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Research has found that body illusions may be accompanied by consequences for the real body whereby various
somatosensory and homeostatic bodily functions may be impaired. These findings stem from research where an
experimenter induced the body illusions. In line with advances in the domains of videogames and virtual reality
where the real body is used as a controller we investigate if these consequences also accompany self-generated
body illusions. In two preregistered experiments we made use of a head-mounted display set-up to induce the full
body illusion (FBI) whereby touch is felt to originate from a 3PP body, and examined effects in the simple
detection of supra-threshold vibrotactile stimuli presented to the participants' back and head. Results of both
experiments indicate that it is possible to induce a FBI through self-stroking of the neck and that the FBI is
accompanied by reduced accuracy and delayed reaction times in detection of somatosensory stimuli. In an
additional preregistered control experiment the alternative explanation that a difference in motion presented in
the conditions was responsible for these findings was ruled out. Our findings corroborate previous studies that
have found body illusions to be accompanied by bodily consequences and further extend these findings to the
domain of self-induced body illusions. These results are relevant for video games and VR setups that are geared
towards virtual embodiment as they advance our understanding of the conditions and mechanisms in which
bodily consequences may express themselves.

1. Introduction
The use of virtual environments for entertainment purposes has
developed strongly over the past decade. Whereas avatars are traditionally operated via button controls, recent technological advances
allow players to use their real body to control the movements of the
avatar body. Nintendo Switch and Microsoft Kinect, for instance, offer a
motion-sensing device (Switch) and movement capture by an infrared
camera (Kinect) to animate avatars on an external screen. Although
many avatar features (e.g. visual appearance) may stimulate appropriation of a virtual body, the coupling between movements of the real
body and the virtual body is believed to play an important role in enabling the embodiment of the avatar. In support of this idea, studies in
cognitive neuroscience that investigate the functional mechanisms underlying bodily self-consciousness1 have established that synchronous
activation of bodily information in multiple senses (e.g. seeing and

feeling a body part being touched or moved) will automatically induce
a sense of embodiment (for a review, see: Blanke et al., 2015). More
specifically, synchronous activation in multiple sensory modalities is
found to result in multisensory integration: the combination of synchronous sensory information into a unified perceptual event (Ehrsson,
2012; Graziano & Botvinick, 2002).
In the present paper we define embodiment as the construction of a
bodily self, including the location, posture, size, shape, feelings and
sensations associated with one's body. Embodiment can become virtual
when body representations become associated with a virtual body that
feels, looks and moves just like one's real body. Using the body as a
controller to animate movements of a virtual avatar can be a powerful
method to induce virtual embodiment as action is typically accompanied by synchronous activation in multiple senses. Indeed, in VR
experiments that allow users to control the movements of an avatar
with their real body, illusory embodiment is established; players report
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Bodily self-consciousness is defined as the implicit and pre-reflexive experience of being the subject of a given experience and is based on the integration of bodily
signals by multisensory brain areas (Blanke, Slater, & Serino, 2015).
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ownership and agency over the virtual body and experience bodily
sensations to come from the virtual body (Debarba, Molla, Herbelin, &
Boulic, 2015; Galvan Debarba et al., 2017; Gorisse, Christmann, Amato,
& Richir, 2017).
Traditionally, studies that investigated body illusions did not allow
participants to self-induce body illusions through movement, but used
an experimenter to synchronously stimulate multiple senses. One classical example is the rubber hand illusion (RHI; Botvinick & Cohen,
1998). In this illusion, an experimenter synchronously strokes a rubber
hand (visible) and the real hand of the participant (hidden from view).
As a consequence of multisensory integration, synchronous perception
of visual and tactile stimulation induces an illusion of ownership and
the illusion that touch is originating at the location of the rubber hand
in the majority of participants. The illusion does not set in when simulation of the rubber hand and the participant's real hand is asynchronous. In a similar manner, a full body illusion (FBI)2 may be induced wherein participants feel touch to originate from a body that is
located in front of them (Lenggenhager, Tadi, Metzinger, & Blanke,
2007). In this paradigm, the participant is wearing a head-mounted
display and is being presented with the real time video feed of a camera
that is placed two meters behind their backs on a tripod. Participants
are stroked on their backs by an experimenter and as a result feel the
touch in synchrony with the stroking movement that they perceive on
the back of the virtual body in front of them. Again, as with the RHI,
multisensory integration between synchronous visual and tactile sensations causes touch to be experienced at the location of the virtual
body where the stroking is seen. This induces the impression in participants that they are situated at the location of the virtual body.
Importantly, whereas multisensory integration plays a crucial and
positive role in the continuous construction of body representations and
our capacity for action (Ehrsson, Kito, Sadato, Passingham, & Naito,
2005; Kammers, de Vignemont, Verhagen, & Dijkerman, 2009;
Maravita & Iriki, 2004), illusory embodiment of a virtual or fake body
(part) that replaces the real body (part) may be accompanied negative
consequences, that is costs for the real body (cf. Blanke, 2012). Both the
RHI and the FBI have been found to be accompanied by reductions in
skin temperature (Hohwy & Paton, 2010; Kammers, Rose, & Haggard,
2011; Moseley et al., 2008; Salomon, Lim, Pfeiffer, Gassert, & Blanke,
2013; but see; de Haan et al., 2017; Rohde, Wold, Karnath, & Ernst,
2013). In addition, reductions in pain sensitivity (Hänsel,
Lenggenhager, von Känel, Curatolo, & Blanke, 2011; Hegedüs et al.,
2014; Martini, Perez-Marcos, & Sanchez-Vives, 2014; Pamment &
Aspell, 2017; Romano, Pfeiffer, Maravita, & Blanke, 2014; Siedlecka,
Klimza, Łukowska, & Wierzchoń, 2014; Solcà et al., 2018; but see
Mohan et al., 2012) and attenuations in the processing of somatosensory stimuli have been demonstrated.
For instance, after the RHI was induced, Moseley, Olthof, et al.
(2008) reported the processing of tactile stimuli on participant's real
hand, when displaced by the rubber hand, to be delayed by 11 ms relative to stimuli delivered to the participant's other hand, as measured
by a temporal order judgment task. Folegatti, de Vignemont, Pavani,
Rossetti, and Farnè (2009), furthermore, found a delay in reaction times
(RT) to tactile stimuli following the RHI. In the same study, a comparable delay in RTs was found when participants performed a simple
tactile detection task while wearing prism glasses that displaced the
hand by 15 visual degrees to the left. The latter finding was interpreted
to suggest that conflicts in multisensory integration are responsible for
the attenuated processing of tactile information (Folegatti et al., 2009).
A similar explanation has been proposed to account for the reduced
ability to detect temporal gaps in tactile stimulation when participants

