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Affective certainty and congruency
of touch modulate the experience
of the rubber hand illusion
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Published online: 22 February 2019 : Oursense of body ownership relies on integrating different sensations according to their temporal and
. spatial congruency. Nevertheless, there is ongoing controversy about the role of affective congruency
during multisensory integration, i.e. whether the stimuli to be perceived by the different sensory
channels are congruent or incongruent in terms of their affective quality. In the present study, we
applied a widely used multisensory integration paradigm, the Rubber Hand Illusion, to investigate the
role of affective, top-down aspects of sensory congruency between visual and tactile modalities in the
. sense of body ownership. In Experiment 1 (N = 36), we touched participants with either soft or rough
. fabrics in their unseen hand, while they watched a rubber hand been touched synchronously with the
© same fabric or with a *hidden’ fabric of ‘uncertain roughness’. In Experiment 2 (N =50), we used the
same paradigm as in Experiment 1, but replaced the ‘uncertainty’ condition with an ‘incongruent’ one,
in which participants saw the rubber hand being touched with a fabric of incongruent roughness and
hence opposite valence. We found that certainty (Experiment 1) and congruency (Experiment 2)
between the felt and vicariously perceived tactile affectivity led to higher subjective embodiment
compared to uncertainty and incongruency, respectively, irrespective of any valence effect. Our results
. suggest that congruency in the affective top-down aspects of sensory stimulation is important to
. the multisensory integration process leading to embodiment, over and above temporal and spatial
properties.

The sense of body ownership, defined as the feeling that one’s body belongs to oneself, is considered a fun-
damental aspect of self-awareness'. A long experimental tradition has attempted to study this facet of bodily
self-consciousness by focusing on the self-attribution of visually-presented body parts (e.g.>*). In the last two dec-
ades, a different research tradition emerged that investigates feelings of body ownership in relation to processes of
multisensory integration in personal and peripersonal space*®. For example, in the Rubber Hand Illusion (RHI®),
arubber-hand viewed in peripersonal space (i.e. space near to the body) is experienced as part of one’s body if the
subject’s own hand is synchronously touched out of view.
There are now hundreds of studies on the RHI, and related psychophysical or, virtual reality paradigms (see’
- for a review). These investigations have attempted to specify the principles by which multisensory integration
- happens and the role of different sensory and motor modalities in this integration. Moreover, a number of studies
: have focused on the role of various ‘amodal’ properties, such as temporal synchrony and spatial congruency in
. the integration process. Amodal perception refers to ability to detect common redundant information across two
or more senses®®. Detection of amodal information is thought to facilitate perceptual learning in infants. In rela-
tion to multisensory body awareness, developmental studies have demonstrated that even very young babies can
: detect the temporal and spatial properties of stimulation across the senses that originate from the body (e.g.!%%)
: With adults and in the context of the RHI, the subject’s hand posture, spatial position and orientation, the equiv-
. alent spatial characteristics of the rubber hand, and the relation of both to the midline of the body have been
found to modulate the illusion'>~'%. Importantly, top-down processes, defined as information processing that is
guided by an individual’s higher-level knowledge and expectations, have also been found to mediate the RHI and
. related illusions. For example, the RHI is abolished when participants watch a neutral object instead of a hand
. being stroked synchronously with their own hand'¢-'#, while subjects can experience a RHI even when touch on
. the rubber hand is merely expected rather than experienced'. These findings suggest that the RHI is mediated by
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both bottom-up processes of multisensory integration and top-down expectations?*-2, Moreover, recent compu-
tational models have formalised these combined influences. Predictive coding? and Bayesian causal inference®*
models suggest that the illusion relies on Bayes-optimal inferences about the causes of certain sensations (in this
case the inferred common cause is ‘my body’), based on prior knowledge and the spatio-temporal congruency
conveyed by these sensations during the RHI.

More recently, the integration of interoceptive modalities, defined as the sensory channels conveying the
physiological state of the body, have been found to play a role in the RHI alongside exteroceptive modalities
(e.g.>73). For example, tactile stimuli that are either painful® or pleasant’”?’ in nature lead to strengthened RHI
effects. Although the definition of interoception has been subject of debate (e.g.>*2), it has been hypothesised
that affective touch and cutaneous pain can convey both physiological and affective states of the body (such as
physiological safety/threat and feelings of care/harm)®. Importantly, it remains unclear whether the changes in
body awareness reported in relation to this sub-modality are caused by the bottom-up, interoceptive specificity
and resulting affective value of the felt touch on the real hand, or instead by the congruency between this felt
affectivity and the vicariously perceived affectivity of the seen rubber hand. Indeed, it is well recognised that both
unpleasant (painful) touch and affective (pleasant) touch can be perceived vicariously when seen on other bodies,
i.e. the brain simulates the experience of touch, including its affective aspects*~*°. When it comes to the percep-
tion of our own body, these two routes, e.g. direct and ‘vicarious’ perception of affective touch, concern the same
object and hence require cross-modal integration. However, it is unclear whether incongruences between the felt
and seen tactile affectivity can disrupt the multisensory integration processes that lead to body ownership, over
and above any effects of temporal, or spatial synchrony.

Indeed, this research tradition has paid little attention to the role of affective congruency during multisensory
integration. Affective congruency in such paradigms refers to whether the stimuli to be perceived by the different
sensory channels, such as the felt touch on the participant’s own hand and visual perception of touch on a rubber
hand, are congruent or incongruent in terms of their affective quality. For example, touch on the real hand may
be pleasant in valence and/or high in arousal, while touch on the rubber hand may be unpleasant and/or low in
arousal, and vice versa. Recent theoretical proposals suggest that affective contingency in embodied interactions
may be critical for the formation of the sense of self*”*. Indeed, a plethora of developmental studies has high-
lighted the formative role of affective congruency or contingency in early embodied (multisensory) interactions
with caregivers*~*2. Nevertheless, while the role of temporal and spatial congruency between the felt and seen
modalities has been extensively studied in body ownership research, to our knowledge only two studies have
manipulated affective congruency vs. incongruency in illusions of body ownership. These studies*** have sug-
gested that body ownership illusions can be elicited even if the affective quality of sensations on the seen hand are
not the same to the one experienced on the own hand. However, as we explain below, both should be regarded as
preliminary given their small samples and incomplete designs.

Specifically, Kammers and colleagues* tested nine healthy participants and used a thermode to induce tem-
perature changes in the ‘real’ hand during a classic RHI procedure, without any corresponding visual manipula-
tions of the rubber hand. They found no differences in RHI strength between neutral and ‘painful’ conditions, i.e.
in conditions where cooling or heating of the real hand reached noxious levels. However, they did observe that
cooling of the real hand produced greater proprioceptive drift (but no change in subjective ratings) compared to
warming of the real hand. These results are hard to evaluate given the small sample, as well as the fact that the
paradigm did not involve manipulations of the perceived temperature of the seen, rubber hand that could have
been perceived ‘vicariously. Hence, it is unclear whether the observed effects relate to the provision of additional
interoceptive information on the real hand, the increased arousal caused by such stimulation, or the affective
incongruency between the real hand (e.g. experienced as warm or cold) and the observed rubber hand (experi-
enced as non-informative with regards to temperature). To our knowledge the only study to include affectivity
manipulations on the rubber hand in relation to the real hand, used the RHI paradigm to investigate whether
participants’ perception of soft, pleasant versus rough, unpleasant tactile stimulation on their own hidden arm
was modulated by simultaneously watching the rubber hand being touched by either the same or an affectively
incongruent material (i.e. soft and rough fabric*®). The perceived pleasantness of these fabrics was manipulated
based on their softness/roughness, which in turn relates to the perception of the spatial density of the features on
a material’s surface (for an overview see*’). However, spatial density is not identical to perceived softness, which
shows interindividual variability (see e.g.,*®) and it is thus a combination of sensory perception and top-down
interpretation. Their results did not show a general effect of affective congruency on the RHI, nor did they find
a valence effect between the incongruent conditions, e.g. soft touch on the real hand leading to greater embod-
iment of a rubber hand that was touched by a rough fabric, or vice versa. However, their experiment involved
a between-subject design with only 15 participants per group, which may have been underpowered given the
multifactorial design, the noise and individual differences involved in such paradigms.

