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Self-perception depends on the brain’s abilities to differentiate
our body from the environment and to distinguish between the
sensations generated as a consequence of voluntary movement
and those arising from events in the external world. The first pro-
cess refers to the sense of ownership of our body and relies on the
dynamic integration of multisensory (afferent) signals. The second
process depends on internal forward models that use (efferent)
information from our motor commands to predict and attenuate
the sensory consequences of our movements. However, the rela-
tionship between body ownership and sensory attenuation driven
by the forward models remains unknown. To address this issue,
we combined the rubber hand illusion, which allows experimental
manipulation of body ownership, and the force-matching para-
digm, which allows psychophysical quantification of somatosen-
sory attenuation. We found that a rubber right hand pressing on
the left index finger produced somatosensory attenuation but
only when the model hand felt like one’s own (illusory self-
touch); reversely, the attenuation that was expected to occur dur-
ing actual self-touch with the real hands was reduced when the
participants simultaneously experienced ownership of a rubber
right hand that was placed at a distance from their left hand.
These results demonstrate that the sense of body ownership de-
termines somatosensory attenuation. From a theoretical perspec-
tive, our results are important because they suggest that body
ownership updates the internal representation of body state that
provides the input to the forward model generating sensory pre-
dictions during voluntary action.
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The distinction between self and nonself is fundamental for all
biological organisms. External signals constitute potential

threats and must be clearly distinguished from self-related sig-
nals. Imagine, for example, how dangerous it would be if you
could not distinguish between a spider crawling up your neck and
your own fingers scratching the same part of the skin. The central
nervous system has therefore developed mechanisms to distin-
guish between self-related signals and non–self-related signals.
Two neural mechanisms are considered particularly important
for this differentiation. First, the integration of signals from
different sensory modalities (e.g., vision, touch, proprioception;
multisensory integration) leads to the formation of a central
representation of one’s own body in space (1, 2). Sensory in-
formation attributed to this representation is experienced as
originating from one’s own body (sense of body ownership).
Second, when we actively move our body, the brain predicts the
sensory consequences of the movements by using internal copies
of the voluntary motor commands (efference copy) (3–5). This
allows the central nervous system to disambiguate self-produced
sensations from sensations arising from external causes. How-
ever, the relationship between these two basic self-mechanisms
is unclear.
The importance of multisensory integration for the sense of

body ownership is illustrated in the classical rubber hand illusion
(RHI) (6). In this illusion, healthy participants experience a
rubber hand as part of their own body when it is stroked

synchronously with strokes administered to their real hand,
which is hidden from view. The illusion obeys specific temporal
and spatial rules that are reminiscent of the temporal and spatial
principles of multisensory integration; the seen and felt brush-
strokes must be synchronous and administered to homologous
locations in the hands, and the rubber hand must be placed in a
similar orientation to the hidden real hand for the illusion to be
elicited. The illusion does not depend on specific sensory mo-
dalities; it is the spatial and temporal correlation between the
signals from the different senses that matters. For example, the
illusion is induced when the rubber hand moves synchronously
with the real hidden hand, in the absence of touch (7, 8).
Moreover, the strength of the illusion correlates with the activity
in multisensory frontoparietal areas (9–12). Thus, the feeling of
ownership of a limb is associated with the dynamic formation of
a coherent representation of one’s own limb in space based on
multisensory integration mechanisms (2, 13–15).
The importance of sensory predictions based on the efference