made symmetrical bimanual movements in a mirror box (Bultitude,
Juravle, & Spence, 2016) and the reduced sensitivity to detect temperature changes on the hand-palm during a virtual hand illusion in VR
(Llobera, Sanchez-Vives, & Slater, 2013). These latter findings underscore the idea that virtual embodiment may be detrimental to the
monitoring as well as the regulation of physiological processes.
Although a variety of impairments in the monitoring of bodily signals and their homeostatic control have been reported in association
with body illusions, as far as we know, all of these illusions were passively induced, in the sense that participants were asked to sit or lie still
while an experimenter applied multisensory stimulation. It is currently
unknown if similar changes are also expressed in the domain of video
gaming and more specifically in conditions where the movements of the
real body are used to animate a virtual body. In the present paper, we
therefore investigated if body illusions that are self-generated through
movement are also accompanied by costs for the real body. If it is the
case that bodily consequences follow directly from the embodiment of a
virtual body (part) one should expect similar effects to accompany selfinduced body illusions. Alternatively, it may be that the bodily consequences of illusory embodiment are conditionally dependent on the
need to sit still and that these effects will disappear if the body is allowed to move. That is, it could be that physiological activity will
counter decrements in blood flow that may be responsible for the bodily
consequences (Kammers et al., 2011; Moseley, Gallace, & Spence,
2012). Also, the activation of motor neurons in the descending pathways between brain and body (Graziano & Botvinick, 2002), as well as
overall activation of the sensorimotor system (Majdandžić et al., 2007)
might be argued to overrule neural deactivation associated with the
involved body(part).
Therefore, we currently investigated if actively self-induced body
illusions are also accompanied by consequences for the real body. While
it has been demonstrated for various other illusion types that action can
be used to induce them (see SOM for a brief overview of the literature),
we chose the FBI to investigate this question because the FBI has already been successfully associated with bodily consequences. In addition, the FBI is accompanied by a clear transfer of touch to the location
of the virtual body, which is considered to be important for the manifestation of the various bodily consequences (Moseley et al., 2012).
Hara et al. (2014) report evidence that the FBI can indeed be selfgenerated which is a requirement to answer our question. In the experiment by Hara et al. (2014) participants were able to self-control
tactile stimulation on their backs. Participants lay on their back on a
robotic platform and operated a master device that was connected to a
slave device that stroked the participant's back. Each participant saw a
stereoscopic picture of their back 3 m above themselves and saw the
movements of the stroking device in the form of a dot that either moved
synchronously with the movements of the slave system or with a
500 ms delay. After synchronous, but not asynchronous visuotactile
self-stimulation, participants reported higher self-identification with
the virtual body and perceived touch to be generated at the location of
the virtual body.
In the present study we chose a setup that is more similar to the 3PP
as encountered in gaming and VR. More specifically, in our experiments, participants perceived a video image of their body from a 3PP in
an upright position (seeing their back) and used self-generated neckstroking to induce the FBI. Importantly, because a video image was
used, the seen body was dynamic and also followed the movements of
the participant. We chose neck-stroking because the skin of the neck
can be easily reached with the hand and can be perceived in the 3PP.
We report three experiments. In the first two experiments participants perceived themselves from behind while stroking their neck. Two
conditions were completed: a synchronous experimental condition in
which they saw a live feed of themselves from a third person perspective while they were stroking their neck, and a static control condition
in which they stroked their neck but saw a picture of their hand
touching their neck taken from a third person perspective. In

2
Note: we use the term FBI to refer to the full body illusion that is experienced from a third person perspective, which is not to be confused with the full
body ownership illusion (FBOI) that refers to the illusory embodiment of an
artificial body that is experienced from a first person perspective.

2
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accordance with previous studies investigating body illusions, we predicted that the FBI would only arise when participants view their
stroking to be in synchrony with their actual movements, and not when
visual perception does not match the actual movement. To investigate
bodily consequences accompanying the FBI, a somatosensory detection
task of vibrotactile stimuli was used in which the stimuli were delivered
to different locations on the participants' back and head. In accordance
with the hypothesis that bodily consequences are not limited to passively induced body illusions but may as well accompany self-induced
body illusions, we predicted that somatosensory processing, as reflected
in the number of detected stimuli and RTs, would be impaired in conditions where a FBI was evoked. A third experiment was conducted to
rule out the alternative explanation that a difference in motion between
the synchronous and the control condition is responsible for these effects.
By investigating the conditions in which costs of illusory body
ownership may or may not occur we hope to contribute to the scientific
understanding of the functional nature of impairments in body perception and homeostasis that accompany body illusions. The outcomes
of the current research may furthermore have practical relevance
considering the health and performance consequences that may be associated with illusory ownership of virtual bodies and the increasing
development of applications in which the real body is used as a virtual
controller. Hypotheses, sample sizes, inclusion criteria and analyses
were preregistered on open science framework.3 To our knowledge, our
studies are the first to use unmediated self-touch to induce a FBI in 3PP,
and first to investigate effects of 3PP virtual embodiment on the detection of somatosensory stimuli at threshold.

2.1. Methods
2.1.1. Participants
In Experiment 1, 42 participants participated in the illusion pre-screen.
Twenty participants (nine males, two left-handed, Mage 21.9 ± 2.1 years)
reported the FBI and were eligible to participate in session 2. Based on the
effect sizes obtained with illusion scales of studies with a similar set-up we
expected a large effect size in this study (Aspell, Lenggenhager, & Blanke,
2009; Lenggenhager et al., 2007; Lenggenhager, Mouthon, & Blanke,
2009). Power calculations using a two-tailed t-test for matched pairs and
an effect size dz. of 0.8 revealed that a sample of 15 participants would be
adequate to reach a power of 0.80. To account for potential loss of participants (e.g. due to malfunctions of equipment) we continued data collection until 20 participants had participated in the second session. Participants had normal or corrected to normal eyesight (contact lenses, no
glasses) and had no history of psychiatric or neurological disorders. The
procedure for all three experiments was approved by the Ethics Committee
Behavioural-Scientific Research of the Faculty of Social Sciences at Radboud University (ECSW2016-2501-368) and the experiments were carried
out in accordance with the ethical standards laid down in the Declaration
of Helsinki. All participants provided written informed consent and received course credit or gift vouchers for their participation.
2.1.2. Experimental condition
A HMD set-up (Lenggenhager et al., 2007) was used in which participants were presented with a full-body perspective of their back. A Logitech C920 pro camera on a tripod was positioned 1.5 m behind the seated
participant (Fig. 1a). In the experimental condition the video image from
this camera was projected in real time onto the HMD (Oculus Development Kit 2). Participants were instructed to variably stroke their neck with
their dominant hand about twice per second, while looking at their hand.
Participants could view their hand touching their neck through the HDM
which filmed the participant from behind (Fig. 1b). An experimenter was
present in the room throughout the experiment.

2. Experiment 1
In Experiment 1 we made use of a Head Mounted Display (HMD)
set-up. The HMD blocks all visual cues that inform the participants of
the location of their real body, which is considered to contribute to the
induction of the FBI (Kilteni, Maselli, Kording, & Slater, 2015). We
tested whether the FBI can be self-generated through neck-stroking. The
consequences of the FBI for tactile processing were assessed using a
computer-controlled somatosensory detection (SD) task.
The aim to investigate the bodily consequences of illusory embodiment requires that an illusion is successfully evoked. Usually, studies
investigating body illusions simply look at the average illusion strength
on a group level (e.g., Kalckert & Ehrsson, 2014), which ignores the fact
that in a percentage of participants the illusion will not be evoked.
Hence, in order to maximize the chance of determining whether the FBI
is accompanied by impairments in processing related to the real body,
we only included participants in which the FBI was successfully evoked
in a separate illusion pre-screen. Inclusion criteria are discussed in the
SOM. Within this set of participants, we investigated the prediction that
vibrotactile stimuli will be detected less often and more slowly during a
FBI, as compared to a control condition in which the illusion is not
evoked. In a counterbalanced order, participants completed 1) a synchronous experimental condition in which they saw a live feed of
themselves from a third person perspective while they were stroking
their neck and 2) a static control condition in which they stroked their
neck but saw a picture of their hand touching their neck taken from a
third person perspective. During both conditions, participants responded to vibrotactile stimuli that were presented to the back of their
head, below the left and right shoulder blade and on their lower back.
After completion of each condition they responded to the illusion
statements.

