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Chapter 3

Chapter 3

Body-owner ship for actively operated non-

corporeal objects

This chapter is based on:

Ma, K., & Hommel, B. (2015). Body-ownership for aetly operated non-corporeal objects.
Consciousness and Cognition, 36, 75-86.

35



Chapter 3

Abstract

Rubber-hand and virtual-hand illusions show thaigbe can perceive body ownership
for objects under suitable conditions. Bottom-uprapches assume that perceived ownership
emerges from multisensory matching (e.g., between sbject and felt hand movements),
whereas top-down approaches claim that novel bady jare integrated only if they resemble
some part of a permanent internal body representafe demonstrate that healthy adults
perceive body ownership for a virtual balloon chiaggn size, and a virtual square changing
in size or color, in synchrony with movements ditlreal hand. This finding is inconsistent
with top-down approaches and amounts to an existgranf that non-corporeal events can be
perceived as body parts if their changes are sydieatly related to one’s actions. It also
implies that previous studies with passive-stimafatechniques might have underestimated
the plasticity of body representations and puttaeh emphasis on the resemblance between

viewed object and real hand.

Keywords. Rubber hand illusion, Virtual hand illusion, Bodwnership, Non-

corporeal object, Sense of agency
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1. Introduction

One commonly has no problem telling one’s own bindgn a tool or another person’s
body and experience one’s body as constituting dantkeof “me”. This achievement is
commonly ascribed to two (often not very well definDe Vignemont, 2011) cognitive
representations: an internal body image, whicloissiered a rather permanent
representation of the body’s configuration, anadybschema, a sensorimotor representation
based on afferent and efferent information reléeoodily movements. Interestingly, body
representations are quite malleable. A strikinghepla is the rubber hand illusion (RHI),
showing that people perceive a rubber hand in fobthhem as their own if it is stroked
synchronously with their real, unseen hand (Botkir& Cohen, 1998). Similarly, people
adopt ownership for a virtual hand if this hand e®in synchrony with their own physical
hand—the virtual-hand illusion (VHI; e.g., Slatérag, 2008; Sanchez-Vives et al., 2010;
Perez-Marcos, Sanchez-Vives, & Slater, 2012; Madnirhel, 2013).

According to bottom-up approaches (Botvinick & Coh&998; Armel &
Ramachandran, 2003), this is because synchronmksngt (or movement) leads to an
intermodal match between the visual pattern crelayestroking the rubber hand (or by
moving the virtual hand) and the tactile pattemated by stroking (or the proprioceptive
pattern created by moving) the real hand. As intelah matching is considered the main
criterion for telling one’s own body parts from #®of others, the artificial hand is integrated
into one’s body representation. Especially the gtijgests that any controllable object or
event can become part of one’s body, providedithaovements are synchronized with self-
generated re-afferent information (Short & Ward)2p Interestingly, this suggests that body
ownership (the sense that a given object or esgpait of one’s body) and agency (the sense
of control over a particular object or event) arerenstrongly related than commonly assumed.
It is also of interest that a key variable for botlinership and agency, the temporal
correlation between self-generated movement anolemaental changes, has also been

considered crucial for the acquisition of voluntaction (see Hommel, 2009).

However, the bottom-up approach has been challebgedthors claiming that body
ownership emerges from the interaction betweereatimultisensory input and internal
models of the body (e.g., Tsakiris, 2010; TsakBishutz-Bosbach & Gallagher, 2007).
According to this idea, the eventual multisensogtehing process is preceded by a
comparison of the visual form of the viewed obpeth a stored, stable body representation
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and a comparison between some postural and analdiestures of the object with the
current state of the body. For instance, Makin,nkd, and Ehrsson (2008) and Ehrsson,
Spence, and Passingham (2004) proposed a modet] basMaravita, Spence, and Driver
(2003), that assumes that ownership emerges froltisensory signal matching (a bottom-up
component) which however has to satisfy partictdprdown constraints: the candidate
effector should be placed in an anatomically plalegposition and the multisensory bottom-
up information needs to appear near to it. Tsak2@d0) considered even this model as too
parsimonious. According to his approach, synchremaultisensory input information is
mediated by a full-fledged body model which consaamatomical, postural, and spatial
information about the body, so that ownership ibas will only occur if the candidate
effector fits with the model (e.g., Tsakiris & Hagd, 2005; Tsakiris, Schutz-Bosbach, &
Gallagher, 2007; Haans, ljsselsteijn & de Kort, 20Dsakiris, Carpenter, James &
Fotopoulou, 2010; Tsakiris, 2010; Costantini & Hagly 2007; Lloyd, 2007).

Top-down approaches have been motivated by twareegts (for an overview, see
Tsakiris, 2010). First, various studies show thatdtrength of the RHI depends on
anatomical, postural and spatial constraints, eslhethe similarity between the to-be-
integrated object (such as a rubber hand) anddimpared/related body part (e.g., Haans,
lisselsteijn, & de Kort, 2008; Tsakiris & Hagga&f05; Graziano, Cooke, and Taylor, 2000;
Holmes, Snijders, & Spence, 2006; Tsakiris, Cagrediames, & Fotopoulou, 2010). While
these observations have been taken to supportaep-dpproaches, they actually don’t:
Dissimilarities between novel object and actualybpdrt are likely to reduce the degree of
intersensory matching (the key factor of bottomapproaches), which renders this factor
theoretically nondiagnostic. The second argumentoip-down approaches refers to the fact
that there is no convincing demonstration of pergibody-ownership for non-corporeal
objects. The only exception is Armel and Ramachamdr(2003) observation that
synchronous stroking of a real hand and a tableded a kind of RHI. However, not only has
this finding never been replicated, it also cambeounted for by ad-hoc generalization: the
table condition was always run right after a rublba@nd condition, which was likely to induce

transfer.

