajadura-
Jiménez et al., 2012). The visual experience of the own face
is, in any case, limited to technically supported instances like
mirrors. Additionally, at a young age where such instances have
not occurred that often, children might be even more limited
regarding a visual representation of their own face. In line
with this, Brownell et al. (2010) demonstrated that children

below 2.5 years of age have considerable problems in identifying
their own corresponding body parts when asked to match them
with the body parts of an observed person which the authors
interpreted as evidence for a less developed representation of
the own body in these children. Consequently, the limited visual
experience with their own face in young children might facilitate
the ‘‘embodiment’’ of other faces, as there is not yet a visual
standard that runs counter to this perceptual interpretation
(Filippetti and Tsakiris, 2018). It has been suggested that
such a standard for a ‘‘robust’’ face representation is only
acquired by extensive visual experience with a face and that
even highly familiar faces might still gradually differ from each
other regarding the robustness of such a representation (Tong
and Nakayama, 1999; Caharel et al., 2002). Multiple studies
have shown that the right temporoparietal junction is of high
relevance for recognizing one’s own face providing a possible
neural basis for such a robust face representation (e.g., Decety
and Lamm, 2007; Heinisch et al., 2011; Zeugin et al., 2020).
However, while these findings and arguments suggest that the
limited visual experience with one’s own face might facilitate
ownership experiences in the enfacement illusion, this should
only lead to gradual differences in ownership experiences so that
the basic mechanisms discussed in this review which are mainly
based on observations from the rubber hand illusion should also
account for other body ownership illusions like the enfacement
or full-body illusion (e.g., Slater et al., 2010; Maselli and Slater,
2013).

Likewise, it is important to study whether the requirement
of ‘‘coincidence’’ of interoceptive and exteroceptive signals is
innate or a matter of experience. In other words, must an
agent have experienced that a certain touch typically goes along
with a visually accessible object to ascribe ownership to that
visual object? Some interesting insights on this might be taken
from studies investigating mirror-self-recognition which suggest
that, especially at an early age, immediate current visuomotor
matching might play an important role in the ability to pass
self-recognition tests such as the mark task (e.g., Merleau-Ponty,
1982; Mitchell, 1993). It has however been criticized that these
studies might not represent "actual" understanding of the visual
representation of oneself in the mirror. Instead, young children
might just be highly sensitive for visuomotor synchronies and
therefore simply notice the matching contingencies between
sensorimotor and visual perceptions when moving in front
of a mirror, without necessarily ‘‘understanding’’ that they
see themselves in the mirror (Mitchell, 1993). The notion of
children’s high sensitivity for visuomotor synchronies is also
supported by various studies demonstrating that children already
show differentiation between synchronously and asynchronously
presented visual and tactile stimulation within the first year of
life (Bahrick and Watson, 1985; Zmyj et al., 2011; Filippetti
et al., 2013, 2015 though see Maister et al., 2020 for possible
limitations to this). This should then also account for the
child’s own body, which is supported by a study from Bigelow
(1981) demonstrating that children in their second year of life
recognize themselves earlier in conditions in which synchronous
movement feedback is provided (e.g., a mirror) than in
conditions without movements (e.g., a photograph). Supporting
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our previous suggestion that embodiment of external objects
might be very flexible in children and that this flexibility
should decrease with accumulating knowledge about ‘‘typical’’
multisensory or sensorimotor experiences, it has also been shown
that the rubber hand illusion effect in children as compared
to adults, is larger (Cowie et al., 2016) or less constrained to
synchronous conditions or to the application of stroking at all
(Cowie et al., 2013; Nava et al., 2017). This high sensitivity for
visuomotor matching and flexible and less restrained inference
of ownership might be extremely important for children in order
to learn a consistent body model through actively generating
sensory signals.

There is however also a very different way of interpreting
the previously mentioned findings on children’s sensitivity for
synchronous and asynchronous visual and tactile stimulation
(Bahrick and Watson, 1985; Zmyj et al., 2011; Filippetti et al.,
2013, 2015). Tsakiris (2010) suggested a multi-step model of
body-ownership in which incoming sensory information is first
tested against a fixed body model before a potential multisensory
contingency is detected and a sense of (body) ownership is
inferred. This assumes a more or less innate body model
independent from the learning experience, whose neural basis
might be located in the temporoparietal junction (Tsakiris et al.,
2008). According to Tsakiris (2010), the findings that (passive)
ownership often cannot be elicited with non-corporeal objects or
objects in an anatomically implausible position provide evidence
for such a fixed body model (Ehrsson et al., 2004; Tsakiris and
Haggard, 2005; Lloyd, 2007; Tsakiris et al., 2010; Guterstam
et al., 2013; Kalckert et al., 2019a,b). Besides, Morgan and Rochat
(1997) observed that already 3-month olds could distinguish
between mirrored and unmirrored real-time videos of their
own moving legs. However, even at 3 months of age children
have already gained considerable sensorimotor experience, and
also other (ir)regularities limiting ownership might just as
well be learned based on experience. Nevertheless, the two
accounts might not be that incommensurable after all since even
fetuses presumably already collect some sensorimotor experience
in utero so that an innate body model might be based on such
prenatal experiences as well.