copy is illustrated in the well-known phenomenon of “sensory
attenuation.” Sensory attenuation refers to the decreased sa-
lience of self-generated sensations with respect to that of exter-
nally generated sensations. In the somatosensory domain, this is
reflected in the fact that when one actively touches his/her own
body (self-touch), the touch feels less intense (and less ticklish)
compared with an identical touch applied by another person or a
machine (16–19). Somatosensory attenuation can be effectively
studied using the classical force-matching paradigm, which al-
lows a psychophysical quantification of the degree of attenuation
introduced by a simulated self-touch between the index fingers
by means of a motor (20–23). The mechanism of sensory at-
tenuation has been theorized to arise as a consequence of basic
mechanisms of motor control. To accurately and speedily control
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our movements, the brain needs to have a central estimate of the
spatial configuration of the body at any given point in time.
Afferent sensory information alone is not sufficient to reliably
compute this estimate because afferent signals are noisy and
suffer from long delays due to axon conduction. To compensate
for this, the brain uses computational units—called internal
forward models—to predict the sensory consequences of our
movements based on the efference copy (4, 24, 25). These sen-
sory predictions are used both to attenuate self-produced sen-
sations and to obtain a more accurate estimate of the state of the
body (26–29). However, it is unknown whether body ownership
plays a role in the sensory predictions of forward models and,
thus, in somatosensory attenuation.
Here, we investigated the relationship between the sense of

body ownership and somatosensory attenuation. We tested the
hypothesis that the attenuation of somatosensation is deter-
mined by the ownership of the hand that is perceived to gen-
erate the touch on the body. To this end, we combined the
RHI, which allows the experimental manipulation of owner-
ship, and the force-matching paradigm, which allows the sen-
sitive quantification of attenuation during simulated self-touch,
in a single experimental paradigm. Our results demonstrate that
somatosensory attenuation depends on the subjective feeling of
body ownership.

Results
Experiment 1—Somatosensory Attenuation During Illusory Self-Touch
with a Rubber Hand That Feels Like One’s Own. In the first experi-
ment, we tested the hypothesis that illusory ownership of a
rubber hand leads to somatosensory attenuation when the arti-
ficial right hand touches the real left hand (illusory self-touch).
By using the force-matching task, we could quantify the per-
ceived intensity of forces applied to the left index finger and
study how this changes as a function of whether the forces are
experienced as occurring from a perceived self-touch or not by
means of the RHI.
Experiment 1 had four conditions (Fig. 1). In all conditions,

the participants rested their left hand palm up, with the index
finger placed on a molded support. In each trial, they received a
constant force (1 N, 1.5 N, 2 N, 2.5 N, 3 N, or 3.5 N) on the pulp
of their relaxed left index finger that was generated by a motor
(presented force). Immediately afterward, they were asked to
generate a force that matched the intensity of the presented
force (matched force) by pressing their right index finger against
a force sensor that controlled the force output on their left index
finger. In the two conditions without rubber hands, participants
pressed their right index finger against a force sensor placed
either directly above (but not in contact with) the left index
finger (real0cm; Fig. 1A), thereby producing somatosensory at-
tenuation by simulating real self-touch (20), or 25 cm to the right
of the left index finger (real25cm; Fig. 1B)—a large distance that
eliminates attenuation (30) because physical contact of the fin-
gers is very unlikely. In the two rubber hand conditions, the force
sensor and the participants’ real right hand were placed 25 cm to
the right of their left index finger and were occluded from view.
A rubber right hand holding its index finger on top of a fake
force sensor was placed directly above (but not in contact with)
the real left index finger (Fig. 1 C and D). To induce the RHI
before the force-matching task, participants first repeatedly
tapped their right index finger against the force sensor for 1 min
while they observed the rubber hand making the corresponding
finger movements on the fake force sensor synchronously. This is
the RHI elicited by finger movements (7, 8). The critical ex-
perimental manipulation was presenting the rubber hand either
in the same (anatomically congruent) orientation as the real
right hand (rubber0°; Fig. 1C), which is a condition that elicits
the illusion, or rotating the rubber hand by 180 degrees
(rubber180°; Fig. 1D), which is a condition that prevents the

induction of the illusion (7, 9). During the force trials of the two
rubber hand conditions, every time participants pressed their
right index finger on the force sensor to reproduce the presented
force, the rubber index finger moved down to press the fake
sensor synchronously. These very small but synchronous seen
and felt movements provided additional multisensory cues that
maintained the ownership illusion in the anatomically congruent
condition.
Upon completion of the force-matching task for all four