2.1.3. Control condition
Studies investigating body illusions oftentimes use asynchronous stimulation as a control condition. In such control conditions, the visual
feedback is delayed by several hundreds of milliseconds to disrupt multisensory integration and the induction of the illusion (but see Ferri,
Chiarelli, Merla, Gallese, & Costantini, 2013; Galvan Debarba et al., 2017;
Llobera et al., 2013, for other control conditions). In a pilot study in which
we used visual feedback with a variable delay between 300 and 400 ms,
participants reported to perceive the stroking as synchronous after a while
regardless of the delay and reported a FBI in both the experimental and the
control condition. In the case of repetitive movements, asynchronous
feedback turns out to be problematic as participants are naturally inclined
to synchronise their movements with the delayed visual feedback
(Normand, Giannopoulos, Spanlang, & Slater, 2011). In the current study,
we circumvented this problem that appears to accompany self-induced
body illusions by presenting a static image of the participants' hand,
touching their neck in the control condition. The use of a static image as
compared to a continuous live feed of the camera will disrupt multisensory
integration between participants' visual, tactile and proprioceptive sensory
perception, comparable to typical asynchronous feedback, and will thus
prevent the FBI to occur. As in the experimental condition participants
were instructed to stroke their necks continually at a rate of approximately
two strokes per second and to vary their stroking direction. The control
condition thereby effectively kept the visual image of the body, the visibility of the hand touching the neck, as well as the stroking movement by
the participant constant over conditions.4
All participants completed both the experimental and the control

3
Experiment
1:
https://osf.io/jenht/?view_only=
49cc9b3e3bda490a892f308338cfb866 Experiment 2: https://osf.io/86be3/?
view_only=a3b7c70dba654416b0fcbab8ae87262e Experiment 3: https://osf.
io/xq5gc/?view_only=c81109b74b194129a6f76105b4d443b5

4
Note that the static image in the control condition does not contain motion
as in the experimental condition. This confound is addressed in Experiment 3.

3
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Fig. 1. Set-up and procedures used in Experiments 1,2 and 3.
a The head mounted display set-up as used in Experiments 1 and 2. b A schematic of the camera image as perceived by the participant on the head mounted display in
Experiments 1 and 2. Locations of the vibration devices as used during the somatosensory detection task in Experiments 1 and 2. c The head mounted display set-up
as used in Experiment 3. d A schematic of the camera image as perceived by the participant on the head mounted display in Experiment 3. Locations of the vibration
devices as used during the somatosensory detection task in Experiment 3. e Overview of the procedures, methods and outcomes of Experiments 1, 2 and 3. Note that
the camera image and device locations as presented in b and d were the same across experiments.

condition. The order of both conditions was counterbalanced over
participants. Within each participant the order of conditions was kept
constant in the two consecutive sessions.

see, Pomés & Slater, 2013). Although S3 does seem to differentiate
between the experimental and the control condition in FBI experiments
(Aspell et al., 2009; Lenggenhager et al., 2007), participants ratings on
S3 in the control condition have been shown to be relatively high (e.g.
Salomon et al., 2013) which suggests that S3 may not only provide a
measure of FBI but also of self-recognition. This makes this item less
suitable for determining if participants experienced the FBI or not.
Therefore, S3 was not included in our preregistered analyses. For the
sake of completeness, and to allow comparison with previous work that
reported effects on S3 we decided to run exploratory tests on this item
as well. In session 2, participants completed the same questionnaire as

2.1.4. Illusion questionnaire
In the illusion pre-screen we used the illusion questionnaire by
Aspell et al. (2009) with an additional item by Lenggenhager et al.
(2007). As the presence of a FBI is typically measured with the first
three questions, we were mainly interested in these (see Table 1).
However, the third item (S3) “I felt as if the body that I saw was my body”
is often argued to reflect self-recognition in the context of the FBI (e.g.
4
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Table 1
Illusion questionnaire as used in Experiments 1 and 2. The illusion questionnaire was used both in the illusion prescreen and in session 2. All items were rated on a
visual analogue scale ranging from 0 (not at all) to 100 (very strongly).
Nr

Statement

Source

1
2
3

It seemed as if I was feeling the touch of my hand on the body that I saw being touched.
It seemed as though the touch I felt was caused by my hand touching the body that I saw.
I felt as if the body that I saw was my body.

Aspell et al., 2009; item 1
Aspell et al., 2009; item 2
Aspell et al., 2009; item 3

Note. Statements are shown in the order they were presented to the participants. The items were presented in Dutch. The items were slightly rephrased or adapted
from the cited papers to fit with the current set-up.

Research by Tipper et al. (2001) has shown that vision influences tactile
detection if body sites cannot be viewed directly. Participants therefore
took place on a stool to make sure that all devices were equally visible
when they wore the HMD.
Next, participants completed the staircase procedure for each device
separately to identify the tactile detection thresholds for each device.
To make sure that the thresholds would be suitable for the SD task,
participants also stroked their neck during the staircase procedure
while their detection thresholds were determined. The identified
thresholds were used in a short SD test-block consisting of forty trials
(ten repetitions per device) in which the devices vibrated in a random
order to check if the thresholds indeed allowed detection of the vibrotactile stimuli during the actual task. The interstimulus intervals and
other task characteristics of the SD test-block were similar to the actual
SD task they completed afterwards. White noise was presented over
headphones to prevent identification of a vibration based on sound.
After completion of the staircase procedure and the SD test-block the
individual thresholds were inspected. Vibration time of devices with a
detection rate of 60% or less5 were increased by a factor 1.125 to increase chances of detection in the SD task (Vandenbroucke, Crombez,
Loeys, & Goubert, 2015). No further corrections were applied.
After the detection thresholds were established, the participant
started with the experiment. In the control condition participants first
created the static image by pressing the F key on the keyboard with
their non-dominant hand. The time duration for the stroking to induce
the illusion was set individually. This allowed us to limit the duration of
the stroking to the minimum duration required to establish the illusion
in order to prevent muscular fatigue later during the experiment. To
make sure the illusion would arise within the set time window we used
the illusion onset time from the pre-screen session and added 60 s. The
same stroking duration was used in the control condition. Participants
were instructed to pay attention to the illusion but did not have to
verbally indicate its onset because reporting the illusion sometimes
tended to break it during the illusion pre-screen. The end of the illusion
induction phase was indicated by a beep marking the optional break
between blocks. After 30 s or when participants pressed the spacebar to
end the break another beep sounded and the illusion induction phase
was automatically followed by the SD task. During the SD task participants continued the neck-stroking so that we could determine the
costs in detection of sensory stimuli during the illusion. Participants had
been instructed beforehand to keep their eyes focussed on the stroked
location and to press the spacebar whenever they felt a vibration. After
they completed the SD task, the HMD was taken off and the illusion
questionnaire was administered. Next, the procedure was repeated for
the other condition.