However, there are some indications that do nanhdedit with the assumption that
ownership illusions require a tight fit between tamdidate effector and the internal body
model. For example, Longo et al. (2009) showeddifégrences in skin luminance and hand

shape did not influence experience of the RHI. gltdme same lines, Farmer, Tajadura-
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Jiménez, and Tsakiris (2012, and also see Farmast®t, & Tsakiris, 2014) found that the
RHI can be induced with a hand of different skitbocoPavani and Zampini (2007) showed
ownership effects for a rubber hand that is biglget,not a smaller, than one’s own hand.
Schitz-Bosbach, Tausche, and Weiss (2009) reptrésedome (in)congruencies between the
visual and tactile stimulation did not affect thelIRstrength, similarly to the observations of
White, Davies, Halleen, and Davies (2010). Inladise studies, the visual form and
anatomical properties of the rubber hand differedhfthose of the real hand to some extent,
but the candidate effectors were still rubber hardsich arguably keeps considerable
similarity to a real hand. However, Ehrsson e{2008) showed that amputees can experience
rubber hand illusions, and Guterstam, Gentile, Bm&son (2013) observed that under
multisensory integration conditions empty spaceshmembodied by healthy individuals. As
the amputees no longer had a hand that could basbma rubber hand, and as empty space
does not share any common visual form and anatbprioperties with a real hand, these
observations are difficult to explain from a topadoapproach without additional
assumptions (e.g., the imagination of a real hand).

Recent research has considered factors that gsndeywmtomical and postural factors
and constraints by manipulating bottom-up factsush as the kind of match between
multisensory information about candidate effect®&®@me studies have focused on active
effectors in the kind of action they are involvegdwhich brings together aspects of body
ownership and of agency (e.g., Tsakiris, Prabhtla§gard, 2006; Tsakiris, Schitz-Bosbach,
& Gallagher, 2007; Tsakiris et al., 2005; Hommel2015a; Hommel & Elsner, 2009). In
some modified RHI paradigms, researcher manipul@igeér or palm movements (of real
and rubber hand) to investigate the effect of wisator correlations on illusion induction,
which revealed the importance of visuomotor cotietes (or, more precisely, of the
combination of self- produced visual, kinesthediicg proprioceptive action feedback).
Tsakiris et al. (2005) argued that efferent infatiora(sense of agency) distinctively
contributes to self-recognition (sense of ownershipsome experiments, RHI could be
induced by finger or palm movements alone (e.gmber, Picot-Annand, Neal, & Moore,
2009; Kalckert & Ehrsson, 2014), but this doesexalude the possibility of a mediation by a
body model (see Tsakiris, Prabhu, & Haggard, 2@@énmer, Picot-Annand, Neal, & Moore,
2009; Kalckert & Ehrsson, 2014; Tsakiris, SchiutzBach, & Gallagher, 2007; Tsakiris et al.,
2005).
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In contrast to the use of rubber hands, as comm®&Hil studies, virtual-reality
techniques allow for relatively realistic visuomotorrelations, which has been shown to
produce reliable VHIs (Slater, Perez-Marcos, Ehrs&Sanchez-Vives, 2008; Sanchez-
Vives, Spanlang, Frisoli, Bergamasco, & Slater,@®erez-Marcos, Sanchez-Vives, &
Slater, 2012; Ma & Hommel, 2013). In contrast tmeoaction RHI studies (e.g., Tsakiris,
Prabhu, & Haggard, 2006; Dummer, Picot-Annand, N&doore, 2009; Kalckert &
Ehrsson, 2014), in which visuomotor correlationstabuted equally to or less than
visuotactile stimulation to the illusion, VHI stedi (and even some RHI studies) have shown
that visuomotor correlations alone is sufficientrtduce ownership illusions (Sanchez-Vives,
Spanlang, Frisoli, Bergamasco, & Slater, 2010; Mddnmel, 2013). Kokkinara and Slater
(2014) tested the two information sources agaiash ®ther and found that visuomotor
synchronicity contributes significantly more to asvship illusions than visuotactile
synchronicity does. One possible interpretatioth@ finding is that a freely controllable
virtual hand provides more and more temporally eaéel multisensory information and thus
a more extended database for bottom-up multisemsatghing processes. This is consistent
with Short and Ward’s (2009) observation that vimotor synchronous correlation is
sufficient to induce ownership for a wide variefyotual controllable objects, including
virtual hand and cones. However, in their work, ghbjective ownership ratings for virtual
cones was relatively low (3 on a 5-point scale} ene critical comparison was between
controllable cones and uncontrollable hands, whictot consistent with most RHI/VHI

studies.

Given the apparently great importance of visuomuwtfmrmation for ownership
illusions, we hypothesize that previous studies tisad static objects, like rubber hands,
might have systematically underestimated the doution of bottom-up factors. If so, the use
of virtual effectors, together with visuomotor mamiations, might allow participants to
experience ownership for objects that do not lakd & hand or other real effectors, that is,
for non-corporeal objects. Given that the previtaiisires to demonstrate ownership illusions
for non-corporeal objects were mostly obtainedaditional RHI paradigms, it remains to be
seen whether a more dynamic manipulation in a \Védagigm is equally unsuccessful.
Accordingly, the aim of the present study was wvpte, if possible, a demonstration of
perceived body-ownership for non-corporeal objeddiding that would not fit with the
assumption of a crucial role of internal body mad@lsakiris, 2010). To allow for more

reliable visuomotor correlations, more flexibilitymanipulating the artificial effector, and in
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order to avoid the rather distracting stroking gaare, we used the VHI as demonstrated by
Slater et al. (2008) and Ma and Hommel (2013).