In the present study, we investigated the role of affective congruency between modalities in the sense of body
ownership over two separate within-subjects RHI experiments (Experiment 1: N = 36; Experiment 2: N = 50).
Based on recent Bayesian statistical models, perception is a process of probabilistic inference and therefore inher-
ently uncertain’. There is indeed ample evidence and discussion in neuroscience that the brain can process
uncertainty, including without any conscious awareness by the subject, in perception and particularly in mul-
tisensory integration (e.g.*’~>!). Over two experiments, we thus manipulated for the first time (1) the degree of
certainty of the seen tactile affectivity in relation to the felt tactile affectivity and (2) the congruency between seen
and felt tactile affectivity. Specifically, in a first experiment, we manipulated the pleasantness of fabrics touching
the real hand (based on their relative softness), whilst the rubber hand was exposed to temporally and spatially
congruent touch that was either also affectively congruent or affectively ambiguous. That is, participants’ real
hidden arm was stroked by a pleasant (i.e. synthetic wool) or non-pleasant (i.e. Velcro) fabric while they watched
a rubber hand receiving a synchronous tactile stimulation by the same congruent fabric or by a ‘hidden’ fabric.
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We asked the question of whether affective certainty (vs. uncertainty) can affect changes in embodiment, over and
above the effects of temporal synchrony (vs. asynchrony). Experiment 2 used an identical paradigm to the one
described in Experiment 1 but replaced the emotionally uncertain experience of the hidden fabric on the rubber
hand with an emotionally incongruent fabric. That is, participants watched a rubber hand being touched by a
pleasant (i.e. synthetic wool) or non-pleasant (i.e. Velcro) fabric while they received on their real hidden arm a
synchronous tactile stimulation by the same congruent fabric or by the incongruent fabric. We asked the question
of whether affective congruency (vs. incongruency) can create changes in embodiment, over and above the effects
of temporal synchrony (vs. asynchrony). Indeed, in both experiments, we also included a control asynchronous
condition, in which both the participant’s hand and the rubber hand were stroked using a pleasant fabric, but the
stimulation was offset. Further, in both experiments, we measured the RHI in two ways: (1) by asking participants
to localise their unseen hand (i.e. proprioceptive drift), and (2) by a questionnaire investigating the subjective
change in body ownership and awareness (i.e. embodiment questionnaire®%;). Additionally, we measured the per-
ceived pleasantness of the felt touch to investigate the relation between changes in embodiment and the perceived
tactile affectivity.

We hypothesised that if affective congruency between the ‘felt’ bottom-up and ‘seen’ top-down touch is impor-
tant in embodiment, the RHI effects will be weaker in conditions in which (1) there is uncertainty about the
affective congruency of visual and tactile stimulations, despite their temporal and spatial congruency; (2) visual
and tactile stimulations are affectively incongruent, despite their temporal and spatial congruency. If on the other
hand, affective valence rather than congruency is important to the multisensory integration process, then we
should observe a valence effect, i.e. the illusion may be enhanced by pleasant touch versus non-pleasant touch,
over and above any effect of certainty or congruency. Additionally, we also expected predictable affectivity (i.e.
certain and congruent seen fabrics) to lead to greater pleasantness ratings than unpredictable affectivity (i.e.
incongruent seen fabrics). Alternatively, if the ‘valence’ of the felt affectivity is uniquely important during multi-
sensory integration, then we should observe valence effects in the second experiment (i.e. pleasant fabrics applied
to the hand should lead to greater pleasantness ratings during the RHI than non-pleasant fabrics applied to the
real hand, irrespective of the affective congruency manipulations).

Results

Tactile and visual discrimination baseline measure. The choice of the two fabrics and subsequent
labelling of our conditions were made on the basis of piloting performed prior to our main experiments (see
Methods sections and Supplementary Material), whereby we chose the most pleasant and least pleasant (hereafter
referred to as non-pleasant) fabrics among 12 different materials with similar visual appearance, as rated by 12
participants.

To assess how participants perceived the valence of the two fabrics in unisensory stimulation, i.e. in our touch
only and vision only baseline measurements, we analysed their ratings of fabric ‘pleasantness, ‘unpleasantness’
and ‘arousal. As the data were non-normal (normality assessed for each condition using the Shapiro-Wilk test:
p <0.05), non-parametric analyses were performed using the Wilcoxon signed rank test. Here, as well as in all
other analyses performed throughout the paper, we report effect sizes for both significant and non-significant
results, to account for random error from confounding variables that could have affected our results. For these
manipulation checks, we contrasted the two materials (synthetic wool vs. Velcro) within each valence rating state-
ment (pleasantness, unpleasantness, and arousal). Table 1S (Supplementary Material) shows mean and standard
deviation values for illustrative purposes. In Experiment 1, the baseline tactile analysis showed that participants
rated the pleasant fabric as more pleasant (Mdyy,o = 77; Mdygero = 36.5; Z= —5.030, p < 0.001, r = —0.84) and
less unpleasant (Mdy,o = 8; Mdyero = 42.5; Z=4.318, p < 0.001, r =0.72) than the non-pleasant fabric. No dif-
ferences between materials (Mdyy,o = 59; Mdy,r, = 50) were found for the arousal ratings (Z=—1.237, p=0.216,
r=—0.20). The same analysis was performed for the visual test, which showed that participants rated the pleasant
fabric touching the rubber hand as more pleasant (Mdy,, = 81.5; Mdye o = 17; Z=4.966, p < 0.001, r =0.83) and
less unpleasant (Mdyy,, = 9.5; Mdyero =74; Z=—5.211, p < 0.001, r = —0.87) than the non-pleasant fabric. No
differences (Mdyy,o = 62; My, = 47) were found for the arousal ratings (Z=1.411, p=0.158,r=0.24).

In Experiment 2, the baseline tactile analysis showed that participants rated the synthetic wool as more pleas-
ant (Mdyy,e = 81; Mdyero = 38; Z=—5.930, p < 0.001, r = —0.84) and less unpleasant (Mdyy,o = 0; Mdyjero = 54.5;
Z=5.160, p <0.001, r=0.73) than the Velcro. Additionally, the synthetic wool was rated as more arousing than
the Velcro (Mdyyoo = 57.5; Mdyero = 38; Z= —2.831, p=0.005, r = 0.33). For the baseline visual test, participants
rated the sight of the synthetic wool touching the rubber hand as more pleasant (Mdyy,o = 87.5; Mdyro = 21.5;
Z=—4.998, p <0.001, r=—0.70) and less unpleasant (Mdyy,,; = 5; Mdyeiero = 74; Z=5.344, p < 0.001, r =0.76)
than the Velcro. Similarly to the baseline tactile test, the wool was rated as more arousing than the Velcro
(Mdyyoo1 = 65; Mdygro = 32; Z=2.422, p=0.015, r =0.34). Additional correlational analyses between pleasant-
ness and unpleasantness for both visual and tactile baseline tests are reported in the Supplementary Material.

In sum, the baseline tactile manipulation check shows that participants rated the pleasant fabric as more pleas-
ant and less unpleasant than the non-pleasant fabric. These results apply to both the tactile and the vision modal-
ities. Additionally, in Experiment 2 participants rated the pleasant fabric as more arousing than the non-pleasant
fabric in both the tactile and the visual domain.

Embodiment questionnaire. The change in embodiment across experimental conditions (post-pre of the
average of scores from the embodiment questionnaire) was analysed using repeated measure non-parametric
analyses, as the data were non-normally distributed (normality assessed for each condition using the
Shapiro-Wilk test: p < 0.05). A Wilcoxon signed rank test revealed a significant effect of Stroking, with synchro-
nous stroking (Experiment 1: Md = 0.94; Experiment 2: Md = 1.25) producing significantly higher embodiment
scores than asynchronous stroking (Experiment 1: Md = 0.19; Experiment 2: Md = 0.00), (Fig. 1 - Experiment I:
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EXPERIMENT 2: CONGRUENCY OF AFFECTIVITY
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Figure 1. Change in embodiment as measured by subjective reports (embodiment questionnaire) between
the synchronous and asynchronous conditions (left side of the figure), and across experimental conditions
(right side of the figure). The graphs on the top of the image shows mean differences in Experiment 1, whereas
the bottom of the image shows mean differences in Experiment 2. In both experiments, the graphs show a
significant difference in embodiment of the rubber hand between synchronous and asynchronous stroking, as
well as a significant main effect of affective certainty (Experiment 1) and congruency (Experiment 2). Means
are shown for illustrative purposes to provide the reader with a more exhaustive view of our results. Error bars
indicate standard error of the mean. Asterisks denote significant differences (p < 0.05).

7Z=2.839, p=0.005, r =0.47; Experiment 2: Z=5.053, p <0.001, r=0.71). We also performed the Wilcoxon
signed rank test on the main effect of Certainty of Affectivity of the fabric (Experiment 1), which revealed that
participants embodied the rubber hand to a significantly greater extent when the stroking material was con-
gruent (Md =0.68), compared to when it was hidden (Md =0.22), (Z=—2.826, p=10.005, r =0.24). An iden-
tical non-parametric analysis was performed for Experiment 2, in relation to the main effect of Congruency of
Affectivity of the fabric, which revealed that participants embodied the rubber hand to a significantly greater
extent when the stroking material was congruent (Md = 1.53), compared to when it was incongruent (Md =0.69)
(Z=—-4.403, p<0.001, r=0.62). In both experiments, the main effect of Fabric on embodiment was not sig-
nificant (Fig. 1), suggesting that participants embodied the rubber hand irrespective to whether the stroking
material was pleasant (Experiment 1: Md = 0.75; Experiment 2: Md = 0.81) or non-pleasant (Experiment 1:
Md=0.31; Experiment 2: Md = 1.13), (Experiment 1: Z= —0.631, p=0.524, r =0.11; Experiment 2: Z=0.877,
p=0.380, r=0.12). The interactions between Certainty of Affectivity and Fabric (Experiment 1) and Congruency
of Affectivity and Fabric (Experiment 2) were analysed by calculating the difference between the experimental
manipulation (hidden or incongruent fabric, depending on the experiment) and congruent fabric scores in the
pleasant and non-pleasant conditions separately, and subsequently using a Wilcoxon signed rank test to com-
pare these two differential scores. This analysis revealed no significant interactions (Experiment 1: Z=0.074,
p=0.941,r=0.01; Experiment 2: Z=—1.249, p=0.212, r=0.03).