conditions, we tested the RHI in a separate session: The par-
ticipants performed the 1-min tapping task again for each of the
two rubber hand conditions, and afterward, they completed a
questionnaire to assess the strength of the illusion (adapted from
refs. 6, 7) (Table S1).
When we analyzed the force data (Fig. 2A), a main effect of

condition was detected, F(3, 66) = 6.52, P < 0.001. Fig. 2B shows
this main effect expressed as the difference between the mean
forces participants applied in each condition and the presented
forces. Unsurprisingly, in the conditions without the rubber
hands, the forces the participants applied when their hands were
spatially aligned (real self-touch; real0cm) were significantly
stronger compared with those applied with their hands being
separated (real25cm): P = 0.001 (Table S2). This result confirms
previous findings showing that introducing a distance between
the real hands greatly reduces the tactile attenuation (22, 30).
Critically, we observed significantly greater forces in the congruent
rubber hand condition (rubber0°) compared with the incongruent
rubber hand condition (rubber180°), P = 0.039, and in the con-
gruent rubber hand condition compared with the real25cm con-
dition, P = 0.008. That is, despite the real hands being placed at
the same large distance that would typically abolish somatosensory
attenuation, the rubber hand placed in the congruent orientation
eliciting the illusion produced somatosensory attenuation.
Moreover, the congruent rubber hand condition (rubber0°) did
not significantly differ from the condition of real self-touch
(real0cm), P = 0.092, although there was a statistical trend for
a difference. In contrast, forces in the incongruent rubber hand
condition (rubber180°) were significantly weaker compared with

Fig. 1. The conditions of experiment 1. In each trial, a brief constant force
was applied on the participants’ left index finger by a probe attached to a
lever and measured by the sensor inside the probe p. Participants then
pressed their right index finger on a mobile sensor m that controlled the
force output of the probe on their left index finger. This sensor (m) was
placed either on top of their left index finger (A) or 25 cm to the right of
their left index finger (B–D). In two conditions, the sensor and the partici-
pants’ right arm were placed behind an occluder, and a rubber hand holding
its index finger against a fake sensor f was placed just above their left index
finger. The rubber hand was either oriented congruently with respect to the
participants’ hand (C) or rotated by 180° (D). The rubber index finger pressed
the sensor f at the same time the participants’ index finger pressed the
sensor m. Red crosses denote the fixation point of participants. The arms
with the red sleeves represent the participants’ arms, whereas the arm with
the blue sleeve refers to the rubber arm. Both the participants’ right hand
and the rubber hand wore identical plastic surgical gloves (light gray).
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the real self-touch condition (real0cm) (P = 0.004), but they were
not significantly different from the real25cm condition (P = 0.505).
As expected from earlier RHI studies, the participants re-

ported experiencing a significantly stronger illusion in the con-
dition wherein the rubber hand was placed in the anatomically
congruent orientation compared with the incongruent orienta-
tion (7, 9) (Figs. S1 and S2). Specifically, the participants’
“ownership index” (Fig. 2C) was significantly stronger in the
rubber0° than in the rubber180° condition (P = 0.027). The most
interesting finding, however, was that the strength of the RHI
was a significant positive predictor of the “attenuation index” in
the rubber0° condition (b = 0.163, P = 0.039, R2 = 0.15) (Fig.
2D). That is, the more strongly the participants experienced the
rubber hand as being their own, the stronger the attenuation of

the touches produced by this model hand. In contrast, no re-
lationship was found between the ownership and attenuation
indices in the rubber180° condition (P = 0.693) (see SI Mate-
rials and Methods and SI Results for further details). Collec-
tively, the results of experiment 1 indicate that illusory self-
touch with a rubber hand that feels like one’s own leads to
significant somatosensory attenuation.