In our study, we designed two virtual non-corpaigjects, a three-dimensional
balloon and a two-dimensional square, that botmdicbear any obvious visual and
anatomical similarity to a real hand or any othemlan body part. These objects replaced the
virtual hand in an otherwise standard VHI setupths participants could move their right
hand to control the location, orientation, and sizthe balloon (Experiment 1) and the
location, orientation, and size or color of theagu(Experiment 2). While the bottom-up
approach to body ownership would suggest that spnatity between people’s own hand
movements (with their unseen hand) and the growshonkage of the balloon or of the
square (or the changes of its color) creates perdeawnership of the event, the top-down
approach would predict no perceived ownership dichsion-corporeal objects, as they do not

match any part of the participants’ body images.
2. Experiment 1

Experiment 1 replicated the VHI-experiment of Ma &ommel (2013), except that
the virtual hand was replaced by a virtual balld®articipants were exposed to a yellow
balloon presented on a screen, the location, atiemnt, and size of which they could control
by moving their right, unseen hand by means ofta geve. When participants moved and
rotated their hand, the balloon would show the samoeements and when participants
opened and closed their hand, the balloon would dpigger and smaller, respectively. These
changes of the size of the balloon occurred egkiechronously or asynchronously with
movements of the real hand, with the assumptioinsyrechronicity would induce more
perceived ownership (and agency) than the asynobsocondition (Ma & Hommel, 2013).
To further increase the convincingness of the egpee (see Ma & Hommel, 2013),
participants were also shown a virtual needle eitaer touched the virtual balloon (with its
blunt or sharp end) or made it explode or not.rApact and threat of virtual effector have
been found to induce affective reactivity in papants (Armel & Ramachandran, 2003; Ma
& Hommel, 2013), we assessed skin conductance mespdSCR) in addition to the VHI
guestionnaire (an adapted version of the standBlicqRestionnaire used by Botvinick &

Cohen, 1998, and many others).

As the virtual balloon does not look like, and does have the anatomical properties

of, a real human hand or any other human effeatergonsidered it a non-corporeal object.
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Moreover, in contrast to most RHI/VHI studies (kirhilar to Short & Ward, 2009), the
balloon was placed on the screen in a way thabkdd ‘disconnected’ from the participant’s
body, which among other things increased the distéetween viewed object and felt
position (of the real hand). According to top-doapproaches, and the model of Tsakiris
(2010) in particular, these conditions should pn¢yarticipants from experiencing any
ownership illusion for the virtual balloon. In coat, bottom-up approaches would hold that
the availability of synchronized/matched multiseysaformation should be sufficient to

generate an ownership illusion.
2.1. Participants

30 participants (7 male; mean age = 25 years, S3@3 years, range 20-35) were
recruited from Leiden University in exchange fourse credit or pay. We used the
department’s standard advertisement system angbtectcall volunteers registering in the first
(and only) wave. Informed consent was obtained fadirparticipants before the experiment.
Participants were naive with respect to the RHI/VHie study was approved by the Leiden

University Human research ethics committee.
2.2. Design

Participants underwent 8 conditions, in balancelkQrwhich emerged from crossing
three factors: (1) the size of the virtual ballgyaw and shrunk either synchronously or
asynchronously with the opening and closing ofgheicipant’s actual hand; (2) the virtual
balloon was touched by a virtual needle’s sharplant end (as seen on the screen and felt [as
vibration] in the palm of the hand); and (3) th@txt of the needle made the balloon explode

or not.
2.3. Experimental setup

The study was performed in a virtual reality enmiment (see Ma & Hommel, 2013).
The setup consisted of a 3-DOF orientation tra¢keerSense), a data glove (Cyberglove), a
cloth which is placed over the participant’s righbulder to cover the space between the
virtual object and the participant, and a black tadwch participant put his right hand in to
shield participants’ hands from view, Biopac MP HaQuisition unit, AcqKknowledge
software and remote transmitter for SCR recordamgl, virtual reality software (Vizard). The
Cyberglove has six vibration stimulators attactwet on each finger and one on the palm;

they are programmable to set the vibration timestrehgth. We designed a virtual balloon
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and imported the balloon, the tracker, and dataeginodules into Vizard to establish data
transfer between them. This allowed us to havd#tieon being controlled by the
participant’s hand movement. Participants woreddia glove and tracker on their right and
the SCR remote transmitter on their left handpaga & Hommel (2013). The instruments

were shown in Figure 1 (A) and experimental sesughiown in Figure 1 (B).

Figure 1: (A) Participants wore an orientation kexcand a data glove on their right hand, and
SCR remote transmitter on their left hand; (B) PeitiExperiment 1.

2.4. Procedure.

Participants were seated in front of the black Wwith a computer monitor placed
behind the other end of the black box, as showkigare 1 (B). They were asked to wear the
glove, orientation tracker and SCR remote tranemés shown in Figure 1 (A), then put their
hands inside the box, and look at the monitor h&tlieginning of each of the eight trials, they
were to move their fingers for 10 seconds, whick wacessary to initialize the system
properly. Then the computer program generatedtaaliballoon on the screen and the trial
started. In each of the eight trials, participamése to open and close or rotate their right hand
freely for 1 min—which allowed participants to eape the degree of control or agency over
the shape of the balloon. After this phase of uisotor correlations, visuotactile stimulation
was applied: A virtual needle appeared on the scaed took four seconds to move to
contact the virtual balloon, which was associatétl the onset of the palm vibration
stimulator of the glove, and then took another feronds to return to its original position.
This procedure was repeated until 30 seconds were m the synchronous/balloon
explosion trials, the orientation and size of tiveual balloon changed in synchrony with the

participant’s own hand orientation and opening elinding movement. The vibration again
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set in each time the needle contacted the balladritee balloon exploded. In the
asynchronous/balloon explosion trials, the size@mhtation changes of the virtual balloon
were delayed by 2 seconds with respect to thenaead movements, and vibration onset was
delayed by 2 seconds with respect to the contabttive balloon and its explosion. After the

illusion-induction phase of each condition partasifs were filled in the questionnaire.
2.5. Measurements

Questionnaire. To assess the extent to which participants expegtkthe ownership
illusion, we used an adapted version of the stahdaven-item questionnaire (Botvinick and
Cohen, 1998; Slater et al., 2008; Ma and Hommel32(Each statement was rated by means
of a 5-point (0-4) Likert scale, ranging from O fetrongly disagree’ to 4 for ‘strongly agree’.
While Q6 is the most direct ownership question,rdraaining questions refer to implications
or signs of ownership, like location-related simtha(Q1, Q3), visual similarity (Q4, Q7),
intersensory interactions (Q5), and agency (Q2).@&l, Q5 and Q6 are usually supposed to
be the core illusion questions (Slater, Perez-MarEtirsson, & Sanchez-Vives, 2008;
Sanchez-Vives et al., 2010; Guterstam, Gentile &&ibn, 2013; Kammers, De Vignemont,

Verhagen, & Dijkerman, 2009). The statements were:

Q1. Sometimes | had the sensation that vibratfeft bn my hand was on the same
location where the virtual balloon on the screes weacontact with the virtual needle on the
screen.