The same results were obtained when running sub-component analyses of the embodiment score (owner-
ship, location, and agency separately; please see Supplementary Material)*%. While a recent study with a small
sample size has found a specific association between subjective ownership of the rubber hand and autistic
traits®®, our finding is in line with previous similar work which reported no differences in body ownership across
sub-components of the embodiment questionnaire?’.

In sum, our results reveal the typical effect of synchronicity on the subjective experience of the RHI (i.e.
greater feelings of RH ownership following synchronous than asynchronous stimulation). We also show for the
first time that the subjective experience of the illusion is influenced by affective certainty and congruency (i.e.
greater feelings of RH ownership following affective certain and congruent than uncertain or incongruent stimu-
lation). However, no fabric nor interaction effect was observed in either experiment, suggesting that the affective
certainty/congruency effect was not modulated by the pleasantness of the fabric used. Therefore, this result shows
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EXPERIMENT 1: CERTAINTY OF AFFECTIVITY
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Figure 2. Change in proprioceptive drift between the synchronous and asynchronous conditions (left side
of the figure), and across experimental conditions (right side of the figure). The top of the image shows mean
differences in Experiment 1, whereas the bottom of the image shows mean differences in Experiment 2. Error
bars indicate standard error of the mean. Asterisks denote significant differences (p < 0.05).

that the strength of the RHI was fully modulated by the affective congruency of the tactile stimulation, regardless
of the perceived and/or observed pleasantness associated with the fabric.

Proprioceptive drift. In Experiment 1, data was normally distributed. Hence, we performed a
repeated-measure ANOVA with Fabric (pleasant vs non-pleasant) and Certainty of Affectivity (congruent vs hid-
den fabric) as within-subject variables. This analysis revealed no significant main effects nor interactions (Fig. 2
- Experiment 1): main effect of Fabric, F (1,35) =0.112, p=0.740, 7 = 0.003; main effect of Neutral Affectivity,
F (1,35)=1.198, p=0.281, 7> =0.033; interaction Fabric * Certainty of Affectivity, F (1,35) =2.251, p=0.142,
77 =0.060. A paired t-test was performed to investigate the difference in drift towards the rubber hand between
asynchronous and synchronous (Pleasant Congruent) conditions, which revealed no significant differences,
t(35) =—1.235, p=0.225,d=0.15.

Data exploration of Experiment 2 revealed the presence of an outlier (with a score above 2 SD from the mean),
which was excluded from the final sample. We performed a repeated-measure ANOVA with Fabric (pleasant
vs non-pleasant) and Congruency of Affectivity (congruent vs. incongruent fabric) as within-subject variables.
This analysis revealed no significant main effects nor interactions (Fig. 2 — Experiment 2): main effect of Fabric,
F(1,48) =1.038, p=0.313, 1 =0.021; main effect of Congruency of Affectivity, F (1,48) =0.818, p=0.370,
n*=0.017; interaction Fabric * Congruency of Affectivity, F (1,48) =3.579, p = 0.065, 7> = 0.069. The com-
parison between asynchronous and synchronous (pleasant congruent) conditions here revealed a significantly
bigger proprioceptive drift towards the rubber hand after synchronous compared to asynchronous condition,
t(48) = —3.255, p=0.002, d=0.37.

In sum, results on proprioceptive drift show a change in self-location as a function of synchronicity only
in Experiment 2. However, no main effect (fabrics or affective certainty and congruency) nor interaction was
observed in either experiment.

Valence ratings. To analyse the effects of multisensory stimulation on perceived tactile affectivity, we
conducted separate analyses for each of the three relevant measures (pleasantness, unpleasantness, arousal).
As the data were non-normal (normality assessed for each condition using the Shapiro-Wilk test: p < 0.05),
non-parametric analyses were performed using the Wilcoxon signed rank test.

In Experiment 1, for the pleasantness ratings (Fig. 3), we found a main effect of Fabric, in the sense that
the pleasant fabric (Md = 83) was rated as more pleasant than the non-pleasant fabric (Md = 35.25) regardless
of the experimental condition, Z= —4.737, p < 0.001, r = —0.45, and a main effect of Certainty of Affectivity,
whereby the congruent condition (Md = 59) was rated more pleasant than the hidden condition (Md =59.75),
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Figure 3. Pleasantness valence ratings post-induction of the RHI in both Experiment 1 and Experiment 2. In
both experiments, the graphs show significant main effects of Fabric. Only in Experiment 1, a main effect of
affective certainty was found. Means are displayed for illustrative purposes to provide the reader with a more
exhaustive view of our results. Error bars indicate standard error of the mean. Asterisks denote significant
differences (p < 0.05).
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both Experiment 1 and Experiment 2. Means are displayed for illustrative purposes to provide the reader with a
more exhaustive view of our results. Error bars indicate standard error of the mean. Asterisks denote significant
differences (p < 0.05).

regardless of the fabric, Z=—2.199, p=0.028, r = —0.37. We did not find any interaction between Fabric and
Certainty of Affectivity, Z=—1.066, p=0.29, r = —0.178. Similarly, for the unpleasantness ratings (Fig. 4), we
found a main effect of Fabric, with the non-pleasant fabric (Md =49.25) being rated as more unpleasant than
the pleasant fabric (Md =9), Z=4.878, p <0.001, r = 0.81. However, we did not find a main effect of Certainty of
Affectivity, Z=1.941, p=0.052, r = —0.32, nor interaction between Fabric and Certainty of Affectivity, Z =0.786,
p=0.43, r=0.13. No main effects nor interactions were found with regard to the arousal ratings (Fig. 4) (Fabric:
Z=—1.31, p=0.190, r = —0.22; Certainty of Affectivity: Z=—1.30, p=0.19, r=—0.22). Additionally, there were
no differences in pleasantness (Z=—1.521, p=0.128, r = — 0.25), unpleasantness (Z= —1.411, p=0.158, r = —
0.49) or arousal (Z=—0.769, p=0.442, r = —0.13) arising from the tactile stimulation between the synchronous
and asynchronous conditions.

In Experiment 2, for the pleasantness ratings (Fig. 3), we found a main effect of Fabric, that is the pleasant
fabric (Md = 82.25) was rated as more pleasant than the non-pleasant fabric (Md = 38.25), Z= —5.656, p < 0.001,
r=—0.80, but no main effect of Congruency of Affectivity, with no differences in pleasantness ratings between
congruent (Md = 59.5) and incongruent (Md = 56) visuo-tactile stroking, Z= —0.656, p=0.512, r = —0.09.
We did not find any interaction between Fabric and Congruency of Affectivity, Z=—1.595, p=0.11, r=0.23.
Similarly, for the unpleasantness ratings (Fig. 4), we found a main effect of Fabric, with Velcro (Md =52.25) being
rated as more unpleasant than wool (Md =5.5), Z=5.869, p < 0.001, r = 0.83, and no main effect of Congruency
of Affectivity (Md congruency = 35.5; Md incongruency = 39; Z=1.694, p=0.090, r = 0.24). No interaction
between Fabric and Congruency of Affectivity was found, Z= —0.464, p=0.642, r = —0.07. Participants rated
the synthetic wool (Md = 60.5) as more arousing than the Velcro (Fig. 4) (Md = 50) (main effect of Fabric,
Z=-2.761, p=0.006, r = —0.39), but no main effect of Congruency of Affectivity or interactions between Fabric
and Congruency of Affectivity were found on arousal, Z=1.479, p=0.139,r=0.21, and Z=—0.717, p=0.473,
r=0.10, respectively. As for Experiment 1, there were no differences in pleasantness (Z=—0.873, p=10.382,
r=—0.12), unpleasantness (Z=1.467, p=0.142, r =0.21) or arousal (Z=0.573, p=0.567, r =0.081) in the tac-
tile stimulation between the synchronous and asynchronous conditions in Experiment 2.

In sum, our results reveal that our fabric-based, manipulations of tactile pleasantness were successful in
the sense that there were main effects of the felt fabric in both experiments, with the pleasant fabrics being
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experienced as more pleasant and the non-pleasant fabrics being experienced as more unpleasant overall. We also
show that affective certainty has an effect on our valence ratings (i.e. higher perceived pleasantness of the certain
condition compared to the hidden condition). However, this effect was not apparent in Experiment 2, in which
there were no differences in perceived affectivity between congruent and incongruent conditions. No interaction
effect was observed in either experiment. Finally, there were no differences in valence ratings between the syn-
chronous and asynchronous condition in either experiments.