“Active” Generation of Coinciding
Interoceptive and Exteroceptive Signals
and “Active Ownership”
Ownership can also originate from an agent’s efferent activity
(e.g., Sanchez-Vives et al., 2010; Kalckert and Ehrsson, 2012).
In these cases, the agent creates the sort of interoceptive-
exteroceptive coincidence that generates ownership experience
herself. For example, if hand muscles are contracted this comes
with proprioceptive and visual experiences at the same time. As
with passive stimulation discussed in the preceding paragraph,
ownership by self-stimulation goes beyond objects that resemble
typical body parts. Everyday experience and scientific studies
suggest that all kinds of objects an agent actively controls by
body movements, such as tools (e.g., Maravita et al., 2002; Weser
et al., 2017), sports gadgets or virtual objects (e.g., Ma and
Hommel, 2015a,b; Kirsch et al., 2016; Liesner et al., 2020a,b) can

be experienced by the agent as belonging to her body to some
degree as indicated by neural, physiological, explicit and implicit
behavioral measures.

Despite the coincidence of interoceptive and exteroceptive
signals, a very important factor shaping ‘‘active’’ ownership
experience is that perceptual changes that occur after efferent
activity were predicted or anticipated prior to these efferent
activities. In other words, the perceptual changes caused by
motor activity must be controllable, to create an experience of
agency (Haggard, 2017). This sort of active ownership experience
can thus be called ‘‘ownership by agency’’. In fact, it has been
proposed that the controllability of perceptual events is the key,
if not the only, factor for ascribing ownership to these events
(Verschoor and Hommel, 2017, ‘‘self by doing approach’’). In a
nutshell, this approach claims that every perceptual change that is
foreseeably caused by efferent activity counts as body suggesting
a bottom-up approach of ownership where perceptual input is
simply integrated with any motor activity producing it (e.g.,
Botvinick and Cohen, 1998; Armel and Ramachandran, 2003;
Ma and Hommel, 2015a). This is a very optimistic approach
regarding the extension of ownership to external events since
it does not only suggest that a sense of ownership is triggered
by control experience over perceptual changes, but also that
any such control experience should lead to the ascription of
ownership to the manipulated object. If it was correct, there was
neither room for a distinction between the sense of agency and
sense of ownership nor for a special role of interoceptive effects of
motor activities for generating ownership experience, provided
exteroceptive effects are sufficiently predictable. Agents with
absence or loss of interoception provide an interesting testbed
for this proposal (e.g., Gallagher and Cole, 1995). Furthermore,
according to this reasoning, an agent should also not be able
anymore to distinguish between different components of an
action like a body effector, a tool, or an object in the environment
that is acted upon. For example, when using a hammer to put a
nail into a wall, perceptual input from the hand (proprioceptive,
tactile), the hammer (visual), and the nail (visual) are all equally
predictable and controllable, but does this mean that they are
also ascribed ownership equally? We believe that this is too
far-fetched since again, differences between interoception and
exteroception need to be accounted for.

Constraints of Active Ownership
One constraining factor regarding active ownership is the
anatomical resemblance. As with passive stimulation methods,
most studies investigating ownership for corporeal objects
showed larger illusion effects as compared to non-corporeal
objects (e.g., Tsakiris and Haggard, 2005; Tsakiris et al., 2010;
Guterstam et al., 2013; Kalckert et al., 2019a). However, this
difference seems to be smaller for active ownership than for
passive ownership (Ma and Hommel, 2015b; Liepelt et al., 2017;
Zopf et al., 2018). While a sense of ownership is very limited
for non-corporeal objects with passive stimulation (Tsakiris and
Haggard, 2005; Tsakiris et al., 2010; Guterstam et al., 2013;
Kalckert et al., 2019a), it might still be possible with active
movements. However, this seems to be restricted to implicit
measures such as proprioceptive drift (Liesner et al., 2020b).