Q2. The movements of the virtual balloon on thesorwere caused by me.

Q3. It sometimes seemed my own hand was locateleoscreen.

Q4. The virtual balloon on the screen began toméée my own hand, in terms of
shape, skin tone, freckles, or some other visuwufe.

Q5. Sometimes it seemed as if what | was feeling egaised by the virtual needle that
| was seeing on the screen.

Q6. Sometimes | felt as if the virtual balloon be screen was my own hand or part
of my body.

Q7. It seemed as if | might have a balloon-likechbasides my right and left hands.

Skin conductance response (SCR) measur ements. We measured SCR during the
entire experiment. SCR has been shown to be dlellmeasurement of at least some aspects
of illusory body ownership (Armel & Ramachandra@03; Ehrsson et al., 2008; Guterstam,

Gentile, & Ehrsson, 2013). Given that SCR reflest®tional arousal, it was expected to
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increase in response to the threat-inducing nemdat to the degree that ownership for the

threatened virtual object would be perceived (see8MHommel, 2013).

We defined a latency onset window between 1 aret8rgls after stimulus/event
onset, namely when the virtual needle appearedtantéd to move towards the virtual
balloon, with the skin conductivity before stimulesent onset serving as baseline (see
Boucsein, 1992; Figner & Murphy, 2010; Armel & Rarhandran, 2003; Ehrsson et al.,
2008). We then calculated the magnitude of the teveluced SCR by subtracting baseline
skin conductivity from the peak amplitude of theR5Quring the analyzed time window, and

took the log(magnitude+1) per participant and cboni
2.6. Results

Responses to the seven items of the questionnadréha SCR measures were
analyzed by means of 2(synchronicity) X 2(needézid) X 2(explosion) ANOVAs with all
independent factors varying within participantsbl€al provides an overview of the relevant
design features, the presence or absence of thersinp illusion expressed as synchronicity
effect for Q6, as well as the means for the agdeegidusion ratings (Q1, Q3, Q5 and Q6)

and the most direct illusion rating (Q6) (see selcoolumn).

Table 1. Overview of experimental factors (Handd®elslance: whether the viewed object is
similar to real hand; Connectedness: whether tbwed object is ‘connected’ to participants’
body), illusion presence and ratings (aggregatasidn ratings for Q1, Q3, Q5 and Q6/most
direct illusion item [Q6]) of the four studies: Eeqiment 1, Ma & Hommel (2013),
Experiment 2 and the Control study.

Virtual balloon Virtual hand (extended) Virtual square Virtual hand (above)
(Experiment 1) gg;(g? from Ma & Homme| (Experiment 2) | (Control Study)
Hand No Yes No Yes
Resemblance
Connectedness No Yes Yes Yes
Illusion Yes Yes Yes Yes
Ratings 2.05/1.39 2.67/2.20 2.80/2.16 2.81/2.31
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The seven ANOVAs of the questionnaire items rekehlghly significant main
effects of synchronicity for all items, Fs(1,2912.60-85.29; ps<0.004p2s = 0.40-0.75 (see
Figure 2 (A) and Table 2). The only two remainirfigets were an interaction of explosion
and synchronicity for Q6, F(1,29) = 7.07, p = 0.04® = 0.20, indicating that participants
felt more strongly that the screen object was phtteir body if the balloon did not explode,
and a main effect of explosion for Q7, F(1,29) 624 p = 0.040yp2 = 0.14, indicating that
participants felt more strongly to own an extrddoai-like hand if the balloon did explode.
An ANOVA of the event-induced SCRs revealed ongygmificant main effect of
synchronicity, F(1,29) = 4.26, p = 0.04f2 = 0.13, showing more pronounced SCR with
synchronicity (see Figure 2 (B)). To assess powergalculated post-hoc power values by
means of G*power (Faul, Erdfelder, Buchner, & LaP@09), based on the sample size of
Experiment 1. For questionnaires results, the pawedetect a large-sized effeqp@ >.14;
Cohen, 1988) for the main effect of synchronicitfher main effects, and interactions was
higher than .99. For SCR results, the power toal@enedium-sized effecq§2>.13; Cohen,
1988) for the main effect of synchronicity was hegkhan .99. Accordingly, we consider the

size of our sample sufficient to detect the soudghtifferences.

(A) Balloon (B) Balloon
4. [ synchronous 0.E
[ Asynchronous T
5 o
2 g 04
g K R
£ g 0.3
Q
c E
S o 0.z
@ 9
5 x
%4 o 01
N
O L M B LI T T L
1 2 3 4 5 6 7 BONOS BON1S B1NOS BIN1S
Question number BONOAS BON1AS BINOAS BIN1AS
Condition:

Figure 2: Boxplots for (A) questionnaire ratingsldB) SCR results of Experiment 1. BO, B1,
NO, N1, S, AS represent the same conditions asbile 2. Error bars represent + 2 SD.
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Table 2. Experiment 1. Means and standard devigijionbrackets) for the questionnaire
ratings. BO: Balloon not exploding; B1: Balloon éogling; NO: Needle’s blunt end contacted
the balloon; N1: Needle’s sharp end contacted #tledn; S: Synchronous balloon

movements; AS: Asynchronous balloon movements.