Discussion

Our body is a unique multimodal object that can be perceived through both epistemically private modalities,
such as touch and proprioception, but also through vision, as any other observed body in the world. Therefore,
the ways in which our brain integrates information about the same body from ‘within’ and from ‘without’ (as
when one is observing oneself in the mirror) is important for understanding how we come to build a coherent
sense of an embodied self. The aim of this study was to investigate for the first time whether our embodied self
is influenced by the affective congruency between sensations derived from within the body (felt touch) and from
without (seen touch). In particular, we took advantage of the unique set-up of the Rubber Hand Illusion (RHI)
to examine whether the affective congruency (versus uncertainty and incongruency) between the ‘felt’ touch on
one’s own hand and the vicarious, seen touch on a rubber hand would modulate the experience of rubber hand
embodiment and perceived pleasantness, over and above the effects of visuo-tactile synchrony and any valence
effects. Based on previous findings about the role of (congruent) affective touch in the RHI*’~?, one could pre-
dict that participants would be less willing to embody the rubber hand when their real limb feels pleasant, but a
non-pleasant fabric touches the rubber hand and vice versa. Given however the role of affective congruency in the
development of the bodily self*, we hypothesised that affective congruency is important to the multisensory inte-
gration process leading to embodiment and thus the RHI effects would be weaker when the felt tactile affectivity
does not match the vicariously perceived tactile affectivity on the rubber hand, irrespective of valence. Indeed, we
found that certainty (Experiment 1) and congruency (Experiment 2) between the perceived and observed tactile
affectivity led to higher subjective embodiment compared to uncertainty and incongruency, respectively. This
suggests that affective congruency between visual and tactile modalities influences the subjective sense of body
ownership. Interestingly, we did not find any interaction effect of congruency and valence in either experiment,
suggesting that it is not the positive valence of the felt or seen touch that leads to an increased sense of embodi-
ment but rather the congruency between the felt and seen touch, irrespective of valence.

In a previous study, Capelari and colleagues®® induced the RHI using nociceptive stimuli by means of sharp
pins that were used to synchronously and asynchronously stroke the participant’s hand and the rubber hand. They
found that both tactile painful stimuli and purely tactile stimuli elicited similar changes in body ownership. Here
we confirm a similar effect by showing that congruency between felt and seen touch leads to higher subjective
embodiment irrespective of its pleasantness, and we also show that incongruence between these stimuli reduces
the RHIL

Our findings indicate that affective congruency of visuo-tactile stimulation is the main driver of the illusion,
thus suggesting that a matching between ‘felt’ and ‘seen’ tactile affectivity may be a key component to induce a
change in the conscious experience of body ownership. This is also in line with developmental studies showing
that early multisensory contingent interactions with caregivers are key to the construction of a minimal body
awareness®>*. As recently put forward by Fotopoulou and Tsakiris (2017) our most minimal sense of body aware-
ness might originate from early proximal tactile interactions with other bodies, which simultaneously carry infor-
mation about the inner body and the external world. Here, we suggest that affective congruency between felt’ and
‘seen’ tactile stimulation could represent another type of amodal property of multisensory integration®. In turn,
affective incongruency between different sensory channels might create a form of deafferentiation similar to the
exteroceptive temporal mismatch seen in multisensory asynchrony2. Future studies should further investigate
this hypothesis. Like temporal synchrony and spatial congruency provide infants with the temporal and spatial
multisensory structure between self- and other- generated stimulations*?, affective congruency might contribute
to the gradual development of body awareness, by providing infants with the correspondence between signals
originating from within and outside the body. This is highly important, as many interoceptive modalities are
experienced as epistemically private (i.e. not directly perceived by another person) and yet it appears that affective
congruency may be a way by which such modalities can be shared socially. For example, a child’s stomach pain or
pleasure can be mirrored by affective vocalisations, tactile stimulations or facial expressions by the caregiver that
may have the effect of binding and ‘labelling’ the infants’ interoception by exteroceptive, social or, verbal signals,
respectively®®. Indeed, several developmental theories have focused on the importance of affective congruency
between infants and their caregivers for the development of affective regulation and social cognition®®, but to our
knowledge the predictions of such theories have never been tested in the context of multisensory integration as
in the present study.

The aim of our experiments was to directly manipulate the congruency/certainty of tactile affectivity, over and
above temporal synchrony effects. As a consequence, we used the same slow stroking velocity for both pleasant
(synthetic wool) and less pleasant (velcro) fabrics. To disentangle the specific role of stroking velocity, future
studies should address the questions of whether congruent versus incongruent tactile stimuli of faster or much
slower velocities (i.e. outside the optimal range of the CT fibers) could lead to similar effects as the one reported
in our experiments, or whether CT-optimal stroking velocity can specifically influence body awareness during the
RHI, regardless of the congruency between the felt and seen tactile affectivity. In addition to this, an outstanding
question is whether the effect of congruency for body ownership could be confined to affective context or whether
other properties of tactile stimulation could have similar effects as the one reported in the present experiments.
Research has shown that the congruency of the tool used to stroke the real and fake hands is important in induc-
ing a change in body ownership*. Moreover, a recent study demonstrated that the RHI can be induced using
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visual-thermal stimulation, with congruent synchronous stimuli (i.e. red-warm; blue-cold) inducing a stronger
RHI than incongruent stimuli*®. To better understand the role of multimodal congruency on body awareness,
future studies should extend the existing evidence to other properties of the stroking stimulus, such as velocity
and pressure.

While in both experiments embodiment questionnaire results confirmed that participants experienced the
RHI, we found a proprioceptive drift effect as a function of synchronicity only in Experiment 2. As we discussed
in our Methods section, one possibility is that the distance used in Experiment 1 between the real and the rubber
hand may have been suboptimal for the generation of proprioceptive errors'®. On the other hand, our sample
size might have been not big enough to detect a significant difference between synchrony and asynchrony as
in previous studies with larger samples®. However, we think this latter possibility is unlikely given our power
analysis calculation and effect size, as well as previous empirical work (e.g.'®). Additionally, our affective congru-
ency manipulations did not result in any main effect nor interactions on proprioceptive drift measures in either
experiment. Thus, our findings are limited to subjective aspects of body ownership. There are at least two plausi-
ble interpretations for these findings. As subjective ratings can be subject to social desirability bias in ways that
behavioural measures are not, one possibility is that our findings on affective certainty and congruency are some-
what confabulatory. However, we think this possibility is unlikely given that in the second experiment it would
be very hard for subjects to know how to behave in incongruent trials that include all possible combinations of
fabrics, and yet the results are consistent with the uncertainty conditions of the first experiment. A second possi-
bility is that the enhancement in subjective embodiment due to affective certainty and congruency does not have
as a consequence a spatial update of the felt location of the participant’s hand. Future studies should explore both
of these possibilities further, but for now we note that indeed the findings presented here were consistent with
recent studies showing a dissociation between subjective (embodiment questionnaire) and behavioural (propri-
oceptive drift) measures of body ownership®’¢!, as well as by the fact that other manipulations of affective touch
seem to affect subjective but not behavioural measures of the illusion?”?%, or vice versa®. For instance, a recent
study explored the relationship between the sensed hand position and subjective feeling of ownership in the
rubber hand illusion®, finding that the perceived position of the participant’s hand (experimentally manipulated)
does not play a fundamental causal role in producing the illusion of ownership. Hence it is possible to induce the
rubber hand illusion without the proprioceptive drift component, as we also found in the present study.

In both experiments, we also measured the perceived pleasantness of the felt touch to investigate the per-
ceived affectivity of affective congruency between felt and seen touch during the RHI (versus uncertainty and
incongruency). In Experiment 1, certainty between seen and felt touch lead to greater pleasantness ratings than
uncertainty, as predicted. In our second experiment however, congruency was not perceived as more pleasant
than incongruency. It is unlikely that this effect was related to participants’ inability to recognise the presence
of congruent vs. incongruent tactile affectivity. The baseline measures taken before and after the RHI indicate
that participants discriminate between the two fabrics both at the visual and tactile levels. Indeed, additional
correlational analyses reported in the Supplementary Material showed that the higher the pleasantness reported
by the participant in relation to the visual or tactile experience of the fabric, the lower its unpleasantness, sug-
gesting that pleasant and non-pleasant stimuli lead to pleasant and unpleasant feelings, respectively. Additionally,
in both experiments we found a main effect of the fabric used in measures of pleasantness, unpleasantness and
even arousal, suggesting that even after the induction of the RHI participants were able to discriminate between
the two fabrics overall. Thus, the valence results of Experiment 1 may instead be explained by the emotional
uncertainty caused by the observed tactile affectivity. Uncertainty carries potentially unexpected consequences®:
in Experiment 1 participants could not see the fabric touching the rubber hand, which could have led them to
rate this mismatch between the felt affective certainty and seen uncertain tactile stimulation as less pleasant. By
contrast, in the incongruent condition, both felt and seen touch had a degree of certainty. Taken together, these
results suggest that although subjective embodiment is influenced by both affective certainty and congruency
between felt and seen modalities, subjective pleasantness is influenced only by the former.