Experiment 2—The RHI Can Reduce Somatosensory Attenuation
During Real Self-Touch. We reasoned that if body ownership
truly determines somatosensory attenuation, then not only
should illusory ownership produce attenuation during illusory
self-touch with a rubber hand as demonstrated in experiment 1,
but the opposite should also hold true: The classic somatosen-
sory attenuation effect seen when the real right hand is touching
the left one (real self-touch) should be reduced when the par-
ticipants experience ownership of a rubber right hand placed at a
distance from the left hand. Experiment 2 was designed to test
this prediction using the same force-matching task as described
above. There were four conditions, three of which were the same
as in experiment 1 (Fig. 3 A–C). In the fourth condition, the
participants’ real hands were spatially aligned (0 cm—real self-
touch) and occluded by a screen placed above the hands,
whereas the rubber hand and the fake sensor were placed 25 cm
to the right of their left index finger (rubber25cm; Fig. 3D). The
RHI was expected in both rubber hand conditions, as the rubber
hand was always congruently oriented and moved in synchrony
with the participants’ right hand in both conditions. The 1-min
tapping task was performed to elicit the illusion before the force-
matching task as in experiment 1.
Analysis of the force data revealed a significant main effect of

condition, F(3, 57) = 5.62, P = 0.002 (Fig. 4 A and B and Table S3).
In accordance with experiment 1, we observed a trend for greater
forces in the illusory self-touch condition (rubber0cm) compared
with the condition without the rubber hand but with the same far
distance between the real hands (real25cm), P = 0.065 (Fig. 3 B and
C). The important comparison, however, was between the two
conditions in which the real hands were simulating self-touch (0 cm)
but either presented in full view without a rubber hand (real0cm) or
occluded from view while a rubber hand was presented at 25 cm
from the left hand (rubber25cm; Fig. 3 A andD). We found that the
participants applied significantly weaker forces in the rubber25cm
condition compared with the real0cm condition (P = 0.038), indi-
cating significantly less somatosensory attenuation.
As expected, both rubber hand conditions elicited reliable il-

lusions (Fig. S3), and there were no significant differences in the

Fig. 2. Results of experiment 1. (A) Forces generated by participants
(matched forces) as a function of the forces generated externally by the
motor (presented forces) (mean ± SE across participants). The dotted line
indicates the theoretically perfect performance. The colored lines represent
the fitted regression lines per condition. For illustration purposes, the posi-
tion of the markers has been adjusted to the right to avoid overlapping
points. (B) Mean force attenuation (matched forces – presented forces)
across participants per condition. The forces participants applied in the
rubber0° (purple) condition were significantly stronger than those in the
rubber180° (yellow) or real25cm (cyan) condition, even though the distance
between the participants’ hands was identical in all three conditions. In
contrast, the forces applied in the rubber180° (yellow) condition did not
significantly differ from those in the real25cm (cyan) condition. (C) The
strength of the rated ownership of the rubber hand shown as boxplots for
the two conditions. As can be seen, the illusion was significantly stronger
when the rubber hand was congruently oriented. The horizontal black bars
represent the medians, and the boxes denote the interquartile ranges and
extend from the first (Q1) to the third (Q3) quartile. Whiskers represent Q1 –

1.5 × IQR and Q3 + 1.5 IQR, respectively. Data beyond the end of the
whiskers are plotted as individual data points. (D) Regression plot (and 95%
confidence bands) showing that the stronger the ownership participants
experienced toward the congruent rubber hand (ownership index), the
stronger the attenuation of the self-generated forces (attenuation index).
An attenuation index of zero indicates that the attenuation in the rubber0°
condition is of the same magnitude as the attenuation during the real0cm
condition.

Fig. 3. The conditions of experiment 2. Three of the conditions in experi-
ment 2 (A–C) were identical to conditions used in experiment 1 (rubber0cm
is identical to rubber0°). In the fourth condition (rubber25cm), the rubber
hand and the fake sensor f were placed 25 cm to the right of the partici-
pants’ left index finger (D). For illustration purposes, the occluder in D ap-
pears semitransparent, but it was actually fully opaque.
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strength of ownership between them (Fig. 4C; P = 0.727). As in
experiment 1, the strength of the ownership illusion significantly
and positively predicted the strength of attenuation in the rub-
ber0cm condition (b = 0.097, P = 0.024, R2 = 0.16; Fig. S4).
Critically, we found the opposite relationship for the rubber25cm
condition: The strength of the ownership illusion significantly but
negatively predicted the strength of somatosensory attenuation
(b = –0.099, P = 0.037, R2 = 0.12; Fig. 4D). That is, the more the
participants experienced the rubber hand placed at a distance
from their real left hand as their own, the less they attenuated
the self-generated forces (see SI Results for further details).
Collectively, the results of experiment 2 indicate that illusory
ownership of the rubber hand placed at a distance significantly
reduces somatosensory attenuation, despite the two real hands
being aligned simulating self-touch.