Frontiers in Human Neuroscience | www.frontiersin.org 4 July 2021 | Volume 15 | Article 697810

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Liesner et al. Ownership and Action Effects

Additionally, similar to passive ownership illusions, active
ownership illusions have been shown to be disrupted by temporal
asynchrony between interoceptive and exteroceptive sensations
(Dummer et al., 2009; Kalckert and Ehrsson, 2012, 2014; Ma
and Hommel, 2013, 2015a,b) and increasing distances between
the biological body and the body-external object (Liesner et al.,
2020b).

There is however another important constraint in active
ownership, which relates to the processes of generating efferent
activities in the first place. While actively operated tools can be
ascribed ownership, this does not occur, if the spatial discrepancy
between felt and seen movements exceeds a certain level,
despite identical levels of (complete) predictability (Liesner et al.,
2020a,b). In the studies by Liesner et al. (2020a,b), participants
moved a cursor on a computer screen by spatially compatible or
incompatible hand movements, i.e., by hand movements in the
same or opposite direction. Subjective ownership ratings were
higher in the compatible than in the incompatible condition,
and only with compatible tool movements was proprioceptive
drift significantly different from a non-control baseline condition
(Liesner et al., 2020b). Interestingly, the sense of agency seems to
be affected similarly by such discrepancies between interoceptive
and exteroceptive signals (e.g., Ebert and Wegner, 2010; Liesner
et al., 2020a), supporting the idea that the experience of agency
and ownership are correlated in these situations and that the
sense of agency could be a factor underlying the experience
of active ownership. But why should spatial discrepancy have
such detrimental effects on the sense of agency and ownership
despite an identical objective level of predictability? There is
ample evidence that human agents generate motor activities
by recollecting the perceptual changes these motor activities
produce according to previous experience (e.g., Elsner and
Hommel, 2001; Kunde, 2001; Liesner et al., 2020a). This is
the so-called ideomotor approach to action control (e.g., Koch
et al., 2004; Shin et al., 2010; Waszak et al., 2012; Hommel,
2013). In the case of incompatible hand and object movements,
the anticipated perceptual changes are interfering because the
anticipated inverted movements of hand and object contradict
the common experience that objects controlled by one’s hand
should move in the same direction as the hand. This interference,
which is already present at movement planning, thus seems
to disrupt the integration of interoceptive and exteroceptive
sensations in terms of ownership experience as well.

Human agents amass a lot of experience with the interoceptive
(e.g., proprioceptive, kinesthetic) effects of their motor activities,
except in rare cases of loss of body-related perception which will
be discussed later (section ‘‘Development of Active Ownership’’).
James (1981) called these effects ‘‘resident’’ as they almost
insurmountably accompany bodily movements and thus ‘‘reside’’
within or on the body. So in neurotypical agents, interoceptive
signals are not only unique in the sense, that just one object in
the world can generate that experience. They are also unique in
the sense, that they are very closely linked to the agent’s efferent
activities, conceivably much closer than any other possible
exteroceptive effect of motor activities, both, in terms of spatial
proximity and ubiquity. As explained above, efferent activities
mostly produce interoceptive as well as exteroceptive effects, and

agents can access motor patterns based on both. Thus, we can
feel and see a hand moving and can generate that movement by
imaging the visual or proprioceptive effects of doing so (Pfister,
2019). Which of these effect codes are eventually engaged is
a matter of instruction (Memelink and Hommel, 2013; Mocke
et al., 2020). It is also a matter of the compatibility between
interoceptive and exteroceptive effects. If agents aim at certain
exteroceptive effects which, however, go along with spatially
incompatible interoceptive effects, such as when operating tools
that move in directions opposite to the operating hand, this
typically comes with performance costs (Kunde, 2001; Kunde
et al., 2007; Müsseler and Skottke, 2011; Kunde et al., 2012;Wirth
et al., 2015; Liesner et al., 2020a,b). Agents aim to overcome such
performance costs by downregulating the less task-relevant effect
component during action generation (Fourneret and Jeannerod,
1998; Knoblich and Kircher, 2004; Sülzenbrück and Heuer,
2009; Liesner and Kunde, 2020; Liesner et al., 2020b) which in
tool use are interoceptive representations. This downregulation
of interoceptive codes in tool use has been named ‘‘haptic
neglect’’ (Heuer and Rapp, 2012) and can be understood as an
attentional shift away from sensory signals emerging from the
body and towards sensations emerging from the controlled tool.
It is tempting to assume that it is exactly this downregulation
of interoceptive codes in situations of discrepant interoceptive
and exteroceptive action effects that prevents the integration of
temporally contingent visual and interoceptive signals from the
same action, which is key to ascribe ownership to visual objects
(Gallagher, 2000; Tsakiris, 2017, see section ‘‘Linking Action
Control and Active Ownership’’). This idea has to be tested
empirically though.