Our baseline tests showed that, in Experiment 2 participants rated the pleasant fabric as more arousing than
the non-pleasant fabric in both the tactile and the visual domain. While there were no outliers in neither our
baseline tests, data inspection in both experiments showed that participants in Experiment 2 rated the Velcro as
more arousing compared to participants in Experiment 1, whilst arousal ratings for the synthetic wool in both
experiments were very similar across both experiments. These differences could be due to inherent individual
variability in the subjective reports and are difficult to explain. Across the two experiments, we used the same
pleasant (syntethic wool) and non-pleasant (Velcro) fabrics and applied an identical experimental design, hence
differences at baseline in arousal ratings between the two experiments are unlikely to be due to the methodology.
The main purpose of the visual and tactile baseline tests was to assess how participants perceived the valence of
our two fabrics in unisensory stimulation and ensure they could fully discriminate between the two in terms of
pleasantness and unpleasantness. Importantly, our results show that in both experiments, participants discrim-
inated between the two fabrics both at the visual and tactile levels in our main pleasantness and unpleasantness
reports. Whatever the cause of difference in arousal between Experiment 1 and 2, it is improbable they have had
direct implications for our main findings.

We hypothesize that the neural processing in the insula could be responsible for the effects of tactile affective
congruency on body ownership observed in both experiments. The experience of interoceptive and exteroceptive
body awareness is integrated within the insular cortex, thereby providing a hub for the bodily self in this region®.
In particular, the insular cortex is involved in evaluating the impact of both anticipatory and stimulus related pro-
cessing of sensory inputs on the interoceptive states of the body*>%*-%¢. Additionally, the anterior insula has been
implicated in the anticipation of the affective and sensory impact of touch®, specifically in relation to aversive
and unpredictable stimuli*>*”¢%, Mismatches between expected and actual states are thought to be coded in this
area’>%%_ Based on the available neuroimaging evidence, we hypothesize that while the mid- and posterior insula
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might be implicated in the processing of affective touch®-"! and the experience of this body as mine’?, the anterior
insula might be specifically responsible for coding the interoceptive prediction error between the expected and
actual affective state®”. However, future research is needed to understand the precise role of the insula network in
processing information about the interoceptive and tactile experience of the body.

In conclusion, our results suggest that at the conscious experience of body-ownership participants more read-
ily embody a rubber hand that ‘feels like’ their own hand, whereas they tend to resist the RHI when their own
tactile affectivity does not match the vicariously perceived tactile affectivity on the rubber hand, even if the latter
is more pleasant. We find that incongruences between the felt and seen tactile affectivity can disrupt the multi-
sensory integration processes that lead to body ownership, over and above any effects of temporal synchrony, or
felt valence. This is the first study to show that tactile affective congruency between direct and vicarious modal-
ities modulates body awareness during multisensory integration, in ways similar to other amodal properties
such as temporal or spatial congruency. We thus suggest that affective contingency in signals originating from
different modalities may act as an important amodal precondition for multisensory integration, as predicted
by developmental theories on the formation of the bodily self on the basis of affectively contingent, embodied
interactions”%,

Methods

Participants. Ninety-four female participants were recruited to take part in the study. There is evidence
showing gender differences in the perception of touch; that is females tend to prefer same gender-matched touch,
whereas males would rather receive touch by females” and biases are more likely to occur in female-male inter-
action as compared to female-female (e.g.”*~7%). So, we chose a female experimenter for both experiments and a
female sample to reduce potential gender effects in the context of hedonic touch’*””. Sample size was determined
through power calculation using G*Power, assuming at least 80% power to detect a medium effect size on the
main effect of Stroking in our embodiment questionnaire measure. The effect size for Experiment 1 was computed
based on previous RHI work, yielding an f=0.46 to show a Stroking (Synchrony vs Asynchrony) effect. Then, the
results of Experiment 1 were used to run power analysis for Experiment 2. As in our second experiment we were
also interested in the possible effect of the incongruent fabrics (which were not manipulated in Experiment 1)
we assumed at least 90% power to detect a medium effect size on our main effects. This power analysis yielded an
effect size f=0.43. Eight participants were excluded due to the following reasons: (1) experimental error during
randomisation of the experimental conditions leading to the omission of one condition (Experiment 1: N =2), (2)
rating the Velcro fabric as more pleasant than the synthetic wool at the baseline tactile test (Experiment 1: N = 2;
Experiment 2: N =3) and (3) failing to follow the instructions during the induction of the RHI (Experiment
2: N=1). Thus, the final sample consisted of 86 participants (Experiment 1: N =36, mean age =25.11 years,
SD =9.78 years; Experiment 2: N =50, mean age = 21.25 years, SD = 3.23 years). The study was approved by
the Ethics Committee of the Research Department of Clinical, Educational and Health Psychology, University
College London and the experiment was conducted in accordance with the Declaration of Helsinki. Informed
written consent was obtained from each participant prior to the experiment.

Materials. The participant’s left hand and the rubber hand were positioned in a black wooden box measuring
34 x 65 x 44 cm?’, which hides the participant’s own arm from view but allows the rubber hand to be viewed.
Hence, during the RHI participants were not able to see the fabric that was stroking their own real arm, but only
to perceive it at the tactile level. The rubber hand used was custom made by an artist with expertise in body-part
modelling, by means of a hand cast obtained from one volunteer with a BMI within the healthy weight range
(healthy BMI = 18.5-24.9). The cast was subsequently hand painted to create a life-like model hand. The stroking
was done by the experimenter using a black plastic stick, to which the respective fabric was attached. The size and
colour of the fabrics were matched to avoid perceptual confounds. The choice of the two fabrics was made on the
basis of a pilot experiment, whereby the pleasantness of 12 materials of different degrees of pleasantness (cotton
wool ball, soft sponge, Velcro hook, Velcro hairy loops, hair doughnut, faux fur, sandpaper, linen fabric, wool
yarn, latex, cotton fabric, synthetic wool yarn - please see Fig. 1S Supplementary Material) was rated in visual
only, tactile only, and visuo-tactile conditions. Based on these data, we chose the most pleasant and least pleasant
(hereafter referred to as non-pleasant) fabrics with similar visual appearance (i.e. size and colour), as rated by 12
participants. Therefore, our term choices of pleasant and non-pleasant fabrics were derived from pre-designated
stimuli terms based on central hypotheses and piloting performed prior to our main experiments.

In Experiment 1, we contrasted the two congruent conditions (felt and seen touch was either pleasant or
non-pleasant) against two conditions of uncertain affectivity (see Fig. 5A). In the latter two conditions, the partic-
ipant’s hand was stroked using either the pleasant or the non-pleasant fabric, while the fabric stroking the rubber
hand was hidden from participant’s view. To hide the fabric, the experimenter used a stick with a cardboard
attached, which prevented the participants from viewing just the tip of the stick. Thus, participants could clearly
see where and how fast the rubber hand was touched, but they could not see the precise fabric that was touching
it. In Experiment 2, we replaced the manipulation of the certainty of affectivity with the manipulation of the
congruency of affectivity (Fig. 5B). Thus, in this experiment participant’s hand was stroked either congruently in
two conditions as above (felt and seen touch was either pleasant or non-pleasant), or incongruently in two, new
conditions (felt touch was pleasant and seen touch was non-pleasant and vice versa). Finally, in both experiments,
in the asynchronous condition, both the participant’s hand and the rubber hand were stroked using the pleasant
fabric, but the stimulations were offset.

Experimental setup and design. As illustrated in Fig. 5, both experiments followed a within-participant
repeated measures design. The independent variables of Experiment 1 were Fabric (pleasant vs. non-pleasant)
and Certainty of Affectivity (congruent certain vs. hidden/uncertain fabric). In this experiment, participants left
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Figure 5. Illustration of the experimental design of Experiments 1 and 2. A. Experiment 1 consisted in a

2 x 2 within-subject design, with the independent variables Fabric (pleasant vs. non-pleasant) and Certainty

of Affectivity on the rubber hand (congruent vs hidden). B. In Experiment 2, we contrasted the independent
variables Fabric (pleasant vs. non-pleasant) and Congruency of Affectivity on the rubber hand (congruent vs
incongruent). In both experiments, an additional asynchronous condition (not illustrated here) was used to
control for the strength of the RHI. This condition used the pleasant fabric (synthetic wool) on both the real and
rubber hands and was contrasted against the pleasant congruent condition.

hand was stroked using a pleasant (synthetic wool) or non-pleasant (Velcro) fabric, whilst they watched a rubber
hand being stroked by the same material (i.e., pleasant or non-pleasant conditions; congruent certain condi-
tion), or by a hidden fabric (hidden/uncertain condition). An additional asynchronous condition was included
to control for the strength of the illusion using the pleasant fabric only (asynchronous pleasant congruent con-
dition). The order of conditions was counterbalanced across participants. Our dependent variables were: (1) An
embodiment questionnaire®?, to provide a measure of embodiment over the rubber hand (18 statements, 7-point
Likert-type scale; —3, strongly disagree; +3, strongly agree). In each condition, the questionnaire was adminis-
tered pre- (i.e., embodiment due to the visual capture effect’®) and post-stroking. We calculated their difference to
obtain a measure of subjective embodiment due to visuo-tactile integration (post — pre measures). We computed
the ‘embodiment score} obtained by averaging the scores of ownership, felt location and felt agency together®.
(2) A proprioceptive drift measure, that is the degree to which the stimulated hand is perceived to be closer to the
rubber hand. In each condition, we first subtracted the value corresponding to the actual position of the partici-
pant’s index finger from the value corresponding to the felt position, before (“pre” value) and after (“post” value)
stroking. Then their difference (post - pre) was calculated to obtain a measure of proprioceptive drift due to rub-
ber hand illusion induction. (3) A subjective valence rating of stroking per condition (participants are asked to
indicate the extent of their agreement or disagreement with three statements: “How pleasant was it on your skin’,
“How unpleasant was it on your skin’, and “How arousing was it on your skin” on a VAS with two anchors (0, not
at all; +-100, extremely), to measure the perceived affectivity of the various conditions.