Discussion
The present study investigated the relationship between two
fundamental mechanisms of self-perception: the multisensory
sense of body ownership and the sensory attenuation arising
from efference-based sensory predictions by the forward models.
Our results show that the sense of ownership can facilitate or
impede somatosensory attenuation depending on the perceived
contact or separation between one’s own hands, over and above
any effects related to the actual positions of the real upper limbs.

The first experiment demonstrated that when the participants
experienced the RHI for a rubber right hand that touched the
real left index finger (illusory self-touch), the perceived forces
were attenuated, even when the real right hand was placed at a
far distance that made physical contact impossible (25 cm). Thus,
during the illusion, the forward models generated somatosensory
predictions for contact between the subjects’ own hands based on
the rubber hand rather than the real right hand. The second
experiment demonstrated that when the participants touched
their left index finger with the real right one (real self-touch), the
attenuation was reduced when they simultaneously experienced
ownership of a rubber right hand placed at a far distance from
the left hand (25 cm). Thus, here the forward models used the
sensory information about the rubber hand that was felt as the
subject’s own hand rather than the real right hand and conse-
quently did not reliably predict self-touch. Taken together, these
results provide compelling evidence for a basic link between
body ownership and somatosensory attenuation. From a theo-
retical perspective, these findings are important because they
suggest that the dynamic multisensory representation of one’s own
body that is associated with a subjective feeling of ownership also
acts as a source of central state information for the forward
models that generate sensory predictions during voluntary action.
How do the present results advance our understanding about

body ownership? We can identify three important advances.
First, our results suggest that the RHI affects the motor system.
Previous research on body ownership has not reached a con-
sensus on whether the subjective illusion “deceives” the motor
system. For example, some studies did not find effects of the
RHI on reaching (31) or pointing (32) behavior, whereas others
found such influence (33, 34). Interestingly, two recent studies
found that ownership of an artificial hand influences the end-
point errors (35) and the initial direction (36) of reaching
movements in such a way as if the movement were planned from
a starting position that had been shifted toward the seen fake
hand. Our study not only confirms the idea that body ownership
affects the motor system but also explains how it does so from a
computational perspective: The central multisensory represen-
tation of the owned limb in space provides critical input in-
formation about the body state to the forward model that
generates the predictions about the sensory consequences of the
limb’s voluntary action.
Second, our results showed that somatosensory attenuation is

a marker of body ownership, at least when it is combined with
active movements and the sense of “agency”—that is, the sense
of being the author of voluntary action (37, 38). Common wis-
dom in the field assumes an intimate relationship between
agency and sensory attenuation, because the former is believed
to depend (at least in part) on comparisons between the pre-
dicted sensory consequences of action and actual sensory feed-
back (“comparator mechanisms”) (39). In the present experiments,
there was a significant correlation between the strength of ownership
and the degree of somatosensory attenuation, but agency was
experienced in all conditions, because the matched forces were
always instantaneously controlled by the action of the right index
finger. Thus, at least in the somatosensory domain, attenuation
seems to occur for only sensory predictions that are related to
one’s own body and not to sensory events that are caused by
movements through remote and arbitrary mechanisms such as
pressing a button to produce touch over a distance with a motor.
This is not to say that agency could not be a necessary factor for
somatosensory attenuation, but when agency is present, body
ownership determines whether touch will be attenuated. These
findings suggest that the forward models [in the cerebellum (26,
40, 41)] responsible for somatosensory predictions during active
self-touch have been developed and finessed to operate for the
human body rather than to learn arbitrary mappings between
motor commands and sensory feedback.