well as an additional set of questions to explore processing costs associated with the real body and the experience of agency. All items were
rated on a visual analogue scale ranging from 0 (not at all) to 100 (very
strongly). The questionnaires were completed after each condition in
both sessions. The additional items (all items but items S1, S2 and S3)
were included for exploratory purposes and will not be analysed in the
present paper (see Table SOM1 for the additional questions and Table
SOM3 for the descriptives of these items per condition).
2.1.5. Somatosensory detection task (SD task)
A somatosensory detection task (SD task) was administered to the
participants in session 2. Four custom made vibration devices, consisting of a small vibrating motor in a plastic body were attached to the
back of the participant's head, the upper back (just below the shoulder
blades, one on each side) and the lower back using Velcro straps
(Fig. 1b; for the technical details of the vibrating motors, see: Aspell
et al., 2009). Vibrations were set to individual detection thresholds for
each participant and each device separately at the beginning of the
experiment using the staircase procedure as described by Yarnitsky
(1997). Vibrations were not visible to the participants. Thresholds reflected the minimum rotation duration in ms of the vibrating motor that
participants needed to detect a vibration. Vibrations in the SD task
occurred at interstimulus intervals ranging from 1 to 4 s (1.0, 1.1 … 3.9,
4.0). The interstimulus intervals were selected from a list that was
shuffled at the start of each block and had a mean duration of 2.5 s.
Each interstimulus interval could only be selected once during each
block. Vibrations were presented in a blocked random order with the
limitation that no device could be selected twice in a row. After a vibration was presented, participants had 1000 ms to indicate they had
detected the vibration by pressing the space bar of a Corsair Vengeance
K70 keyboard (button RT accuracy < 1 ms). Keypresses outside of this
response window were logged as a proxy for the amount of false positive responses. The number of correct answers (i.e. identified vibrations) and the RTs to detected stimuli were used as measures of somatosensory processing. Participants were presented with 224 stimuli
per condition that were divided over 8 blocks of 28 stimuli each. Participants were unaware of the number of trials that would be presented
and vibrations were not announced. Breaks between the blocks were
optional and had a maximum duration of 30 s, after which the next
block automatically commenced. Participants could press the space bar
to continue with the next block as soon as they were ready.
2.1.6. Procedure session 1 – illusion pre-screen
The purpose of the illusion pre-screen was to determine for each
participant if a FBI could be evoked or not. More details about the prescreen and its procedure can be found in the SOM.

5
With correct thresholds (> 60% detection) participants had a mean (SD)
detection rate of 90.5% (9.7) for the back of their head, 87.9% (8.9) for the left
side of their upper back, 88,8% (10.5) for the right side of their upper back and
93.3% (9.7) for their lower back in Experiment 1 during the staircase procedure. In Experiment 2 they had a mean detection rate of 92.5% (10.6) for the
back of their head, 89.2% (9.5) for the left side of their upper back, 84.0%
(11.2) for the right side of their upper back and 92.4% (10.3) for their lower
back during the staircase procedure.

2.1.7. Procedure session 2 – SD task
On a different day, participants who passed the pre-screen were
invited back to the lab. Participants were instructed to wear a t-shirt or
another thin piece of clothing to the lab. The experimenter attached the
vibration devices to elastic straps that were worn on top of the participant's clothing and around the head. The experimenter ensured that
the devices fitted snugly against the participant's back and head.
5
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2.1.8. Statistical analyses
Assumptions for the corresponding tests were checked. Wilcoxon
signed rank tests were used on the first three items of the illusion
questionnaire in session 2.6 A repeated measures (RM) logistic regression with participant as subject variable and condition as predictor was
performed on the number of hits and misses in the SD task.7 Median RTs
on the correctly detected trials in the SD task were calculated for each
condition for each participant separately. Median RTs were used to
guard against the influence of potential outliers. A RM ANOVA with
condition as a within subject factor was conducted on the RT data.
2.2. Results
2.2.1. Session 2: illusion statements
2.2.1.1. Preregistered analysis. As predicted, the Wilcoxon signed rank
test on S1 showed a significant difference between the conditions,
Z = −3.72, p < .001. Participants indicated a stronger feeling that
they felt the touch on the virtual body after completing the
experimental condition (M = 69.55, SD = 28.17) than after the
control condition (M = 23.45, SD = 23.58). For S2 we also found a
significant difference between the conditions, Z = −3.92, p < .001.
Participants indicated a stronger feeling that the touch they felt was
caused by their hand touching the virtual body after completing the
experimental condition (M = 74.95, SD = 17.35) as compared to the
control condition (M = 21.15, SD = 19.58).

Fig. 2. Results of the statements used to test illusion strength.
Mean illusion scores obtained in session 2 of Exp. 1. Illusion scores were obtained for both synchronous and static condition and are depicted separately for
illusion statement 1, 2 and 3. Note: * p < .05, ** p < .01, *** p < .001. Error
bars reflect 95% CI.

More importantly, we obtained a significant condition ∗ block
number interaction, Wald Chi-square = 21.87, p = .003. The condition ∗ block number interaction indicated that the illusion led to more
misses in the earlier blocks but that the effects wore off in later blocks
(Fig. 3a). This conclusion was further supported by separate RM logistic
regression analyses with condition as a predictor of the hits and misses
of the first and the last four blocks separately. Only for the first four
blocks (112 trials per condition) a significant effect of condition was
found, OR = 1.46, 95% CI = [−0.66, −0.09], Wald Chisquare = 6.54, p = .011. For the last four blocks, the effect of condition
was not significant, OR = 1.03, 95% CI = [−0.31, 0.25], Wald Chisquare = 0.04, p = .837 (Fig. 3b). This indicates that, in the first half of
the blocks, participants were 1.46 times more likely to miss a target
during the experimental condition (20.7% misses) than during the
control condition (15.2% misses). The three-way interaction between
condition, block number and order was not significant. The absence of
this interaction indicates that the pattern of results in the first four
blocks was the same for all participants and was not affected by the
order in which the conditions were completed.

2.2.1.2. Exploratory analysis. For S3 we also found a significant
difference between the conditions, Z = −2.17, p = .030.
Participants indicated a stronger feeling that the body that they saw
was their body in the experimental condition (M = 68.05, SD = 21.67)
than in the control condition (M = 44.55, SD = 30.53). See Fig. 2 for
the ratings on S1, S2 and S3 in session 2. For the ratings on all items of
the long questionnaire see Table SOM3.
2.2.2. Session 2: SD task – hits and misses (preregistered analysis)
The RM logistic regression with condition (experimental, control) as
a predictor indicated no significant difference between the conditions
on the number of hits and misses, OR = 1.20, 95% CI = [−0.44, 0.08],
Wald Chi-square = 1.87, p = .172, in the SD task.
2.2.3. Session 2: SD task – hits and misses (exploratory analyses)
We next conducted an exploratory RM logistic regression with
condition, block number and order as predictors. The order in which
the conditions were completed was added as a factor to control for the
fact that more participants completed the experiment in order 2 (1:
control – 2: experimental) than in order 1 (1: experimental – 2: control).
Additionally, block number was added as a factor to examine the possibility that the illusion only affected the detection rates in the first
blocks of each condition and wore off in later blocks. The analysis revealed no main effects of condition or order, but did reveal a significant
condition * order interaction, Wald Chi-square = 8.22, p = .004.
Participants who received order 2(1: control – 2: experimental) had
more misses in the experimental condition, whereas participants who
received order 1(1: experimental – 2: control) had more misses in the
control condition. We also obtained a main effect of block number,
Wald Chi-square = 36.30, p < .001, indicating that participants were
less accurate in the later blocks compared to the first blocks.