In Experiment 2, while we kept the independent variables Fabric (pleasant vs. non-pleasant) identical, we
replaced the certainty/uncertainty of the seen fabric with a congruent vs. incongruent manipulation (Fig. 5B).
That is, participants’ left hand was stroked using a pleasant (synthetic wool) or non-pleasant (Velcro) fabric,
whilst they watched a rubber hand being stroked by the same material (i.e., pleasant or non-pleasant conditions)
used to stroke their own hand (congruent condition), or by an incongruent fabric (incongruent condition).

In Experiment 1 we used a box frame whereby a realistic left rubber hand was situated 25 cm to the right of
the participant’s own left hand. Previous RHI studies have found that an increase in distance between the real
and rubber hand might reduce the strength of the illusion (e.g.!*, although see” for some different evidence).
While Preston found a difference between synchrony and asynchrony at 35 cm, the study also showed a direct
effect of the location of the rubber hand relative to the real hand only when the fake hand is 17.5 cm from the real
hand?®®. Similarly, Lloyd* found that, despite the 27.5 cm distance elicited the RHI in their study, the strength of
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the illusion was significantly greater when the participant’s own hand and the rubber hand were 17.5cm apart
than when they were 27.5 cm apart. Hence, to optimise the set-up and design of Experiment 2 we used a different
wooden box, where the distance between the rubber hand and the real left hand was 17 cm, which seems to be an
optimal distance based on the results of the above studies. Aside from this difference, all the other experimental
setup procedures were kept identical between the two experiments.

Experimental procedure. The experimenter marked the stroking skin area measuring 9 cm long x4 cm
wide with a washable marker on the hairy skin of participants’ left forearm (wrist crease to elbow?”#). The exper-
imenter was trained to deliver the touch at the exact speed by counting the number of strokes within the tactile
stimulation window of 3 seconds (i.e. 1 stroke, 3-seconds-long; with the aid of a watch) over this previously iden-
tified stroking area, thus facilitating consistency in velocity and force/pressure®’. Next, the participant’s left arm
and the rubber hand were positioned in the black wooden box. Before the stroking stimulation, the rubber hand
was hidden to take a baseline measure of pointing response (for the proprioceptive drift measure); the experi-
menter ran her finger along the length of the ridge of the box until the participant would tell the experimenter
to stop when her finger was directly over the location of the participant’s hidden index finger?®. Then, before the
experimental procedure started, participants were asked to complete a baseline tactile test. The experimenter then
delivered tactile stimulation on the participant’s hidden forearm with either the synthetic wool (pleasant fabric) or
Velcro (non-pleasant fabric). The stimulation was done once and participants were then asked to complete three
statements of valence ratings (“How pleasant was the touch”, “How unpleasant was the touch’, and “How arousing
was the touch”: on a 0 to 100 VAS, with 0, not at all; +100, extremely).

Then, the rubber hand was uncovered and the experimenter asked the participant to look at the rubber hand
without moving her own hidden hand for 15s. The participant was then required to fill the (pre) embodiment
questionnaire. This measure of subjective visual capture was collected before each experimental condition and
was then contrasted against the (post) embodiment questionnaire collected after the visuo-tactile induction. The
experimenter then sat in front of the participant and manually delivered stimulation to the visible rubber hand
and the participant’s hidden forearm. Participants were stimulated on their left forearm, with a stroking velocity
of 3 cm/s, matching in both space and time. In the Pleasant Congruent and Non-pleasant Congruent conditions,
the participant’s hand and the rubber hand were stroked simultaneously in the same anatomical location using
either the pleasant (synthetic wool) or the non-pleasant (Velcro) fabrics.

In all conditions, participants were instructed to keep their own left hand still and carefully observe the rubber
hand. Each stroking stimulation lasted for 2 minutes. Immediately following the stroking stimulation, the exper-
imenter recorded the proprioceptive drift, (post) embodiment measures and VAS valence ratings as explained in
the Experimental setup. Prior to commencing the next condition, participants were given a rest period during
which they were instructed to freely move and take the hand out of the box.

After the experimental procedure was completed, participants underwent a baseline visual test, similar to the
baseline tactile test described above. Here, they were asked to watch the rubber hand, whilst the experimenter
delivered tactile stimulation with either pleasant or non-pleasant fabric on the artificial hand itself. As in the
baseline tactile test, participants completed the three statements of valence ratings (“How pleasant did you think
the touch was”, “How unpleasant did you think the touch was”, and “How arousing did you think the touch was’,
on a0 to 100 VAS, with 0, not at all; +100, extremely). As in previous work*, these tactile and visual ratings were
used to check whether participants could discriminate between the two fabrics at the tactile level and whether
they could associate the seen fabrics with the felt tactile stimulation.

Data Availability
The datasets generated during and/or analysed during the current study can be accessed on the Open Science
Framework: osf.io/as3ut.

References
1. Gallagher, I. I. Philosophical conceptions of the self: implications for cognitive science. Trends Cogn Sci 4, 14-21 (2000).
2. Frassinetti, F, Maini, M., Romualdi, S., Galante, E. & Avanzi, S. Is it mine? Hemispheric asymmetries in corporeal self-recognition.
J Cogn Neurosci 20, 1507-1516, https://doi.org/10.1162/jocn.2008.20067 (2008).
3. Saxe, R,, Jamal, N. & Powell, L. My body or yours? The effect of visual perspective on cortical body representations. Cereb Cortex 16,
178-182, https://doi.org/10.1093/cercor/bhi095 (2006).
4. Holmes, N. P. & Spence, C. Visual bias of unseen hand position with a mirror: spatial and temporal factors. Exp Brain Res 166,
489-497, https://doi.org/10.1007/s00221-005-2389-4 (2005).
5. Stein, B. E. & Stanford, T. R. Multisensory integration: current issues from the perspective of the single neuron. Nat Rev Neurosci 9,
255-266, https://doi.org/10.1038/nrn2331 (2008).
6. Botvinick, M. & Cohen, J. Rubber hands ‘feel’ touch that eyes see. Nature 391, 756, https://doi.org/10.1038/35784 (1998).
7. Kilteni, K., Maselli, A., Kording, K. P. & Slater, M. Over my fake body: body ownership illusions for studying the multisensory basis
of own-body perception. Front Hum Neurosci 9, 141, https://doi.org/10.3389/fnhum.2015.00141 (2015).
8. Bahrick, L. E. & Lickliter, R. Intersensory redundancy guides attentional selectivity and perceptual learning in infancy.
Developmental psychology 36, 190 (2000).
9. Bahrick, L. E. & Lickliter, R. The role of intersensory redundancy in early perceptual, cognitive, and social development. Multisensory
development, 183-206 (2012).
10. Rochat, P. & Morgan, R. Spatial determinants in the perception of self-produced leg movements in 3-to 5-month-old infants.
Developmental Psychology 31, 626 (1995).
11. Zmyj, N,, Jank, J., Schiitz-Bosbach, S. & Daum, M. M. Detection of visual-tactile contingency in the first year after birth. (2011).
12. Filippetti, M. L., Johnson, M. H., Lloyd-Fox, S., Dragovic, D. & Farroni, T. Body Perception in Newborns. Current Biology 23,
2413-2416 (2013).
13. Filippetti, M. L., Lloyd-Fox, S., Longo, M. R., Farroni, T. & Johnson, M. H. Neural Mechanisms of Body Awareness in Infants.
Cerebral Cortex 25, 3779-3787 (2015).

SCIENTIFICREPORTS| (2019) 9:2635 | https://doi.org/10.1038/s41598-019-38880-5 11


https://doi.org/10.1038/s41598-019-38880-5
https://doi.org/10.1162/jocn.2008.20067
https://doi.org/10.1093/cercor/bhi095
https://doi.org/10.1007/s00221-005-2389-4
https://doi.org/10.1038/nrn2331
https://doi.org/10.1038/35784
https://doi.org/10.3389/fnhum.2015.00141

www.nature.com/scientificreports/

14.
15.
16.