Fig. 4. Results of experiment 2. (A) Forces generated by participants
(matched forces) as a function of the forces generated externally by the
motor (presented forces) (mean ± SE across participants). (B) Mean force
attenuation (matched forces – presented forces) across participants per
condition. Participants pressed significantly weaker forces in the rubber25cm
(yellow) condition compared with the real0cm (red) condition, even though
the distance between the participants’ hands was identical (0 cm) in both
conditions. (C) There were no significant differences in the experienced
ownership between the two conditions. (D) Regression plot (and 95% con-
fidence bands) showing that the stronger the ownership participants expe-
rienced toward the rubber hand in the rubber25cm condition, the less they
attenuated their self-generated forces. An attenuation index of zero indi-
cates that the attenuation in the rubber25cm condition is of the same
magnitude as the attenuation during the real25cm condition.

Kilteni and Ehrsson PNAS | August 1, 2017 | vol. 114 | no. 31 | 8429

PS
YC

H
O
LO

G
IC
A
L
A
N
D

CO
G
N
IT
IV
E
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703347114/-/DCSupplemental/pnas.201703347SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703347114/-/DCSupplemental/pnas.201703347SI.pdf?targetid=nameddest=STXT


Third and not least, the results from our second experiment
provide a rare demonstration of “disownership” of the real hand
during the RHI. Earlier studies suggest that the skin temperature
of the stimulated hand drops during the RHI (42) (but see ref. 43
for a critical analysis) and that physical threats applied to the real
hand elicit weaker emotional responses during subjective dis-
ownership (11). Our observation that somatosensory attenuation
during actual self-touch is reduced when participants simulta-
neously experience ownership of the rubber hand that is placed
at a distance from their left hand supports the hypothesis that the
real hand is “disowned” and the rubber hand replaces it in the
central body representation. From this, it also follows the in-
teresting prediction that one should be able to tickle oneself with
the disowned real hand—a hypothesis that we aim to examine in
future studies.
How can the interplay between body ownership and sensory

predictions be implemented from a computational perspective?
When the participant moves his or her right index finger to
match the presented force, a forward dynamic model predicts the
future position of the right index finger based on its currently
estimated state (e.g., where it is now) and the efference copy
specifying the movement. A forward sensory model then predicts
the sensory consequences associated with this predicted state (5).
For instance, if the right index finger is predicted to be suffi-
ciently close to the left index after the movement as to (likely)
touch it, then the forward sensory model predicts tactile feed-
back from the contact between the fingers (22, 30). However, the
present study showed that the forward sensory model predicted
touch under illusory self-touch with the rubber hand, whereas in
fact the real right hand was placed at such a far distance (25 cm)
that touch would not have been predicted in the absence of a
rubber hand. Moreover, we found that the forward sensory
model did not reliably predict touch when the rubber hand was
placed far from the left index finger during the illusion (25 cm),
even when in fact the two real hands simulated self-touch (0 cm).
Because the prediction of the forward sensory model depends
on the future position of the right index finger that is predicted
by the forward dynamic model, which in turn depends on the

currently estimated state of the right hand and index finger, it
follows that body ownership exerts its influence on the forward
models by affecting their input—that is, the currently estimated
state of the upper limb and its digits (Fig. 5).
To optimally estimate the position of the limb, the brain com-

bines sensory information—that is, visual and proprioceptive sig-
nals—with central information about the expected position of the
hand (5, 28, 44). Thus, the most likely explanation is that the RHI
heavily weights the contribution of visual signals to the update of
the central estimate of the hand position, favoring a position that
is displaced toward the artificial hand. Forward models use this
estimate to generate sensory predictions when new motor com-
mands are generated (Fig. 5). This proposal is strongly consistent
with earlier observations that the RHI causes a shift in the per-
ceived hand position toward the model hand (6, 45, 46) and that
the stronger the subjective illusion of ownership, the stronger this
“proprioceptive recalibration” toward the model hand (7, 47).
Based on theoretical considerations and behavioral observa-