Does Active Ownership Depend on
Immediate Control Experience?
The previously discussed studies have revealed the pivotal role
of active control for the illusion of ownership for non-corporeal
objects. It is however unclear whether the experience of
ownership for these objects is limited to the narrow temporal
windows in which this active control is experienced or outlasts
the duration of immediate control over the object. In a recent
study, Pfister et al. (2020) investigated this topic in an active
rubber hand illusion in which they linked the tapping of
participants’ index fingers to the movements of a rubber hand.
After 2 min of tapping, participants were asked to stop and
simply look at the rubber hand for another 2 min. The authors
collected subjective ownership ratings for the rubber hand both
after the 2 min of tapping and the 2 min of looking at the rubber
hand. Subjective ownership significantly decreased in the 2 min
after participants had stopped tapping, but even after the 2min of
inactive observation, subjective ratings were still relatively high
(around 5 on a 0–10 scale). Taking a cautious interpretation of
absolute values of ownership into account, this study provides
the first evidence that even after discontinuation of matching
interoceptive and exteroceptive sensations, ownership can be
experienced to some (reduced) degree. This suggests that not
only present but also past agency experience with an object can
shape ownership experience. In a more radical approach, Liepelt
et al. (2017) used the passive rubber hand illusion paradigm and
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compared conditions in which the rubber hand was stroked with
conditions in which the participants’ cell phones or a computer
mouse were stroked (a)synchronously with the participants’
hands to investigate how the past experience of agency with these
objects shapes possible ownership experience in the absence of
immediate, current control experience and thus in the absence
of immediate sensorimotor matching between interoception and
exteroception. The authors found significant differences between
synchronous and asynchronous stroking conditions for all
tested objects, both regarding subjective ownership ratings and
regarding proprioceptive drift, even though these effects were
larger for the rubber hand than for the mouse and cell phone.
Interestingly, the effects for the latter objects were however
larger than for an additionally used wooden block (Liepelt et al.,
2017, Experiment 2), an object with supposedly no experience of
control over. These results suggest that in addition to concrete
and recent sensory matching of interoceptive and exteroceptive
signals when controlling an external object, also more complex
and long–term experience of action control over external (non-
corporeal) objects can lead to the feeling of ownership over
these objects.

A related open question is whether mere knowledge of
controllability of an object is sufficient to experience ownership
over this object independently of any direct control experience.
Such situations can, for example, occur with different kinds of
tools which people basically know how to use but have not done
so before. Cardinali et al. (2021) tested this idea by also adapting
the passive rubber hand illusion, but this time using a mechanical
gripper instead of a rubber hand and a balloon as a control object.
While neither object resembles body parts, the illusion was
elicited in terms of proprioceptive drift, subjective ratings, and
skin conductance response for the gripper but not the balloon
(Experiments 1 and 3) even without previous use of the gripper
(Experiment 2). These results suggest that mere knowledge of
sensory correlations between the body and object movements
can trigger ownership experiences for external objects, possibly
by means of activated action plans (see Kirsch and Kunde, 2019).

Knowledge of tool use can originate from observation (e.g.,
Want and Harris, 2002; Flynn, 2008; Paulus et al., 2011). This is
usually explained by the observer forming associations between
the observed tool changes and the actions of the observed
person triggering these changes (Paulus, 2012, 2014). Thus,
by observing other people’s actions, humans can learn the
correlations between exteroceptive and expected interoceptive
sensory effects of these actions. While we are currently not
aware of any studies investigating whether knowledge about
the controllability of objects gained from such observation can
support the feeling of ownership when later confronted with the
object oneself, this might certainly be an interesting question for
future research.

A further open question regarding the influence of
movements on ownership illusions is whether active control and
agency or a pure match between interoceptive and exteroceptive
signals that come with actively moving is the driving factor
behind the ownership experiences. A way to disentangle these
possible influences might be to investigate the impact of passively
moving a bodily effector which triggers movement effects in