2.2.4. Session 2: SD task – RTs (preregistered analysis)
The analysis on the RTs revealed that RTs were not affected by the
illusion, F(1, 19) = 2.76, p = .113 (Fig. 4).
2.2.5. Session 2: SD task – RTs (exploratory analysis)
We next conducted an exploratory RM ANOVA on the RTs with
condition, block number as within subject factors and order as between
subject factor. The analysis revealed a trend of condition in the right
direction, F(1, 18) = 3.15, p = .093, ηp2 = 0.15, but no significant
interactions with order or block number.
2.3. Discussion
The results of the first experiment showed that the FBI could be selfinduced through neck-stroking. This result was evidenced by stronger
agreement with illusion statements 1 and 2 after completion of the
experimental condition as compared to the control condition. We also
obtained stronger agreement with illusion statement 3 after completion
of the experimental condition. The self-generated FBI did not affect
somatosensory processing across all 8 blocks of the SD task. However,
exploratory analyses suggested that less vibrotactile stimuli were

6
Please note that although an analysis of S3 was not preregistered for either
session 1 or session 2, it was conducted here for completeness.
7
Note that these data were not suitable for a signal detection analysis because: 1) the window in which false positives were logged was variable with its
concomitant ISI, 2) logged false positives could also reflect responses that were
too slow to fall within the 1 s. response window and 3) stimuli were not announced.
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Fig. 3. Percentage of missed vibrotactile targets in the SD task (Exp. 1).
a The significant Condition ∗ Block number interaction on the percentage of missed vibrotactile targets in the SD task. b Percentages of missed vibrotactile targets in
the SD task for the first and the last four blocks separately. Note: * p < .05, ** p < .01, *** p < .001. Error bars reflect 95% CI.

3. Experiment 2
Apart from the abovementioned changes, Experiment 2 was a direct
replication of Experiment 1. Hence, in the method section we will only
describe the methodological differences from Experiment 1.
3.1. Methods
3.1.1. Participants
Fifty-six participants, who had not participated in Experiment 1,
took part in the illusion pre-screen of whom 20 participants (eight
males, two left-handed, Mage 20.6 ± 2.1 years) were eligible to participate in the second session because they reported a reliable FBI according to our inclusion criteria.
3.1.2. Illusion questionnaire
The illusion questionnaire was used to select participants during the
illusion pre-screen. During session 2, the illusion questionnaire was
administered after the completion of each condition. After participants
completed a condition for the second time, the additional questionnaire
was administered as well.

Fig. 4. RTs to vibrotactile targets in the SD task (Exp. 1).
The figure depicts the RTs in milliseconds for detected vibrotactile targets in the
SD task. Note: * p < .05, ** p < .01, *** p < .001. Error bars reflect 95% CI.

detected during the first half of the experimental blocks, but that this
was not the case during subsequent blocks making a replication study
necessary.
Two different explanations may be considered for the finding that
the effects on somatosensory processing were limited to the first half of
the experiment. The first explanation is that the SD task lasted too long
and that it was not possible to sustain the illusion by continued stroking
during the SD task for such a long period. A second explanation is that
participants became tired towards the end of the SD task. This could
have led participants to miss more trials in both conditions. A solution
to both problems was to shorten the test-duration. In Experiment 2 the
number of blocks per condition was therefore reduced to four instead of
eight and the number of trials per block was reduced to 16 instead of
28. To deal with possible order effects, participants completed each
condition twice using an ABAB/BABA design and were appointed to
both orders evenly and independently from the order in the first session.

3.1.3. SD task
Each participant completed the SD task four times, twice for each
condition. So instead of two longer conditions the participants now
completed 2 × 2 shorter conditions. The illusion induction phase
preceded each completion of the SD task and participants again continued the stroking during the SD task to be able to assess somatosensory processing during the illusion. The SD task consisted of four blocks
of 16 stimuli, resulting in a total of 128 trials per condition. Breaks
between the blocks within the SD task were mandatory and had a
duration of 15 s.
3.1.4. Procedure session 2 – SD task
Participants completed both the experimental (A) and the control
(B) condition twice following an ABAB or BABA design and were appointed to both orders evenly and independently from the order in the
first session.
7
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more slowly to the tactile stimuli in the experimental condition
(M = 465 ms) then to tactile stimuli in the control condition
(M = 445 ms) (Fig. 6b).
3.3. Discussion
As in Experiment 1, participants' questionnaire ratings confirm that
the FBI may be self-generated through neck-stroking of a virtual 3PP
body. Furthermore, and as predicted, this time the self-generated FBI
affected somatosensory processing accuracy and detection speed across
all blocks. These results confirm that the effect on somatosensory processing in Experiment 1 may indeed have been obscured by the length
of the task.
A limitation of Experiments 1 and 2 is that the reduction in the
accuracy and speed of detecting somatosensory stimuli may be explained by our choice of the control condition. In Experiments 1 and 2
we made use of a static control condition in which participants performed a stroking movement while they watched a still of their own
hand touching the skin of their neck. As explained before, the asynchronous condition that is typically used in experiments where an experimenter induces the illusion is not suitable as a control condition
with self-induced body illusions, as participants are naturally inclined
to synchronise their movements with the delayed visual feedback
(Normand et al., 2011). While the static condition kept the tactile
stroking constant and ensured that no FBI could arise due to the disrupted multisensory integration between the performed movement and
the (lack of a) seen movement, there is a potential limitation in its use
with the SD task. More specifically, the reduction in the accuracy and
speed of detecting somatosensory stimuli may be caused by the difference in moving vs. static visual stimulation. For instance, in the experimental condition the moving images may have been more distracting than the static images in the control condition. Therefore, a
control experiment was designed to test for the effects of moving vs.
static visual stimulation in absence of the FBI.

Fig. 5. Results of the statements used to test illusion strength.
Mean illusion scores obtained in session 2 of Exp. 2. Illusion scores were obtained for both the synchronous and the static condition and are depicted separately for illusion statement 1, 2 and 3. Note: * p < .05, ** p < .01, ***
p < .001. Error bars reflect 95% CI.

3.2. Results
3.2.1. Session 2: illusion statements
3.2.1.1. Preregistered analysis. As predicted, the Wilcoxon signed rank
test on S1 indicated a significant difference between the conditions,
Z = −3.92, p < .001. Participants indicated a stronger feeling that
they felt the touch on the virtual body after completing the
experimental condition (M = 57.65, SD = 22.06) than after the
control condition (M = 27.25, SD = 25.20). For S2 we also found a
significant difference between the conditions, Z = −3.92, p < .001.
Participants indicated a stronger feeling that the touch they felt was
caused by their hand touching the virtual body after completing the
experimental condition (M = 73.35, SD = 13.66) than after the control
condition (M = 29.48, SD = 22.96).

4. Experiment 3
In Experiment 3, participants responded to vibrotactile stimuli
while they watched a previously recorded video of themselves stroking
their neck or while they watched a static image of their body with their
hand touching the neck. No FBI was induced as the actual stroking was
not performed during the SD task. We reasoned that if the differences
between the experimental and the control condition in the previous
experiments were due to the FBI and not due to differences in visual
stimulation between the two conditions, then we should observe no
differences in accuracy and speed of detecting somatosensory stimuli
between the two conditions in this experiment. If, on the other hand,
the results of the previous experiments were caused by the difference in
visual stimulation, then we should expect a replication of the previous
findings in the current experiment.