tions in a patient with lesions in the posterior parietal cortex (48,
49), it has been argued that the internal state of the body in
terms of spatial configuration is maintained in the posterior
parietal cortex. This is consistent with earlier electrophysiologi-
cal evidence from monkeys and neuroimaging evidence from
humans that have implicated active neuronal populations in the
posterior parietal cortex as well as the ventral premotor cortex,
which is anatomically connected to this parietal region, in the
formation of a central multisensory representation of the limb in
space (9–12, 50, 51). Interestingly, these areas are active during
the RHI (9, 10, 52), and there is a correlation between the shift
in perceived hand position toward the rubber hand and neural
responses in the posterior parietal cortex indexing a shift in
(peri-)hand space toward the rubber hand (52). Information
from the posterior parietal representation of one’s own hand in
space could reach the cerebellum—where forward models are
likely situated (26, 40, 41)—through the anatomical connections
between these structures (53, 54). Thus, the multisensory rep-
resentation of the body in space maintained by active areas in the
premotor and posterior parietal cortices could both be associated

Fig. 5. A model for predicting the tactile consequences of movement during illusory self-touch with the rubber hand. The active (right) hand is hidden from
view and actively causes the touch on the passive (left) hand through the sensor connected to the motor. The rubber hand placed in full view just above the
left hand is perceived as the subject’s own during the illusion. The forward dynamic model predicts the future position of the active hand (dotted gray arrow)
on the basis of the efference copy (solid brown arrow) and the currently estimated position (solid pink arrow). The future state of the passive left hand is
similarly predicted, although this state should remain the same, because that hand does not move. If these two predicted positions are close, as is the case
during the illusion, the forward sensory model predicts tactile feedback (left comparator). The motor command makes the body move, which in turn gen-
erates new sensory feedback (solid gray arrows) including tactile signals. After the actual touch is received, it is attenuated because it was predicted (right
comparator). The resulting afferent visual and proprioceptive information is used to estimate the new state of the right hand. Body ownership influences the
degree to which visual and proprioceptive cues are relevant for the state estimation by modifying the relative weights so that the stronger the illusion, the
more relevant the visual information from the model hand. The estimated state is then fed back to the forward model (solid pink arrow), and new states are
predicted after new motor commands are generated.
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with the subjective experience of ownership and act as a source of
input data to the forward models that generate self-specific sen-
sory predictions during voluntary movement.

Materials and Methods
Participants. After providing written informed consent, 24 naïve participants
(15 women and 9 men, 22 right-handed and 2 ambidextrous) aged 22–37 y
participated in experiment 1, and 24 naïve participants (13 women and 11men,
22 right-handed and 2 ambidextrous) aged 20–36 y participated in experiment
2. Handedness was assessed using the Edinburgh Handedness Inventory (55).
The Regional Ethical Review Board of Stockholm approved both experiments.
One participant was excluded from experiment 1 and four participants from
experiment 2 as indicated by the nonnormality of the residual errors from the
two ANOVAs. It should be noted, however, that we obtained the same ANOVA
effects with and without the inclusion of the outliers (SI Results).

Procedures in the Rubber Hand Conditions. The artificial hand used in both
experiments was a 3D-printed right hand. The model hand could move in

synchrony with the participants’ unseen right index finger movements by
means of a servomotor: When the participants’ index finger pressed the
sensor m, the plastic index finger moved down to press the fake sensor f,
which was visually identical to the sensor m (Figs. 1 and 3). The movement of
the plastic index finger was always the same regardless of the force the
participants were applying. Analogously, when the participants stopped
pressing the sensor, the fake index finger also stopped pressing the fake
sensor. Before each experiment, the participants were explicitly told that
their task would be the same for all four conditions and that the only dif-
ference in the rubber hand conditions was that they were to look at the
rubber index finger. The order of conditions was counterbalanced in each
experiment. Further information is provided in SI Materials and Methods.
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