17.
. Tsakiris, M. & Haggard, P. The rubber hand illusion revisited: visuotactile integration and self-attribution. ] Exp Psychol Hum Percept

19.
20.
21.
22.
23.
24.
25.

26.

27.
28.
29.
30.
31.
. Craig, A. D. & Craig, A. How do you feel, now? The anterior insula and human awareness. Nature reviews neuroscience 10 (2009).
33.
34.
35.

36.
. Ciaunica, A. & Fotopoulou, A. The touched self: Psychological and philosophical perspectives on proximal intersubjectivity and the

38.
39.
40.
41.
42.
43.
44.

45.
46.

47: Kersten, D., Mamassian, P. & Yuille, A. Object perception as Bayesian inference. Annu. Rev. Psychol. 55, 271-304 (2004).
0
51.
52.
53.

54.
. Bahrick, L. E. & LicKkliter, R. Intersensory redundancy guides early perceptual and cognitive development. Adv Child Dev Behav 30,

56.
57.

58.

Filippetti, M. L., Orioli, G., Johnson, M. H. & Farroni, T. Newborn body perception: sensitivity to spatial congruency. Infancy 20,
455-465 (2015).

Preston, C. The role of distance from the body and distance from the real hand in ownership and disownership during the rubber
hand illusion. Acta Psychol (Amst) 142, 177-183, https://doi.org/10.1016/j.actpsy.2012.12.005 (2013).

Costantini, M. & Haggard, P. The rubber hand illusion: sensitivity and reference frame for body ownership. Conscious Cogn 16,
229-240, https://doi.org/10.1016/j.concog.2007.01.001 (2007).

Graziano, M. S., Cooke, D. . & Taylor, C. S. Coding the location of the arm by sight. Science 290, 1782-1786 (2000).

Perform 31, 80-91, https://doi.org/10.1037/0096-1523.31.1.80 (2005).

Ferri, E, Chiarelli, A. M., Merla, A., Gallese, V. & Costantini, M. The body beyond the body: expectation of a sensory event is enough
to induce ownership over a fake hand. Proc Biol Sci 280, 20131140, https://doi.org/10.1098/rspb.2013.1140 (2013).

Tsakiris, M. My body in the brain: a neurocognitive model of body-ownership. Neuropsychologia 48, 703-712, https://doi.
org/10.1016/j.neuropsychologia.2009.09.034 (2010).

Apps, M. A. & Tsakiris, M. The free-energy self: a predictive coding account of self-recognition. Neurosci Biobehav Rev 41, 85-97,
https://doi.org/10.1016/j.neubiorev.2013.01.029 (2014).

Tsakiris, M., Costantini, M. & Haggard, P. The role of the right temporo-parietal junction in maintaining a coherent sense of one’s
body. Neuropsychologia 46, 3014-3018, https://doi.org/10.1016/j.neuropsychologia.2008.06.004 (2008).

Zeller, D., Litvak, V., Friston, K. J. & Classen, J. Sensory processing and the rubber hand illusion-an evoked potentials study. ] Cogn
Neurosci 27, 573-582, https://doi.org/10.1162/jocn_a_00705 (2015).

Samad, M., Chung, A. J. & Shams, L. Perception of body ownership is driven by Bayesian sensory inference. PLoS One 10, e0117178,
https://doi.org/10.1371/journal.pone.0117178 (2015).

Panagiotopoulou, E., Filippetti, M. L., Tsakiris, M. & Fotopoulou, A. Affective Touch Enhances Self-Face Recognition During
Multisensory Integration. Sci Rep 7, 12883, https://doi.org/10.1038/s41598-017-13345-9 (2017).

Suzuki, K., Garfinkel, S. N., Critchley, H. D. & Seth, A. K. Multisensory integration across exteroceptive and interoceptive domains
modulates self-experience in the rubber-hand illusion. Neuropsychologia 51, 2909-2917, https://doi.org/10.1016/j.neuropsychologia.
2013.08.014 (2013).

Crucianelli, L., Metcalf, N. K., Fotopoulou, A. K. & Jenkinson, P. M. Bodily pleasure matters: velocity of touch modulates body
ownership during the rubber hand illusion. Front Psychol 4, 703, https://doi.org/10.3389/fpsyg.2013.00703 (2013).

Lloyd, D. M, Gillis, V., Lewis, E., Farrell, M. J. & Morrison, I. Pleasant touch moderates the subjective but not objective aspects of
body perception. Front Behav Neurosci 7, 207, https://doi.org/10.3389/fnbeh.2013.00207 (2013).

van Stralen, H. E. et al. Affective touch modulates the rubber hand illusion. Cognition 131, 147-158, https://doi.org/10.1016/j.
cognition.2013.11.020 (2014).

Capelari, E. D., Uribe, C. & Brasil-Neto, J. P. Feeling pain in the rubber hand: integration of visual, proprioceptive, and painful
stimuli. Perception 38, 92-99, https://doi.org/10.1068/p5892 (2009).

Seth, A. K. Interoceptive inference, emotion, and the embodied self. Trends in Cognitive Sciences 17, 565-573 (2013).

Von Mohr, M. & Fotopoulou, A. of interoception: Active and social inference of pain and pleasure on. The Interoceptive Mind: From
Homeostasis to Awareness, 102 (2018).

Morrison, I, Loken, L. S. & Olausson, H. The skin as a social organ. Exp Brain Res 204, 305-314, https://doi.org/10.1007/s00221-
009-2007-y (2010).

Thomas, R., Press, C. & Haggard, P. Shared representations in body perception. Acta Psychol (Amst) 121, 317-330, https://doi.
org/10.1016/j.actpsy.2005.08.002 (2006).

Keysers, C. et al. A touching sight: SII/PV activation during the observation and experience of touch. Neuron 42, 335-346 (2004).

self. Embodiment, enaction, and Culture investigating the constitution of the shared world, 173-192 (2017).

Fotopoulou, A. & Tsakiris, M. Mentalizing homeostasis: The social origins of interoceptive inference. Neuropsychoanalysis 19, 3-28
(2017).

Reddy, V., Chisholm, V., Forrester, D., Conforti, M. & Maniatopoulou, D. Facing the perfect contingency: interactions with the self
at 2 and 3 months. Infant Behav Dev 30, 195-212, https://doi.org/10.1016/j.infbeh.2007.02.009 (2007).

Gergely, G. & Watson, J. S. Early socio-emotional development: Contingency perception and the social-biofeedback model. Early
social cognition: Understanding others in the first months of life 60, 101-136 (1999).

Bahrick, L. E. & Watson, J. S. Detection of intermodal proprioceptive-visual contingency as a potential basis of self-perception in
infancy. Developmental Psychology 21, 963 (1985).

Brinck, I, Reddy, V. & Zahavi, D. The Primacy of the “We”? Embodiment, Enaction, and Culture: Investigating the Constitution of the
Shared World, 131 (2017).

Schutz-Bosbach, S., Tausche, P. & Weiss, C. Roughness perception during the rubber hand illusion. Brain Cogn 70, 136-144, https://
doi.org/10.1016/j.bandc.2009.01.006 (2009).

Kammers, M. P. M., Rose, K. & Haggard, P. Feeling numb: temperature, but not thermal pain, modulates feeling of body ownership.
Neuropsychologia 49, 1316-1321, https://doi.org/10.1016/j.neuropsychologia.2011.02.039 (2011).

Lederman, S. J. & Klatzky, R. L. Multisensory texture perception. Handbook of multisensory processes, 107-122 (2004).

Bergmann Tiest, W. M. & Kappers, A. M. Haptic and visual perception of roughness. Acta Psychol (Amst) 124, 177-189, https://doi.
org/10.1016/j.actpsy.2006.03.002 (2007).

Deroy, O., Spence, C. & Noppeney, U. Metacognition in multisensory perception. Trends in cognitive sciences 20, 736-747 (2016).

Gau, R. & Noppeney, U. How prior expectations shape multisensory perception. Neurolmage 124, 876-886 (2016).

Kording, K. P. et al. Causal inference in multisensory perception. PLoS one 2, €943 (2007).

Rohe, T. & Noppeney, U. Cortical hierarchies perform Bayesian causal inference in multisensory perception. PLoS Biology 13,
€1002073 (2015).

Longo, M. R,, Schuur, E, Kammers, M. P, Tsakiris, M. & Haggard, P. What is embodiment? A psychometric approach. Cognition
107, 978-998, https://doi.org/10.1016/j.cognition.2007.12.004 (2008).

Ide, M. & Wada, M. Salivary Oxytocin Concentration Associates with the Subjective Feeling of Body Ownership during the Rubber
Hand Hlusion. Frontiers in human neuroscience 11, 166 (2017).

Reddy, V. On being the object of attention: implications for self-other consciousness. Trends in cognitive sciences 7, 397-402 (2003).

153-187 (2002).