an artificial object. Participants undergoing such an approach
would essentially lack the processes of planning and generating
these movements themselves and presumably also the experience
of agency since they would not actually be ‘‘controlling’’ the
external effector in this situation. In the rubber hand illusion, it
has been demonstrated that active control is necessary for the
sense of agency, but not for the sense of ownership (Kalckert
and Ehrsson, 2012, 2014). Kalckert and Ehrsson (2012, 2014)
compared the effects of actively controlling a rubber hand
and the effects of passive ‘‘control’’ over the rubber hand (the
experimenter moved the participant’s real hand and the rubber
hand). While ownership over the rubber hand was elicited in
both conditions (although smaller in the passive condition),
a sense of agency only resulted in the active condition. It is
not clear, however, how these findings would translate to
non-corporeal objects such as tools and how they would interact
with the other factors we have discussed. Especially the situation
of incompatible interoceptive and exteroceptive perceptions
would be interesting to study in this context since there could be
no interference stemming from movement planning anymore.
Research on sensory attenuation suggests that events are
perceived differently when they are effects of one’s own action
compared to when the same events are presented without such
a previous action (e.g., Voss et al., 2008; Desantis et al., 2012;
Brown et al., 2013; Hughes et al., 2013) which is why it is often
also used as a measure for a sense of agency (e.g., Braun et al.,
2018). However, it is up until now debated whether this effect is
based onmechanisms related to the action itself or rather tomore
general prediction processes (e.g., Kaiser and Schütz-Bosbach,
2018; Klaffehn et al., 2019). Self-induction of interoceptive and
exteroceptive changes might not be necessary for a sense of
ownership, providing that the input is sufficiently predictable.
Interestingly, temporal binding which is often regarded as an
implicit measure for the sense of agency (intentional binding e.g.,
Haggard, 2017), does not differ between active or passive finger
movements if appropriate control conditions are considered
(Kirsch et al., 2019). So measures of the sense of ownership
might produce similar results.

Finally, past control experience may play a role in the
formation and maintenance of a sense of ownership in clinical
cases of paralysis caused by, for example, spinal cord injury. In
these patients, afferent and efferent signals cannot be processed
beyond the location of the injury which almost always leads
to a loss of the ability to generate motor actions and often
also limited processing of sensory input from the affected body
parts (Lenggenhager et al., 2012; Lucci and Pazzaglia, 2015).
However, processing of these signals had been intact in many of
these patients for a long time before the incidence, posing the
question of how these past experiences can still shape the sense
of ownership of the affected limbs. Pozeg et al. (2017) compared
paraplegic patients and healthy controls when applying a passive
full-body illusion and a passive virtual leg illusion. While they
found no group differences in the full-body illusion, experienced
ownership for the virtual leg was significantly lower in patients
than in controls. Moreover, ownership measures in patients
were negatively correlated with the time since the onset of the
condition. Even though the illusion in this study was induced by
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passive stimulation, these results suggest that the ‘‘possibility’’ to
act, and previous sensorimotor experience support the formation
of the sense of ownership, specifically for the affected limb.
Additionally, attempts to re-establish sensorimotor functions
in spinal cord injury patients by physiotherapy or passive
motor stimulation have beneficial effects on other body-related
cognitive processes such as the processing of peripersonal
space or body positions (e.g., Scandola et al., 2019, 2020).
Given the overlap between these processes and the sense of
body ownership, it would be interesting to see whether body
ownership could also be strengthened by applying such external
motor stimulation similar to active control experience. Besides
motor restrictions, spinal cord injuries often come with painful
experiences from the paralyzed body parts (vanGorp et al., 2015).
Interestingly, some of these painful sensations have also been
shown to be reduced by the application of ownership illusion
methods to the affected limbs, possibly because the experience
of ownership over an artificial limb decreases sensory processing
in one’s own limb (Pazzaglia et al., 2016; Pozeg et al., 2017).
Therefore it might be promising to integrate methods to induce
external ownership, possibly by reactivating previous experiences
of control or applying external motor stimulations in therapy and
rehabilitation programs to help restoring normal levels of body
ownership, body-representation, and body-related sensations in
these patients.

Active Ownership and the Sense of Agency
Some studies have shown high correlations in explicit agency and
ownership ratings in active object control which has led some
researchers to equalize these two concepts (e.g., Ma andHommel,
2015a,b). This reasoning is however in contrast with studies
suggesting a differentiation between the sense of agency and
the sense of ownership (e.g., Gallagher, 2000; Jeannerod, 2003;
Tsakiris et al., 2007; Kalckert and Ehrsson, 2012). Moreover,
ownership of a rubber hand can occur regardless of whether
touch is actively generated or passively imposed (Tsakiris et al.,
2006; Riemer et al., 2013) while it might be more expressed
with active generation (Dummer et al., 2009; Kokkinara and
Slater, 2014). These observations with rubber hands are in
stark contrast to the findings reviewed above which suggest
the necessity of active control for the emergence of ownership
experiences with non-corporeal objects (Maravita et al., 2002;
Ma and Hommel, 2015a,b; Kirsch et al., 2016; Weser et al.,
2017; Liesner et al., 2020a,b). Thus, while for objects with visual
similarity to the biological body like rubber hands, active control
over these objects might play a smaller role in constructing
a sense of ownership, for less corporeal objects, actual (or
remembered) control seems key. Conceivably, there is a higher
chance to integrate objects into one’s body which also resemble
the body compared to non-corporeal objects. For non-corporeal
objects like cursors or geometrical objects, however, the initial
likelihood that these are regarded as part of one’s body might
be generally very low so that additional control experience from
visuomotor matching might have a stronger impact on the
sense of ownership for the external object. Similarly, also in the
full-body illusion, it has been shown that the more realistic a
virtual body looks, the less important becomes additional control

over the virtual body for an ownership illusion to emerge (Slater
et al., 2010; Maselli and Slater, 2013). All these observations
neatly fit with the sense of ownership constructed as a Bayesian
information integration approach as suggested by Samad et al.
(2015).