3.2.1.2. Exploratory analysis. For S3 we also found a significant
difference between the conditions, Z = −2.17, p = .030.
Participants indicated a stronger feeling that the body that they saw
was their body for the experimental condition (M = 68.60,
SD = 19.70) as compared to the control condition (M = 56.75,
SD = 27.68). See Fig. 5 for the ratings on S1, S2 and S3 in session 2.
For the ratings on the other items see Table SOM3.
3.2.2. Session 2: SD task – hits and misses (preregistered analysis)
The first block of the experimental and the first block of the control
condition had to be excluded for one participant because of a misunderstanding of the task instructions. This participant only pressed the
spacebar when the illusion was experienced, instead of pressing the
spacebar for each vibration felt.
The RM logistic regression with condition (experimental, control) as
a predictor indicated a significant difference between the conditions on
the number of hits and misses, OR = 1.26, 95% CI = [−0.45, −0.03],
Wald Chi-square = 4.93, p = .026, in the SD task (Fig. 6a). During the
experimental condition participants were 1.26 times more likely to miss
a tactile target (16.6% misses) than during the control condition (13.6%
misses).

4.1. Methods
The method and procedures used in Experiment 3 were very similar
to those of Experiment 2. This method section will therefore only describe the differences made with regards to Experiment 2.
4.1.1. Participants
To determine our sample size, we conducted two different power
analyses, one in Gpower for the RM ANOVA and one using simulations
for the linear mixed effects model approach. Both power calculations
were based on the effect size that was obtained for the RT analysis of
Experiment 2. Power calculations in Gpower using a RM ANOVA within
factors with one group, two measurements, an alpha error probability
of 0.05 and an effect size f(U) = 0.52, suggest that a sample of 33
participants is adequate to reach a power of 0.80. The power analysis

3.2.3. Session 2: SD task – RTs (preregistered analysis)
The one-way repeated measures ANOVA conducted on the median
RTs indicated a significant difference in RTs between the two conditions, F(1, 19) = 5.14, p = .035, ηp2 = 0.21. Participants responded
8
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Fig. 6. Percentage of misses and RTs to vibrotactile targets in the SD task (Exp. 2).
a Percentages of missed vibrotactile targets in the SD task. b RTs in milliseconds for detected vibrotactile targets in the SD task. Note: * p < .05, ** p < .01, ***
p < .001. Error bars reflect 95% CI.

for the linear mixed model approach is based on simulated datasets that
were created using the parameters obtained for the RTs in Experiment
2. The simulated data were analysed with a linear mixed effects model
approach as described under statistical analyses. The power was simulated using different N's and 256 trials. With N = 32 and
Nsim = 5000, we obtained a power of 0.81. Based on these power
analyses we needed at least 33 participants. For an equal number of
participants in each order a sample of 34 participants took part in this
experiment (11 males, 6 left-handed, Mage 23.1 ± 3.0). None of the
participants had participated in Experiment 1 or 2.

describe how they experienced the blocks with the static image and the
blocks with the moving image. In questions 4 and 5 they were asked to
rate how distracting they experienced the static and the moving blocks.
In question 6 they were asked to indicate whether they had a body
illusion in one of the blocks and to elaborate on their experience if they
had. In questions 7 and 8 they were asked to indicate for both the static
and the moving blocks to what extent they felt their body to be located
where they saw the body on the HMD. We expected participants to
experience the moving body condition as more distracting. However,
we did not expect a difference between the moving and the static body
condition on the body location question as the full body illusion should
not be evoked in this experiment.

4.1.2. Staircase procedure
The participants did not perform the stroking during the staircase
procedure because no stroking would be performed during the SD task
either. We also made some small changes to the staircase procedure for
the current experiment to avoid the possibility of ceiling effects.
Specifically, a small pilot study showed that participants were somewhat better in detecting the somatosensory stimuli when they did not
have to make a stroking movement during the SD task. Therefore, and
in addition to increasing the thresholds by a factor 1.125 for devices
with a detection rate of 60% or less, we now also decreased the
threshold by a factor of 0.875 for devices with a detection rate of 90%
or higher. This procedure effectively reduced the risk of ceiling effects
in the accuracy scores.

4.1.5. Procedure
Instead of a live video feed, the experimental condition made use of
a pre-recorded video image of the participant performing the stroking
movement. The stroking was recorded at the beginning of the experiment. Participants wore the HMD, headphones, and the vibrotactile
devices during the recording but none of the devices were switched on.
This ensured that the video would match the equipment worn during
the SD task but also that no FBI could be accidentally induced during
the recording. The recordings were made before the staircase procedure
was performed. The length of the recording was matched to the length
of one 16-trial block so that it could be repeated for each of the blocks.
As in the previous experiments, participants watched a static image of
their hand touching the skin of their neck in the control condition. This
static image was recorded in advance as well. To investigate the mere
effect of moving vs. static stimuli in absence of the FBI, participants
made no stroking movements during the SD task when the pre-recorded
video or still was shown on the HMD. They were asked to place their
hand on the table in front of them instead. Since no illusion had to be
induced, the SD task was started immediately after the staircase procedure. No illusion questionnaire had to be administered so after a short
break the SD task was followed by the SD task for the other condition
following an ABAB/BABA design. The experiment ended with the end
questionnaire.

4.1.3. SD task
The procedure of the SD task was the same as in Experiment 2.
However, during the mandatory 15 s break the screen of the HMD faded
to black, as exposing participants to a live video feed of their own body
may give rise to the FBI. During the SD task the participants sat on a
stool with both arms resting on the table in front of them. As in the
previous experiments they used their non-dominant hand to respond to
the stimuli.
4.1.4. End questionnaire
Instead of the illusion statements, participants completed a funnelled end questionnaire. The purpose of this questionnaire was to
explore whether participants experienced one condition as more distracting than the other and whether participants experienced a FBI or
not. In this end questionnaire they were asked eight questions. In the
first question participants were asked to describe what they thought the
research was about. In questions 2 and 3 participants were asked to

4.1.6. Statistical analyses
In addition to the RM ANOVA we used a linear mixed effects model
approach using the lmer function of the lme4 package (version 1.1-17;
Bates, Mächler, Bolker, & Walker, 2015) in R (R Core Team, 2015). For
this analysis RTs below 200 ms were excluded. Our model included a
9
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Fig. 7. Percentage of misses and RTs to vibrotactile targets in the SD task (Exp. 3).
a Percentages of missed vibrotactile targets in the SD task. b RTs in milliseconds for detected vibrotactile targets in the SD task. Note: * p < .05, ** p < .01, ***
p < .001. Error bars reflect 95% CI.

conditions, F(1, 33) = 0.002, p = .961, Mmoving = 442 ms,
SDmoving = 0.07 ms, Mstatic = 443 ms, SDmoving = 0.07 ms (Fig. 7b).

fixed intercept and a fixed effect for the factor video condition (coded
using sum-to-zero contrasts). The repeated measures nature of the data
was modelled by including a per-participant random adjustment to the
fixed intercept (“random intercept”), a per-participant random adjustment to the video condition slope (“random slope”), as well as all
possible random correlation terms among the random effects. P-values
were determined using Type 3 bootstrapped Likelihood Ratio Tests
(using 1000 simulations) as implemented in the mixed function of the
package afex (Singmann, Bolker, Westfall, & Aust, 2017), which in turn
calls the function PBmodcomp of the package pbkrtest (Halekoh &
Højsgaard, 2014).
Wilcoxon signed rank tests were conducted on the distraction items
(4 and 5) and the body location items (7 and 8).