Fonagy, P. & Allison, E. The role of mentalizing and epistemic trust in the therapeutic relationship. Psychotherapy 51, 372 (2014).
Ward, J., Mensah, A. & Jiinemann, K. The rubber hand illusion depends on the tactile congruency of the observed and felt touch.
Journal of Experimental Psychology: Human Perception and Performance 41, 1203 (2015).

Trojan, J., Fuchs, X., Speth, S.-L. & Diers, M. The rubber hand illusion induced by visual-thermal stimulation. Scientific reports 8,
12417 (2018).

SCIENTIFICREPORTS| (2019) 9:2635 | https://doi.org/10.1038/s41598-019-38880-5 12


https://doi.org/10.1038/s41598-019-38880-5
https://doi.org/10.1016/j.actpsy.2012.12.005
https://doi.org/10.1016/j.concog.2007.01.001
https://doi.org/10.1037/0096-1523.31.1.80
https://doi.org/10.1098/rspb.2013.1140
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1016/j.neuropsychologia.2009.09.034
https://doi.org/10.1016/j.neubiorev.2013.01.029
https://doi.org/10.1016/j.neuropsychologia.2008.06.004
https://doi.org/10.1162/jocn_a_00705
https://doi.org/10.1371/journal.pone.0117178
https://doi.org/10.1038/s41598-017-13345-9
https://doi.org/10.1016/j.neuropsychologia.2013.08.014
https://doi.org/10.1016/j.neuropsychologia.2013.08.014
https://doi.org/10.3389/fpsyg.2013.00703
https://doi.org/10.3389/fnbeh.2013.00207
https://doi.org/10.1016/j.cognition.2013.11.020
https://doi.org/10.1016/j.cognition.2013.11.020
https://doi.org/10.1068/p5892
https://doi.org/10.1007/s00221-009-2007-y
https://doi.org/10.1007/s00221-009-2007-y
https://doi.org/10.1016/j.actpsy.2005.08.002
https://doi.org/10.1016/j.actpsy.2005.08.002
https://doi.org/10.1016/j.infbeh.2007.02.009
https://doi.org/10.1016/j.bandc.2009.01.006
https://doi.org/10.1016/j.bandc.2009.01.006
https://doi.org/10.1016/j.neuropsychologia.2011.02.039
https://doi.org/10.1016/j.actpsy.2006.03.002
https://doi.org/10.1016/j.actpsy.2006.03.002
https://doi.org/10.1016/j.cognition.2007.12.004

www.nature.com/scientificreports/

59. Lloyd, D. M. Spatial limits on referred touch to an alien limb may reflect boundaries of visuo-tactile peripersonal space surrounding
the hand. Brain and cognition 64, 104-109 (2007).

60. Rohde, M., Di Luca, M. & Ernst, M. O. The Rubber Hand Illusion: Feeling of Ownership and Proprioceptive Drift Do Not Go Hand
in Hand. PLoS ONE 6, €21659 (2011).

61. Abdulkarim, Z. & Ehrsson, H. H. No causal link between changes in hand position sense and feeling of limb ownership in the rubber
hand illusion. Attention, Perception, \& Psychophysics 78, 707-720 (2015).

62. Hsu, M., Bhatt, M., Adolphs, R., Tranel, D. & Camerer, C. . Neural systems responding to degrees of uncertainty in human decision-
making. Science 310, 1680-1683, https://doi.org/10.1126/science.1115327 (2005).

63. Simmons, W. K. et al. Keeping the body in mind: insula functional organization and functional connectivity integrate interoceptive,
exteroceptive, and emotional awareness. Human brain mapping 34, 2944-2958 (2013).

64. Craig, A. D. How do you feel? Interoception: the sense of the physiological condition of the body. Nature reviews neuroscience 3, 655
(2002).

65. Craig, A. Significance of the insula for the evolution of human awareness of feelings from the body. Annals of the New York Academy
of Sciences 1225, 72-82 (2011).

66. Lovero, K. L., Simmons, A. N., Aron, J. L. & Paulus, M. P. Anterior insular cortex anticipates impending stimulus significance.
Neuroimage 45, 976-983 (2009).

67. Bischoff-Grethe, A. et al. Neural hypersensitivity to pleasant touch in women remitted from anorexia nervosa. Translational
psychiatry 8,161 (2018).

68. Singer, T., Critchley, H. D. & Preuschoff, K. A common role of insula in feelings, empathy and uncertainty. Trends in cognitive
sciences 13, 334-340 (2009).

69. Olausson, H. et al. Unmyelinated tactile afferents signal touch and project to insular cortex. Nature neuroscience 5,900 (2002).

70. Gordon, L. et al. Brain mechanisms for processing affective touch. Human Brain Mapping 34, 914-922 (2013).

71. Voos, A. C., Pelphrey, K. A. & Kaiser, M. D. Autistic traits are associated with diminished neural response to affective touch. Social
Cognitive and Affective Neuroscience 8, 378-386 (2013).

72. Tsakiris, M., Schiitz-Bosbach, S. & Gallagher, S. On agency and body-ownership: Phenomenological and neurocognitive reflections.
Consciousness and cognition 16, 645-660 (2007).

73. Stier, D. S. & Hall, J. A. Gender differences in touch: An empirical and theoretical review. Journal of Personality and Social Psychology
47,440 (1984).

74. Scheele, D. et al. An oxytocin-induced facilitation of neural and emotional responses to social touch correlates inversely with autism
traits. Neuropsychopharmacology 39, 2078-2085, https://doi.org/10.1038/npp.2014.78 (2014).

75. Levine, F. M. & De Simone, L. L. The effects of experimenter gender on pain report in male and female subjects. Pain 44, 69-72
(1991).

76. Gazzola, V. et al. Primary somatosensory cortex discriminates affective significance in social touch. Proceedings of the National
Academy of Sciences 109, E1657-E1666 (2012).

77. Panagiotopoulou, E., Filippetti, M. L., Gentsch, A. & Fotopoulou, A. Dissociable sources of erogeneity in social touch: Imagining
and perceiving C-Tactile optimal touch in erogenous zones. PloS one 13, 0203039 (2018).

78. Martinaud, O., Besharati, S., Jenkinson, P. M. & Fotopoulou, A. Ownership illusions in patients with body delusions: Different
neural profiles of visual capture and disownership. Cortex 87, 174-185, https://doi.org/10.1016/j.cortex.2016.09.025 (2017).

79. Zopf, R., Savage, G. & Williams, M. A. Crossmodal congruency measures of lateral distance effects on the rubber hand illusion.
Neuropsychologia 48, 713-725 (2010).

80. McGlone, E. et al. Touching and feeling: differences in pleasant touch processing between glabrous and hairy skin in humans. Eur J
Neurosci 35, 1782-1788, https://doi.org/10.1111/j.1460-9568.2012.08092.x (2012).

81. Crucianelli, L., Cardi, V., Treasure, J., Jenkinson, P. M. & Fotopoulou, A. The perception of affective touch in anorexia nervosa.
Psychiatry research 239, 72-78 (2016).

Acknowledgements

This work was funded by a European Research Council (ERC) Starting Investigator Award for the project “The
Bodily Self” N313755 to A.F. Funding for the time of A.F. and L.C has been partially provided by the Fund for
Psychoanalytic Research through the American Psychoanalytic Association.

Author Contributions

M.L.E, L.PK,, L.C. and A.F. conceived and designed the experiment; M.L.F. performed the experiments and
analysed data; M.L.E and A.F. jointly wrote the manuscript; M.L.E.,, L.P.K,, L.C. and A.F read, corrected and
approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38880-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:2635 | https://doi.org/10.1038/s41598-019-38880-5 13


https://doi.org/10.1038/s41598-019-38880-5
https://doi.org/10.1126/science.1115327
https://doi.org/10.1038/npp.2014.78
https://doi.org/10.1016/j.cortex.2016.09.025
https://doi.org/10.1111/j.1460-9568.2012.08092.x
https://doi.org/10.1038/s41598-019-38880-5
http://creativecommons.org/licenses/by/4.0/

	Affective certainty and congruency of touch modulate the experience of the rubber hand illusion

	Results

	Tactile and visual discrimination baseline measure. 
	Embodiment questionnaire. 
	Proprioceptive drift. 
	Valence ratings. 

	Discussion

	Methods

	Participants. 
	Materials. 
	Experimental setup and design. 
	Experimental procedure. 

	Acknowledgements

	Figure 1 Change in embodiment as measured by subjective reports (embodiment questionnaire) between the synchronous and asynchronous conditions (left side of the figure), and across experimental conditions (right side of the figure).
	Figure 2 Change in proprioceptive drift between the synchronous and asynchronous conditions (left side of the figure), and across experimental conditions (right side of the figure).
	Figure 3 Pleasantness valence ratings post-induction of the RHI in both Experiment 1 and Experiment 2.
	Figure 4 Unpleasantness (left graph) and arousal (right graph) valence ratings post-induction of the RHI in both Experiment 1 and Experiment 2.
	Figure 5 Illustration of the experimental design of Experiments 1 and 2.