Linking Action Control and Active
Ownership
Action planning essentially depends on previous experience
with the action and the effects which are usually produced
by it. Performing an action creates bidirectional links between
motor codes of this action and its associated typical sensory
effects, both interoceptive and exteroceptive ones (Koch et al.,
2004). As explained above, integration of an actively controlled
body-external object with one’s body is countermanded by
the interference of exteroceptive information (from the object)
and interoceptive information (from the body) that contradicts
the previously learned links between an action and its effects
(Ebert and Wegner, 2010; Liesner et al., 2020a,b). In cases
of such interference, agents tend to downregulate one of
the two components, mostly the interoceptive component,
in a seemingly strategical top-down process (Fourneret and
Jeannerod, 1998; Knoblich and Kircher, 2004; Müsseler and
Sutter, 2009; Sülzenbrück and Heuer, 2009; Heuer and Rapp,
2012; Liesner and Kunde, 2020; Liesner et al., 2020b). This
downregulation probably facilitates the generation of actions
with interfering interoceptive and exteroceptive information but
impairs the integration of actual interoceptive and exteroceptive
signals once they occur during movement execution. In
a nutshell, to initiate an action, agents seek to overcome
the interference of interoceptive and exteroceptive signals.
They do so by downregulating, or ‘‘attending away’’ from,
the interoceptive effect component. This interference-caused
downregulation before action onset subsequently continues
during movement execution and hinders the integration of
actual interoceptive and exteroceptive signals after action onset
because of the low representational strength of the interoceptive
signals (see Figure 1B for an illustration). In the case where
interoceptive and exteroceptive information are compatible and
thus do not interfere during an action, there is no need for
such downregulation since both anticipated interoceptive and
exteroceptive effects can be used for action generation. Without
downregulation, actual interoceptive and exteroceptive effects
can be integrated into these situations easily (Figure 1A). While
this model is mainly designed to explain differences in ownership
experiences with immediate control experiences, it can also
account for the findings discussed previously that past control
experience alone can in some cases elicit ownership experiences
as well (Liepelt et al., 2017; Cardinali et al., 2021; Pfister et al.,
2020). When presenting an object with which a high amount
of control experience has been accumulated in the past, the
interoceptive and exteroceptive effect codes associated with
controlling this object might already be activated to a degree
which leads to their integration without a need to perform
the action.

Furthermore, additional evidence for the high
interrelatedness of action control mechanisms and the
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FIGURE 1 | (A) Controlling an object that produces exteroceptive effects
which are compatible with the accompanying interoceptive effects. Both
effect representations are linked to the same motor patterns and therefore
prime each other when generating the action so that both are highly activated.
When monitoring the effects of the action, both their representations are
highly activated which enables their integration. (B) Controlling an object that
produces exteroceptive effects which are incompatible with the
accompanying interoceptive effects. Both effect representations are linked to
interfering motor patterns so that one of them (mostly interoceptive effects)
needs to be suppressed for action generation. When monitoring the effects of
the action, interoceptive effects are then suppressed to a degree where they
cannot be integrated with exteroceptive effects anymore.

experience of ownership stems from studies investigating
the neural correlates of both these processes. For example, Evans
and Blanke (2013) observed similar mu activity in sensorimotor,
premotor, and posterior parietal cortices when participants
were experiencing a virtual hand illusion and when they were
engaging in a motor imagery task. These results are mirrored
by various studies which have demonstrated neural activity in
these areas both during ownership illusions (e.g., Ehrsson et al.,
2004; Makin et al., 2008) and when engaging in motor planning
or motor execution (e.g., Overney and Blanke, 2009; Ionta et al.,
2010). Interestingly, Perruchoud et al. (2016) demonstrated that
these areas showed specific activation patterns when participants
performed a mental rotation task with pictures of hands, but not
with pictures of full bodies. While the former task might put a
stronger emphasis on sensorimotor simulation the latter might
be more related to mental frame of reference rotations.