Q1 Q2 Q3 Q4 Q5 Q6 Q7
BOND.S 2.43 3.32 1.80 1.07 2.60 1.37 0.90

(1.22) (1.19) (1.24) (1.05) (1.13) (1.19) (1.12)

1.03 1.60 0.63 0.47 1.23 0.47 0.33
BO-NO-AS

(1.19) (1.67) (0.85) (0.73) (1.30) (0.73) (0.66)
BONLS 2.50 3.47 1.67 1.17 2.73 1.57 0.90

(1.28) (0.90) (1.15) (1.12) (1.11) (1.33) (1.12)

0.97 2.07 0.67 0.50 1.13 0.53 0.20
BO-N1-AS

(1.07) (1.48) (1.03) (0.73) (1.17) (0.78) (0.48)
BLNO.S 2.30 3.13 1.60 1.13 2.47 1.27 0.97

(1.32) (1.11) (1.38) (1.20) (1.25) (1.14) (1.00)

1.07 2.00 0.87 0.60 1.43 0.77 0.47
B1-NO-AS

(0.98) (1.44) (1.01) (0.85) (1.48) (0.86) (0.82)
BLNLS 2.47 3.40 1.83 1.27 2.87 1.33 0.97

(1.20) (0.77) (1.34) (1.11) (1.20) (1.12) (1.00)

1.40 1.83 0.67 0.50 1.53 0.70 0.63
B1-N1-AS

(1.30) (1.60) (0.88) (0.73) (1.36) (1.02) (0.81)

2.7. Discussion

The synchronicity effects in Experiment 1 providedence for perceived body-
ownership for an actively controlled virtual ballodAs such an object does not bear any
obvious similarity to a human hand or other humiéeceors, it was unlikely to be represented
in the participants’ body model. This demonstrales synchronization-induced increases in
perceived ownership do not require, and can thusleygend on processes that match external
effector candidates against internal body represiemts, as top-down approaches suggest. A

number of further observations are of interest:

Firstly, we obtained significant synchronicity edfte for all the questionnaire items
and not just the most direct illusion question @&e core illusion questions. This is not
consistent with some prior RHI/VHI studies, whidtea found reliable effects only for core
guestions. However, we note that the questiontlakethe present and these previous studies

used was developed for static rubber hands, whelemployed dynamic non-corporeal

47



Chapter 3

objects/events. It is thus possible that the itefithis questionnaire are not sufficiently
specific to pick up ownership with more dynamiaupst (and they indeed remain to be
externally validated and psychometrically scrutgaly, but it may also be that such dynamic

setups produce more integrated percepts of ownershi

Secondly, we note that the explosion manipulatitected two items, one as a main
effect and one in interaction with synchronicityéelfact that the two effects contradict each
other to some degree (explosion increased theahusf owning extra hands in one case and
reduced the illusion of owning the balloon as om®eh hand in the other) makes these
observations difficult to interpret. We speculdtatttwo reasons might have been responsible.
For one, the seeming contradiction may be takeprelsninary evidence for some, not yet
fully understood role of affective factors in therpeption of body ownership (see Ma &
Hommel, 2013). For another, prior knowledge miginwdrworked against the bottom-up
bases of the illusion. While the synchronicity effandicates that bottom-up information was
effective in creating the illusion, resulting iretparticipants’ perception of the virtual balloon
as their own hand or other body part, prior knogkedhight have suggested that one’s own
hand or body part does not explode through comtdbta needle. If so, the balloon might
have felt as one’s own hand if it did not exploolat, as an extra hand if the balloon did
explode. In any case, none of these effects elithténe general illusion, as ratings were still

significantly increased in the synchronicity coratit

Thirdly, the mean direct ownership rating was ey low (1.39), as was the mean
for all illusion questions (aggregated illusionimgt 2.05 on the 0-4 rating scale; see Table 1).
This means that participants were not very sureialbether the virtual balloon was or was
not their hand or part of their body, a findingttteaconsistent with the equally low ratings for
artificial objects reported by Short and Ward (200hile these significant synchronicity
effects show that some illusion was induced, imisresting to consider possible reasons for
the relatively low overall ratings. Equally low a@d ratings (in the presence of significant
synchronicity effects) were reported by Sforza,dbari, Haggard, and Aglioti (2010), who
found an ownership illusion for other people’s fapeesented in front of the participants.
This commonality might suggest that perceived cotetness between one’s own body and
the virtual extension plays a role. Neither wasdtier person’s face connected to the bodies
of the participants in the Sforza et al. study, were the virtual balloons connected to
participants’ real hands in our Experiment 1. Samyl, in the study of Short and Ward (2009),
the virtual cones were not connected to particgaetl hands. These observations suggest
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that the lack of connectedness might lead to argédeop of ownership ratings. Indeed, the
VHI has been shown to be highly dependent on tpargmt connectedness between the
virtual object and the participant’s body (Perezrdts, Sanchez-Vives, & Slater, 2012).
Another possible reason for the rather low illusiatings in Experiment 1 might have been
the multisensory mismatch resulting from the coaisatile apparent distance between the real
hand and the balloon. Hence, taken altogethere e reasons to assume that the illusion
obtained in Experiment 1 represents a rather coatee estimate.

3. Experiment 2

As pointed out, Experiment 1 provides evidenceofenership illusions for non-
corporeal objects/events. However, even thouglsyhehronicity effect was significant for
all items, the overall level of the ratings for tbeation questions and the ownership question
were rather low. We have discussed two possibkoreafor that, namely, the (lack of)
connectedness between real and candidate effedd@patial multisensory mismatch.
According to this reasoning, increasing connectssliaad reducing spatial mismatch should
result in higher overall illusion ratings and, iarpicular, a higher ownership rating. We tested
this possibility in Experiment 2, where we changfegl setup so to maximize connectedness

and minimize mismatch, as shown in Figure 3.

Figure 3: Setup of Experiment 2 and Control study.
3.1. Rationale and design

The experimental setup is shown in Figure 3, vithdcreen being placed on the top
of the box to avoid (considerable) multisensorymatch. This setup also presented the

virtual object in a way that it looked better cooteel to participants’ bodies. A two-
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dimensional virtual square was used in Experimanstead of the virtual balloon in
Experiment 1. Similar to the controllability of thalloon, the location, orientation, and color
or size of the square changed synchronously orcasgnously with the participant’s hand
movements. While we optimized the setup for coredmess and multisensory matching, we
used this particular object to make it even lesslar to real human effectors than the virtual
balloon used in Experiment 1. For one, while thiéuail balloon was as three-dimensional as
the participant’s real hand, the virtual square Wasdimensional. And, for another, while
the size changes used in Experiment 1 and in #eecsindition of Experiment 2 bear some
similarity to the opening and closing movementraf teal hand (which also results in size
changes of the real hand’s shape), the color clsamggd in the color condition of Experiment
2 minimize this similarity. By comparing the resulor the size and the color condition of
Experiment 2, and by comparing the overall resofiiSxperiment 2 to Experiment 1, these
manipulations allowed us to assess the possitdeofadimilarity between real hands and

virtual objects.
3.2. Method

Twenty-two participants (5 males; mean age = 23syesD = 3.79 years, range 20-34)
fulfilling the same criteria as in Experiment 1 weecruited. The study was approved by the
Leiden University human research ethics commifiée. participants experienced four
conditions in balanced order, composed by combitwmfactors: (1) in addition to hand-
controlled location changes, the square changhdrait size or in color with the opening and
closing of the participant’s hand; and (2) the dasien changes of the virtual square were
either synchronized or not synchronized with thevemoent of the participant’s hand.