4.2.4. SD task – RTs (secondary analysis)
The linear mixed models analysis conducted on the RTs of valid
trials (trials with hits and RT > 200 ms) also indicated no significant
difference in RTs between the two conditions, Estimate = 0.80 (2.31),
PBtest = 0.12, p = .727.8
4.2.5. End questionnaire
The Wilcoxon signed rank test on the distraction question indicated
a significant difference between the conditions, Z = −2.71, p = .007.
Participants experienced the moving body condition as more distracting
(M = 43.50, SD = 26.60) than the static body condition (M = 27.06,
SD = 27.71) (Fig. 8a). The Wilcoxon signed rank test on the location
question indicated a trend towards significance, Z = −1.89, p = .059,
indicating that participants may have experienced their body somewhat
more in the location where they saw their body for the moving condition (M = 28.18, SD = 29.46) compared to the static condition
(M = 23.18, SD = 28.78) (Fig. 8b). Notably, the absolute difference
between the two conditions is much smaller than the differences obtained between the conditions in part 1 of Experiments 1.
(see Fig. SOM1) and 2 (see Fig. SOM3) in which both participants
who did and did not experience the illusion were included.
Additionally, the scores obtained here are also much lower and more in
line with the scores obtained for the static conditions in Experiments 1
and 2. We therefore conclude that no illusion was induced in this experiment.

4.2. Results
4.2.1. Data exclusions
One participant had a faulty threshold for the first static block and
did not detect any vibrations on the back of the head as a result. This
threshold was only corrected after the first block when the participant
indicated not feeling anything in this location. However, to keep the
number of offered stimuli even for the analysis, the first static and the
first moving block were excluded from the analysis for this participant.
Since the one-way repeated measures ANOVA was conducted on the
medians and not on the raw data, only the first static block was excluded before the median RTs were calculated. In the end questionnaire, one participant misunderstood questions 7 and 8. This participant was therefore excluded from the Wilcoxon signed rank test on
these questions.

4.3. Discussion

4.2.2. SD task – hits and misses (preregistered analysis)
The RM logistic regression with condition (experimental, control) as
a predictor indicated no significant difference between the conditions
on the number of hits and misses, OR = 0.93, 95% CI = [−0.24, 0.10]
Wald Chi-square = 0.68, p = .410, in the SD task (Fig. 7a). Participants
were no more likely to miss a tactile target in the moving image condition (22.3% misses) than in the static image condition (21.1%
misses).

In line with our reasoning, differences between moving and static
images did not significantly influence the processing of somatosensory
stimuli. Participants did indicate that their moving body was more
distracting than a static image of their body. However, this distraction
was not sufficient to reliably affect the accuracy or the reaction times to
8

Linear mixed model (LMM) analysis was only preregistered for Experiment
3 and not for Experiments 1 and 2. If we run the same LMM analysis on the data
of Experiment 1 and 2 we obtain the same pattern results as obtained with the
RM Anova. Exp. 1: Estimate = −7.26 (4.01), PBtest = 3.19, p = .086. Exp. 2:
Estimate = −10.20 (3.85), PBtest = 6.37, p = .016.

4.2.3. SD task – RTs (preregistered analysis)
The one-way repeated measures ANOVA conducted on the median
RTs indicated no significant difference in RTs between the two
10
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Fig. 8. Results of the end questions (Exp. 3).
a Mean scores obtained for the distraction statements. b Mean scores obtained for the illusion statements. Both statements were completed for both the Moving and
the Static body condition. Note: * p < .05, ** p < .01, *** p < .001. Error bars reflect 95% CI.

detection of vibrotactile stimuli in the first half of the blocks of the
experimental condition in which participants self-induced a FBI.
Confirmatory analyses in Experiments 2 corroborated this preliminary
finding, supporting the hypothesis that the self-induced FBI is indeed
accompanied by impaired detection of somatosensory stimuli. In addition, Experiment 2 revealed that participants responded more slowly
to vibrotactile stimuli when presented in the context of a self-induced
FBI, relative to the control condition. This latter finding further substantiated the conclusion that the self-induced FBI is accompanied by
impairments in the processing of somatosensory stimuli applied to the
real body. In Experiment 3 we controlled for the possibility that the
reduction in the accuracy and speed of detecting somatosensory stimuli
was caused by the movements in the video stimuli rather than the FBI
itself. Although, as anticipated, participants did report that the moving
images were somewhat more distracting than the static images, this was
not accompanied by a difference in SD task performance. Consequently,
the reduction in performance during the self-generated FBI cannot be
attributed to physical differences between images or differences in the
distraction caused by these images. Hence, neither the movements of
the participants themselves (controlled in Experiments 1 and 2), nor the
motions as presented in the videos (controlled in Experiments 3), can be
held responsible for the FBI and the concurring attenuations in somatosensory processing. Rather, what appears to be the driving factor in
self-induced (full) body illusions is the experienced functional coupling
between self-generated movements and the motions of the perceived
body.
In Experiments 1 and 2, participants were pre-screened for participation. Only participants whose answers consistently indicated that
they experienced the FBI in the experimental condition and not in the
control condition were allowed to join in the actual experiment. This
procedure provided optimal conditions to investigate our main research
question, whether the experience of a self-induced FBI is accompanied
by impaired somatosensory processing. However, a disadvantage of
pre-selecting participants is that there is no possibility to make a
comparison between individuals who experience a FBI and participants
who do not experience the FBI. Such a comparison might be interesting
because it could help to further support the conclusion that the experience of the FBI and the transfer of touch to the virtual body are
related to costs in somatosensory processing. Further research may
address this important nuance by admitting all participants to the experiment and drawing a contrast between those who report and those
who do not report the illusion.