That downregulating of interfering interoceptive sensations
can benefit action control is suggested by the performance
of ‘‘deafferented’’ patients, i.e., patients with intact efferent
pathways but a more or less complete loss of interoception (e.g.,
Taub, 1976; Cole and Paillard, 1995). Interestingly, deafferented
patients do not show the performance drop in ‘‘mirror drawing’’,
where one only sees the mirror image of one’s drawing
hand while copying an image, compared to standard drawing
conditions that neurotypical humans normally show (Lajoie
et al., 1992). When neurotypical agents mirror-draw there is a
mismatch between visual and proprioceptive information, which
obviously cannot occur in patients that lack the proprioceptive
component. While such ‘‘forced haptic neglect’’ seemingly helps
to perform goal-directed movements in situations which usually
pose difficulties for action generation, it also has a strong impact
on the way these patients perceive their own body and self (Cole
and Paillard, 1995; Gallagher andCole, 1995; Renault et al., 2018).
For example, Cole and Paillard (1995) report that one of the
‘‘deafferented’’ patients experienced a ‘‘floating’’ feeling without
any sense of body ownership in the first time after the onset of
his condition while another patient often refers to her body as
an external ‘‘tool’’ or ‘‘machine’’ rather than something which is
part of herself. Interestingly, highly similar subjective experiences
of a feeling of ‘‘losing’’ one’s body have been reported by users
of psychedelic drugs which disrupt proprioceptive sensations
(Millière et al., 2018).

The loss of the sense of (body) ownership in cases of
deafferentiation fits well with the observation that neurotypical
agents experience less, or even no, sense of ownership over
controlled objects in situations where agents downregulate
interoception in service of action control. Such downregulation
might in fact be construed a temporary ‘‘deafferentiation’’. The
question however remains on which basis a system ‘‘decides’’
that incoming sensory information from interoception and
exteroception interferes to a degree so that downregulation
becomes necessary, which then limits the potential to
experience ownership.

Development of Active Ownership
Ideomotor theory suggests that agents generate motor activities
by the recollection of the perceptual effects of these motor
activities which then, in turn, activates these motor activities
(e.g., Koch et al., 2004; Shin et al., 2010; Waszak et al., 2012;
Hommel, 2013). This however requires that the agent must
have accumulated a sufficient amount of experience regarding
which motor activities produce which perceptual sensations.
It is assumed that this happens based on ‘‘motor babbling’’
in children, i.e., explorative ‘‘random’’ movements through
which the child builds associations between specific movements
and their sensory effects (e.g., Paulus et al., 2012). Based on
this conjecture, also interference between interoceptive and
exteroceptive sensations is based on the experience of common
action-effect links, or, more specifically, on their violation.
Indeed, what is ‘‘interfering’’ in situations in which we commonly
observe, for example, difficulties in action generation, is the
combination of current and previously learned action-effect
combinations which are in contradiction to each other (Kunde,
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2001; Koch et al., 2004; Kunde et al., 2004). For example,
based on lifelong experience human agents are used to objects
that move in the same direction and to the same extent as
the body effector controlling these objects. If however, they
are confronted with a situation in which these associations
are violated, for example by inverting the movements of the
controlled object, the anticipated visual effects of the object
and proprioceptive effects of the moving body effector are
linked to conflicting motor patterns based on one’s learning
history resulting in inferior performance (Kunde et al., 2007,
2012; Müsseler and Skottke, 2011; Wirth et al., 2015; Liesner
et al., 2020a,b) and downregulation of the proprioceptive effects
(Heuer and Rapp, 2012; Liesner and Kunde, 2020). The notion
that these action-effect relationships are established over time
and through experience suggests that the study of children as still
developing agents provides insights into the interdependencies
of the mechanisms of ideomotor learning, haptic neglect, and
active ownership.

Children have accumulated less experience than adults
about motor actions and their effects. Therefore, also the
‘‘knowledge’’ which interoceptive and exteroceptive sensations
usually coincide when controlling body-external objects might
be developed to a much lesser extent. Consequently, violations
of the ‘‘common mapping’’ in cases of interference might
also be less likely detected by children. At the same time,
children as developing agents should be highly sensitive
to current contingencies between their own actions and
ensuing perceptual events in the environment, given that
they still need to learn these action-effect combinations. In
line with this, neuroimaging studies comparing activations
in sensorimotor regions between children and adults while
performing and observing actions have found lower activation
patterns in children than in adults when performing the same
tasks suggesting that actions might be represented in a less
elaborate way in children than in adults (Mall et al., 2005;
Morales et al., 2019).