The experimental procedure of Experiment 2 waslamo Experiment 1. Participants
wore the same instruments as shown in Figure 1TAgy were seated in front of the screen
and put their hands inside the box, and looketestreen, as shown in Figure 3, where a
virtual square appeared. In each trial, the paeicis were to rotate, open and close their
hands freely. In the synchronous size trials, apgtihe hand made the virtual square bigger
while closing the hand made it smaller, and in syacous color change trials, opening the
hand made the square greener while closing it ntddeer. The orientation of the virtual
square changed synchronously with the orientati@mge of the real hand. This visuomotor
phase lasted for 1 minute. Then visuotactile stamoih was applied: a virtual ball appeared
and took four seconds to move to contact the diggaare, which was again accompanied by
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vibration, and then took another four seconds tiarneto the original position. This procedure
was repeated until 30 seconds were over. In asgnohbs trials, the orientation and color/size
change of the virtual square was delayed by 2 skcaith respect to the hand movements,

and the vibration was delayed by 2 seconds witheeso the contact with the square.

After each condition, participants responded tosime seven questions as in
Experiment 1, except that we replaced all referenaghe balloon by references to the square,
and replaced all references to the virtual neegleeterences to the virtual ball. After the
guestionnaire and a short break, participantshrasugh the same procedure again, only that a
threat phase was presented instead of the queaiienm the threat phase, we used the same
virtual ball movement as in the synchronous coaditHowever, when the ball touched the
square, the square broke into several pieces atidipants received vibration at the palm of
their hand. We measured SCR during the entire @rpet, the SCR was computed almost
the same way as in Experiment 1, except that threikts/event onset was defined as the time

when the square broke.
3.3. Results

Table 1 provides an overview of the relevant defggiures, the presence or absence
of the ownership illusion expressed as synchrongitect for Q6, the mean of all illusion
guestions ratings, and the direct illusion questaiimg for Experiment 2. The most direct
ownership illusion rating assessed by Q6 was 2ntiatlae aggregated illusion rating (direct

illusion and location questions) was 2.80 (seetfoaolumn).

Responses to the seven items of the questionnadréha SCR measures were
analyzed by means of 2(synchronicity) X 2(changlimgension) ANOVAs with all
independent factors varying within participantse deven ANOVAs of the questionnaire
items revealed highly significant main effects yhahronicity for all questionnaire items,
Fs(1,21) = 22.47-84.23; ps < 0.00pp2s = 0.52-0.80 (see Figure 4A and Table 3), inohga
that the illusion was created for all aspects veessed. Moreover, there was an interaction
between synchronicity and dimension for Q6, F(1:2#)59, p = 0.0443p2 = 0.18, showing
that participants felt more strongly that the sorebject was part of their body if the square
changed in color than in size. The ANOVA of therweduced SCRs produced only a
significant main effect of synchronicity, F(1,21%-506, p = 0.046p2 = 0.177, showing
more pronounced SCR with synchronicity (see FigBe Power was calculated as in

Experiment 1. For questionnaire results, the pdweletect a large-sized effeqp >.18) for
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the main effect of synchronicity and an interactigas higher than .99. For SCR, the power to
detect a large-sized effeefpl>.177) for the main effect of synchronicity was regtthan .99.

Table 3. Experiment 2: Means and standard devisijionbrackets) for the questionnaire

ratings. CC: Square color changes; SC: Squarekmges; S: Synchronous square changes;

AS: Asynchronous square changes.

Q1 Q2 Q3 Q4 Q5 Q6 Q7
CC-S 3.36 3.36 2.45 1.55 3.27 241 1.59
(1.00) (0.73) (1.26) (1.22) (0.70) (1.22) (1.26)
CC-AS 1.59 1.45 1.00 0.55 1.59 0.73 0.55
(1.62) (1.14) (1.27) (0.74) (1.50) (0.83) (0.67)
SC-S 3.50 3.55 2.32 1.55 3.18 1.91 1.86
(0.67) (0.86) (1.21) (1.26) (0.85) (1.19) (1.17)
SC-AS 1.68 1.91 1.14 0.68 1.95 0.95 0.86
(1.52) (1.42) (1.32) (0.89) (1.40) (0.84) (1.04)
Square
A) Square (B) q
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Figure 4: Boxplots for (A) Questionnaire ratingsldB) SCR results of Experiment 2. CC,
SC, S, AS represent same conditions as in Tal#er8r bars represent £ 2 SD.

3.4. Discussion

Table 1 shows that ownership illusory ratings wagher for the virtual square in
Experiment 2 than for the virtual balloon in Expeeint 1; moreover, the rating for the direct
illusion question Q6 was higher than the middlersc®ogether with the high ownership
illusory ratings, the synchronicity effects in Exipgent 2 clearly indicate that participants

perceived the actively operated virtual squarenasxéension of their own body. This pattern
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also supports our hypothesis that connectednesmamichal multisensory mismatch

contribute to a high degree of perceived ownership.

The illusion again affected all questions, whicinfamns our previous observations
that the standard RHI/VHI questionnaire is lescHigeg(or the underlying processes are more
integrated) with virtual, dynamic manipulationsrhais for static rubber hands. The illusion
was not any stronger for the size condition, whatuably captured more aspects of the real-
hand movements that controlled the size of thei@irbbject, than for the color condition. In
fact, the significant interaction for Q6 indicatbat the main ownership question was more
sensitive to the color manipulation than to the simnipulation. This shows that the
similarity between real hand and virtual objectlirding their dynamics, do not seem to play
a relevant role in inducing ownership illusions @dand beyond basic spatiotemporal

intersensory matching.