somatosensory stimuli. These findings indicate that the attenuated
processing of somatosensory stimuli as observed in the experimental
conditions in Experiments 1 and 2 is likely not the result of physical
differences between moving and static stimuli, nor the result of a difference in distraction between the static and moving conditions. Rather,
our findings corroborate the conclusion that the reduction in RT speed
and accuracy in the processing of somatosensory stimuli in Experiments
1 and 2 is critically dependent on the self-induced FBI. In line with this
conclusion, subjective self-report indicated that no FBI's were evoked in
Experiment 3.
5. General discussion
In three experiments we investigated if the self-induced FBI is accompanied by consequences for the real body as reflected in impaired
detection of somatosensory stimuli. Our results show that the FBI can be
self-induced through self-stroking and that the self-induced FBI is accompanied by impaired somatosensory processing as reflected in the
reaction times and accuracy in the SD task. A difference between
moving and static visual stimulation was ruled out as an alternative
explanation for these effects in the control experiment. Our findings
indicate that consequences for somatosensory processing are not limited to conditions in which body illusions are passively induced but
extend to body illusions that are self-generated.
As expected, self-stroking was found to be effective in inducing a
FBI. Previous studies had already indicated that stroking by an experimenter may be used to induce a FBI (e.g. Aspell et al., 2009;
Lenggenhager et al., 2007; Lenggenhager et al., 2009). Our findings
extend the work by Hara et al. (2014) who employed tactile self-stimulation to induce a FBI, this time using unmediated touch instead of
self-generated touch mediated by a robotic device. This latter distinction is relevant as it illustrates the relative ease with which illusory
embodiment of a virtual or artificial body may be enabled without
complex technology, which opens up possibilities for research in this
direction. Furthermore, as the participant's body is usually the only
solid object in an otherwise digital and hollow world and considering
that in daily life people display a wealth of spontaneous self-touch
behaviours (Grunwald, Weiss, Mueller, & Rall, 2014) self-touch may be
an effective means to induce and possibly enhance virtual embodiment.
Moreover, accompanying the FBI we found consequences for the
real body as reflected in participants' performance on the SD task. Using
exploratory analyses in Experiment 1, we found an effect in the
11
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Our findings in vibrotactile processing are in line with several studies that found changes in somatosensory processing accompanying
body illusions. Modulations of somatosensory evoked potentials to
median nerve stimulation were found after inducing various forms of
body illusions like the numbness illusion (N20 component; Dieguez,
Mercier, Newby, & Blanke, 2009) and a cardiovisual full body illusion
(P45 component; Heydrich et al., 2018). In our experiments, participants were 1.46 and 1.26 times more likely to miss a tactile stimulus
during a FBI in Experiment 1 (first half) and Experiment 2, as compared
to the control condition in which no illusion was induced. This difference suggests that the threshold for detecting somatosensory stimuli is
higher during the FBI as compared to the control condition, corroborating previous studies that found pain thresholds to be higher during
body illusions (Hänsel et al., 2011; Hegedüs et al., 2014; Martini et al.,
2014; Romano et al., 2014; Siedlecka et al., 2014). A simple criterion
shift over conditions is unlikely to account for these findings. The rate
of false positive responses was low in all three experiments and was
highly similar in both conditions (Respectively 4.4% vs. 3.9%, 3.8% vs.
3.2% and 4.3% vs. 3.5% in the experimental conditions versus the
control conditions). Furthermore, we found that simple detection of
tactile stimuli was delayed by 20 ms during the FBI, relative to the
control condition in Experiment 2. This finding corroborates the results
by Moseley, Olthof, et al. (2008) who reported an 11 ms slowing of
perceptual processing in a temporal order judgment task following the
RHI. More generally our findings add to the body of evidence of previous studies that have noted attenuated processing in various somatosensory and homeostatic modalities such as pain (Hänsel et al., 2011;
Hegedüs et al., 2014; Martini et al., 2014; Romano et al., 2014;
Siedlecka et al., 2014), somatosensation (Bultitude et al., 2016;
Folegatti et al., 2009; Moseley, Olthof, et al., 2008), skin temperature
(Hohwy & Paton, 2010; Kammers et al., 2011; Moseley, Olthof, et al.,
2008; Salomon et al., 2013) and proprioception (Aspell et al., 2009;
Botvinick & Cohen, 1998; Lenggenhager et al., 2007) in association
with body illusions.
Although evidence is accumulating, it is still unclear why body illusions are accompanied by bodily consequences. However, several
ideas may explain why such consequences arise. First of all, it could be
that certain modality specific information is suppressed because it does
not fit with the body representation that is constructed as a consequence of the illusion (e.g. conflicting proprioceptive information in
the RHI; cf. Samad, Chung, & Shams, 2015). However, this mechanism
cannot explain consequences in modalities that do not seem related to
the construction of the illusory body representation (e.g. a reduction of
pain accompanying the FBI, Hänsel et al., 2011). A second idea that
may account for consequences like these is that changes in the mapping
between sensory modalities during body illusions may influence multisensory integration, causing a less stable or optimal body representation to be formed. As the processing of unimodal information is
dependent on multisensory integration (e.g. see, Bultitude et al., 2016;
Kennett, Eimer, Spence, & Driver, 2001; Moseley, Parsons, & Spence,
2008) the induction of body illusions may automatically impair the
processing of unimodal stimuli. Finally, the introduction of an alternative body(part) and the associated shift in experienced self-location
may increase neural activity in association with the representation of
the space that is occupied by the alternative body(part) while at the
same time decreasing the neural activity that is associated with the
representation of the space that is occupied by the real body. As the real
body is now less well represented, homeostatic control and somatosensory processing associated with the real body may decrease
(Moseley et al., 2012). Future research may investigate which of these
(or a combination of) explanations is underlying the current bodily
consequences.
To the best of our knowledge we are the first to demonstrate reductions in somatosensory processing in association with a self-induced
body illusion. This finding is scientifically as well as practically relevant
because it extends the domain in which bodily consequences may be

expected to occur. Scientifically, our finding implies that the request to
not move is likely not a necessary requirement for bodily consequences
to come about, as the FBI in the current study was actively self-generated through movement. Likewise, our findings suggest that activation
of the motor system does not prevent bodily consequences to set in, as
costs in the processing of somatosensory stimuli were measured during
the actual stroking movements. These conclusions further corroborate
the idea that impairments in bodily processes that accompany body
illusions and are not limited to specific kinds of body illusions, conditions or methods with which these illusions may be induced. It must be
noted though that the reductions in somatosensory processing in the
current study were measured on the participants' back and head and not
on the hand which they used to stroke their necks. Hence, an outstanding question is whether bodily consequences are also expressed in
the limb that is actively moving to induce the illusion.
Practically, the finding that self-induced body illusions may result in
consequences for the real body is relevant in the sense that virtual
embodiment may reduce one's sensitivity to process bodily signals such
as hunger, thirst, pain, tiredness, temperature, or signals related to
illness and other bodily needs, as well as impair the mechanisms that
support homeostasis and protect the bodily functions (Moseley et al.,
2012). Now that we know that body illusions such as the FBI may be
self-generated and accompanied by consequences for the real body,
possible consequences may be anticipated, prevented, or employed,
depending on one's setting and specific goals. Not in all cases do these
consequences need to be prevented or avoided. For instance, in the case
of skin burns or other forms of pain, video games may be employed to
reduce pain perception (Hänsel et al., 2011; Hegedüs et al., 2014;
Martini et al., 2014; Romano et al., 2014; Siedlecka et al., 2014). Body
controlled video games may provide an even more effective means to
suppress painful sensations when somatosensory processes become associated with the virtual body instead of the real body (Aspell et al.,
2009; Aspell et al., 2013).
In conclusion, in the present paper we investigated if the bodily
consequences that accompany body illusions are also found when body
illusions are self-generated. Participants successfully self-generated a
(full) body illusion through self-touch, perceiving their stroking movements on the neck of a 3PP body in front of them. This finding corroborates earlier research by Hara et al. (2014) indicating that FBIs can
indeed be self-generated, and goes beyond these initial findings by
showing that the FBI can be achieved through the perception of dynamic
self-generated body movements in an upright position, using self-touch.
This finding is important as it illustrates the relative ease with which
illusory embodiment of a virtual or artificial body may be enabled and is
especially relevant in light of recent technological advances in VR, videogames and robotics in which action and synchronicity play a pivotal
role in inducing artificial embodiment. Although technological advances
and our increasing understanding of virtual embodiment open up a
wealth of opportunities it is questionable to what extent prolonged virtual embodiment may be detrimental in terms of health. In the present
paper, we report new empirical findings supporting the hypothesis that
virtual embodiment may come with costs for the real body. Detection of
supra-threshold somatosensory stimuli was found to be impaired during
a self-generated FBI. At present, it is still unclear how these experimental
findings map onto real world consequences. As virtual embodiment in
online-role playing, body-controlled video games and virtual reality are
more compelling and encompassing than the illusion that was generated
in the reported lab experiments, it is conceivable that the consequences
will be bigger than was demonstrated with the present illusion. These
consequences could lie anywhere between not detecting signals indicating hunger, and the various reports of gamers who died after
lengthy gaming sessions (Ivanov, 2005; Spencer, 2007). Future research
should therefore not only focus on how best to establish embodiment of
virtual agents but should also study its consequences by investigating the
possible physiological and psychological effects of embodiment in real
world settings.
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