Children of 3 months show less distinction in terms of event-
related potentials between self-produced or externally produced
stimuli than is typically observed in adults (Bäß et al., 2008;
Baess et al., 2011; Meyer and Hunnius, 2021). Additionally,
even children between 7 and 12 years have a strong tendency
to report ‘‘illusory agency’’ over events objectively not caused
by their actions, a bias that gradually decreases over childhood
(e.g., Metcalfe et al., 2010; van Elk et al., 2015). Furthermore,
children up to 10 years are unable to integrate multisensory
information in an optimal fashion (Ernst and Banks, 2002).
Instead, children below this age often display ‘‘overintegration’’
or ‘‘overbinding’’ in which one sensory modality is highly
attended and the estimation of the other modality is (almost)
completely shifted towards the former one (Gori et al., 2008;
Cowie et al., 2016; Nava et al., 2020). All these findings
suggest that infants and children up to the age of 10 years
do not make the clear distinction between action-contingent
and action non-contingent perceptual changes that adults
make. Instead, they seem to be biased to ascribe perceptual
events to their own actions in a less constrained way than
adults. Interestingly, while the active rubber hand illusion

occurs in children from 4 years on (Nava et al., 2018),
it also seems to be less vulnerable to asynchronous visual
and tactile stimulation (Cowie et al., 2013) and sometimes
already emerges before stimulation (Nava et al., 2017).
These findings fit well with the observed ‘‘overintegration’’
of multisensory information in children of this age and
extend these findings to the phenomenon of active ownership.
This suggests that the previously discussed limitations for
active ownership in adults, especially the one of conflicting
interoceptive and exteroceptive information, might be less
pronounced in children who still develop a model of typical
sensorimotor contingencies. Therefore, children, unlike (young)
adults, might integrate interoceptive and exteroceptive signals
‘‘unselectively’’ (i.e., independently of their spatiotemporal
matching) and this effect might only gradually become more
selective throughout childhood.

Moreover, children between 2.5 and 8 years have considerable
problems using tools that move incompatibly to their hands
(Contreras-Vidal et al., 2005; Beisert andDaum, 2021), i.e., which
create situations with interfering interoceptive sensations from
the body effector and exteroceptive (visual) sensations from
the tool, which exceed the problems that young adults
have. At first glance, this might seem contradictory to the
previously discussed findings and the claim that children of
this age integrate multisensory information regardless of their
(mis)match. However, the claim that interfering sensations are
integrated in children and that this interference is seemingly
not detected as such does not mean that there would be
no interference produced by these sensory inputs at all
in children. On the contrary, children might simply not
have developed the means to overcome such multisensory
conflict. Linking observations of ‘‘overintegration’’ of conflicting
external events and performance costs in controlling such
events would be a valuable contribution of future research.
Additionally, the subject of ‘‘haptic neglect’’ has, to our
knowledge, not yet been investigated in children and infants at
all which would provide a further interesting testbed for the
proposed mechanisms.

CONCLUSIONS AND OUTLOOK

In this article, we have reviewed and tried to integrate literature
from the fields of the sense of (body) ownership, ideomotor
action control, perception and action, and developmental
psychology with the aim to provide a description andmechanistic
explanations of ‘‘active ownership’’, i.e., how humans construct
a sense of ownership over the effects of their actions. While we
reviewed the factors supporting and limiting the feeling of active
ownership and possible differences to the factors underlying
passive ownership, we suggest that the overlap of interoceptive
and exteroceptive sensations is the joint factor shaping the sense
of ownership in both cases. Specifically, we argue that conflicting
interoceptive and exteroceptive sensations stemming from the
same action prevent the experience of active ownership due
to compensatory downregulation mechanisms of the system
to maintain sufficient motor control. This downregulation is
probably less developed in children than in adults. Based on
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the available developmental studies on the reviewed topics, we
suggest that this leads to a relatively unselective integration
of interoceptive and exteroceptive sensations in children
which are less constrained by the factors we have identified
for adults.

While there are various studies providing empirical evidence
for the phenomena we have reviewed in isolation, we want
to stimulate more integrative research in the fields reviewed
in this article to test relationships and commonalities of these
phenomena. Specifically, the study of these phenomena in
developing agents like children allows us to critically test the
predictions made by our approach on how active ownership
emerges. While we have so far only looked at children as
developing agents more generally, it might be very interesting to
compare children of different age groups which should obviously
differ in brain maturation (Paus et al., 1999; Gogtay et al., 2004),
regarding their experience with sensorimotor contingencies and
thus also regarding the effects of interest, as has already been
shown in various cross-sectional studies (e.g., Contreras-Vidal
et al., 2005; Metcalfe et al., 2010; van Elk et al., 2015). Testing our
proposed mechanisms and predictions in different age groups
could thus provide the most direct evidence for the relationship
between the processes underlying active ownership which we
have suggested here.
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