Another interesting observation was that the SGRIwas lower in Experiment 2
than in Experiment 1. Along the lines of Ma and Hhoeh (2013), this is likely to reflect the
impression that a ball hitting a virtual squareyasd in Experiment 2) is perceived to be less
threatening and less related to the real handah@eedle pricking into a virtual balloon (as
used in Experiment 1). Hence, this observation ides/convergent evidence that affective
factors play a role in the perception of body ovghep.

Taken together, the findings confirm our observatrom Experiment 1 in showing
that participants are likely to perceive ownerdbipa virtual object the shape or color of

which they can directly control.
4. Control study

In the two experiments, we showed that participaatsperceive non-corporeal
objects as part of their own body, especially wtiennon-corporeal object was presented
with optimized connectedness and multisensory nrajclBut one may argue that, despite the
relatively high direct illusion item rating for thertual square in Experiment 2, the absolute
rating is still lower than in some previous studiest were using virtual hands (e.qg.,
Kammers, De Vignemont, Verhagen, & Dijkerman, 208@ter et al., 2008). To explore this
issue, we considered the data from a previous gtody our lab and ran a control study to
collect ratings of corporeal objects (i.e., virthahds) within the same virtual environment

and experimental setup.
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To allow for a direct comparison between the norporeal condition of the present
Experiment 1 with a corporeal-effector conditiore eompared our findings to data from a
previous study. In this study, we replicated thel Mkth virtual objects that looked like real
human hands, as reported by Slater, Perez-Martwossén, and Sanchez-Vives (2008), and
had the virtual hands threatened by a cutting kinifgtead of the pricking injection needle
that we used in the present Experiment 1). Thatgart from the particular kind of threat and
the use of virtual hands rather than other viralgécts, the experimental conditions were
identical. This study (reported and further desastilm Ma & Hommel, 2013) tested 18
participants and used a virtual display that seetoecxtend the participant’s own invisible
hand into virtual space. Synchronicity manipulatior questionnaire were as in the present
study (see Table 1, third column). As Table 1 shdlesratings in Ma & Hommel (2013)

were as high as in the present Experiment 2 binehithan in the present Experiment 1.

Given that the setup of Ma and Hommel (2013) w#smint from the setup used in
the present Experiment 2—which minimized the meitsory mismatch—we ran a further
control study to see whether a corporeal versidaxpleriment 2 would produce higher
ownership ratings than our non-corporeal versiandd so, we replace the square by a virtual
human hand that seemed connected to the partigsdulder, and was located above the
real hand, with the otherwise identical setup a@xperiment 2 (shown in Figure 3). The
experimental procedure was the same as in Experigneith a virtual ball touching the
virtual hand. All questionnaire items were the sas&xperiment 2, except that we replaced
references to the square by references to thealinand. We tested 24 participants (6 males;
mean age = 23 years, SD = 3.87 years, range 233julfilled the same criteria as in
Experiment 1 and 2 were recruited. The study wasomed by the Leiden University human

research ethics committee.

The seven ANOVAs of the questionnaire items ratmeygaled highly significant
main effects of synchronicity for all items exc€pt, Fs(1,23) = 6.94-28.37; ps < 0.04p2s
= 0.23-0.55 (see Figure 5 and Table 4). The poweetect a large-sized effeqp@ >.23) for
the main effect of synchronicity was higher tha®. .Bhe direct ownership rating assessed by
Q6 was 2.31 and the aggregated illusion ratinge¢ditlusion and location questions) was
2.81 (see Table 1, fifth column).

As Table 1 shows, with the optimized multisensosatching in the Control study, the
illusion ratings did not differ from the ratings Bfa and Hommel (2013). This result is
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consistent with previous RHI/VHI studies (e.g., Hisa & Haggard, 2005; Ehrsson et al.,
2008; Kammers, De Vignemont, Verhagen, & Dijkern2009; Slater et al., 2008; Ma &
Hommel, 2013), in which a rubber/virtual hand inéld¢he illusion successfully in different
positions near the real hand. The fact that it sdasnatter much whether the virtual hand
seems to extend from or is located above the @aad Buggests that the spatial distances
within the range of our manipulations do not affiset degree of multisensory mismatch in
our virtual environment. This provides indirect@smce for the possibility that connectedness

(which was optimal in the Control study and in M&&mmel, 2013) plays a role.

Table 4. Control study: Means and standard deviat{mm brackets) for the questionnaire

ratings.
Q1 Q2 Q3 Q4 Q5 Q6 Q7
Synchronous 3.08 3.36 2.75 2.31 3.08 2.31 1.03
(1.00) (0.69) (0.99) (1.09) (0.92) (1.29) (1.09)
Asynchronous 1.83 2.11 1.86 1.47 1.64 1.33 0.78
(1.34) (1.57) (1.40) (1.15) (1.39) (0.98) (0.92)

Control study

Il Synchronous
4 [ Asynchronous

Questionnaire rating

1 2 3 4 5 6 7
Question number

Figure 5: Boxplots for Questionnaire ratings of @ohstudy. Error bars represent + 2 SD.

Even more importantly, the ratings were comparé&d&xperiment 2 and the two
virtual hand studies, which does not provide angewce that synchronicity-induced
ownership illusions are any more convincing forpaoeal than for non-corporeal virtual
objects. Moreover, our findings suggest that peeskconnectedness between real hand and
virtual object is not necessary for the ownershigion as such, even though it increases the

overall level of the ownership experience.
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5. General Discussion

In two experiments, we showed that people are tilely to perceive a virtual
balloon or a square as part of their body if thayehdirect, immediate control over
spatiotemporal and appearance-related featuréesé tobjects. Body ownership was
accompanied by significantly stronger affectiver&aabout the respective object, as
indicated in the increases in SCR—a pattern thewahs been claimed to indicate ownership
(Armel & Ramachandran, 2003). Taken altogether fiodings amount to an existence proof
that non-corporeal objects can be perceived as p&adne’s own body, which provides strong
evidence against the idea that perceived body-ashiferelies on pre-existing, temporally
stable body models (Tsakiris, 2010). This challente speculation that body representations
integrate novel parts only to the degree that treeaefunctional reason for that part to be
integrated (Tsakiris et al., 2007) and providesrgjrsupport for bottom-up approaches to
self-representation (Botvinick & Cohen, 1998; Armd&eRamachandran, 2003).

Our findings also show that the integration of tematly and spatially congruent
multisensory signals is sufficient to induce theypownership illusion, even when visual
information directly contradicts the presence phgsical limb at the location of the
perceived illusory hand or effector. However, weodbund that the ownership illusion is
more convincing if real and virtual effectors setenbe close and connected. This suggests
that self-perception is modulated by Gestalt laagsknown from object perception, where
connectedness (as captured by the laws of proxemitythe law of continuity) is a central cue
for perceived unity (i.e., belongingness to the safject or event; e.g., Sternberg, 2003).
Hence, the process of perceiving oneself may ngpkeial but rely on the same principles as
perceiving objects and non-personal events (Hom2@dl3; Hommel, Colzato, & van den
Wildenberg, 2009)—including Gestalt laws. In thédaing, we discuss a number of

theoretical and practical implications of our fings.

An obvious theoretical implication of our findingsthat similarity between one’s
body parts and a novel candidate effector is uhfliteebe a necessary requirement for
ownership perception. Tsakiris (2010) has suggesbidan object will be perceived as a
body part if, and only if, it meets three criterid) the visual appearance of the object matches
internal knowledge about of the shape of human Ipadis; (2) the postural and anatomical
state of the object matches that of a real effthat is hidden from view); and (3) seen
stimuli (about the object) and felt stimuli (abaune’s real effector) match. In the present

56



Chapter 3

study, the third criterion was fully met, but neitidid the balloon or the square look similar
to any of our participants’ body parts nor did Haloon’s or square’s postural and
anatomical state match that of a real effectors Tinplies that the first and second criterion
are unlikely to be absolutely critical for induciitigisory ownership. If so, our findings are
more consistent with a (however very relaxed angmtd) version of the model proposed by
Makin, Holmes, and Ehrsson, (2008), with the oelynaining constraint that virtual object
and body are perceived to be connected.

Another interesting finding of our study that mag/df either methodological or
theoretical relevance is that we found comparayhelsronicity effects for almost all
guestionnaire items. On the one hand, this mighitate that the questionnaire taken from
traditional RHI studies does not work quite as vi@inon-corporeal virtual objects. On the
other hand, however, this may be more than a metbgital observation. It is possible that
static manipulations systematically underestimiageimpact of synchronicity manipulations
on all self-perception aspects but the most dwagtership question. More dynamic
manipulations may make more perceptual dimensienseprable or salient, which then leads
to measurable synchronicity effects on all iteniatineg to any aspect of self-perception. In
other words, the broader, less selective effectsamsistently observed may represent the
more realistic pattern. This possibility wouldtfie idea that ownership and agency may be

more closely related than hitherto assumed (cbytSaWard, 2009).

It is interesting to note that our finding of ahait close relationship between
ownership and agency does not seem to fit withntealeservations of Kalckert and Ehrsson
(2014). They compared three versions of the clabsibber-hand setup: a standard version in
which the experimenter stroked both the rubber lemtthe real hand; a passive movement
condition in which the experimenter moved a fingethe rubber hand and a finger of the real
hand; and an active movement condition in whichpdugicipant him or herself moved a
finger of the real hand and thereby induced a m@reraf the corresponding rubber-hand
finger. The findings did not provide evidence foe difference between these three
conditions, and so the authors concluded that tbesditions are comparable. Given that the
active-movement condition can be considered toagaduore agency (which is indeed what
the authors observed), the failure to find morenptmced ownership does not seem to fit
with our results. The fact that Kalckert and Ehrs§2014) manipulated agency within a
rubber-hand setup while we manipulated agency wahvirtual-hand setup makes direct

comparisons difficult, and null effects are difficto interpret as well. However, we note that
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the agency-inducing condition in the Kalckert ariddson study was unlikely to increase the
amount of cross-modal stimulation—it just broudtg time point of stimulation under the
control of the participant. In contrast, our sestqengly boosted the number of data points
available for cross-modal comparison in the agemndition. This can be taken to support
the speculation that it is not the experience einag that matters for ownership but the
amount of bottom-up information that is availalbe ¢ross-modal matching operations. In
other words, it seems that it is not the experief@gency but objective agency and its

information-generating potential that play the daa role.

While our findings do not support claims of a neeeyg role of top-down factors in the
experience of body ownership, they do leave spaica possible compensatory or additive
role in ownership perception. The very fact thadgle accept immobile rubber hands as body
parts may suggest that body-part resemblance capasate for controllability. This would
fit the considerations of Short and Ward (2009)pwassume that a wide variety of virtual
objects can be incorporated if their actions aesgligtable and in accordance with the
intentions of the agent. In the absence of conttbler factors, such as visual appearance,
other anatomical and postural properties, may beamore important.

More generally speaking, perceived ownership magisie from a rather broad
integration of both top-down and bottom-up factonsich like it has been considered for
judgments of agency (Synofzik, Vosgerau & Newer@80Indeed, in real life neither
ownership nor agency issues are particularly comrsothat evolutionary pressure to create
dedicated mechanisms to explicitly judge ownersiipgency must have been low. If so,
people that are forced to make such judgmentskay ko “grab” any information they can
get hold on, so that the use of multiple sourcesfofrmation and stimulation seems to make

a lot of sense.

Taken altogether, our findings challenge strictdopvn models that require a match
between external objects and some internal bodygseptation for illusory ownership to
occur. Rather, people seem to be relatively liberalccepting all sorts of objects to become
part of their body, if they can control relevaratigres and the behavior of these objects, and
in particular if the objects seem physically corteddo their body. In other words, people
perceive as their body everything that expressas ithitentions, including things within reach

that move “as they wish”. Given the emphasis ofitle®@motor approach to action control on
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self-generated action effects (Hommel, 2009), shiggests that ideomotor mechanisms play

an important role in the generation of self-repnéggons (Hommel, 2013).
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