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SUMMARY

Visuo-tactile cross-modal congruence effects (CCEs) refer to impaired tactile processing when task-irrele-
vant visual cues are presented close to the body but in a spatially incongruent location. This interference ex-
tends to visual cues appearing far from the body and on distant objects when individuals are reaching toward
those objects or observing someone else grasping them. These effects highlight the impact of motor pro-
cesses on cross-modal integration. However, it remains unclear whether real-time interpersonal interactions,
which require continuous prediction of others’ actions, influence the spatial boundaries of CCE. Across three
behavioral experiments, we found that interpersonal motor interactions modulate cross-modal integration.
Specifically, action-related visuo-tactile CCE emerged only when the location of the visual cue was incon-
gruent with the predicted movement of an interaction partner. These results suggest that interpersonal
sensorimotor predictions may shape basic spatial mappings of cross-modal interference, indicating that

intersensory processing is dynamically influenced by social interaction demands.

INTRODUCTION

Events that happen close to the body are extremely important
because their efficient perception and representation guide
goal-directed'™ and defensive behaviors.® The representation
of events and objects in the region of space immediately sur-
rounding a body part,® a portion of space called peri-personal
(PPS),”~'° peri-face,® peri-hand'® and peri-trunk space,® is sup-
ported by a number of multisensory mechanisms that generate
intersensory interference and facilitation effects.”®""12 A classic
example of these intersensory effects is the cross-modal
congruence effect (CCE).'>'® This effect is observed when
spatially incongruent stimuli presented in a different sensory mo-
dality slow down response times and/or increase errors when
participants detect a visual'*'® or auditory cue'® appearing
near a body part or approaching it,"®"'° but located in a different
spatial position.

There is extensive evidence that multimodal fronto-parietal
neurons and neurons®°2? in the putamen’**?* integrate visuo-
tactile stimuli close to the body and underpin these effects.
These neural systems support the behavioral evidence of soma-
totopically organized peri-hand,™® peri-trunk®, and peri-face®
spaces. Not only are these portions of space somatotopically
organized, but their representation is plastically influenced by
the way individuals interact with the environment. Indeed,
training to use a rack to retrieve food*® or perform actions,**
may plastically expand the visual receptive field of visuo-tactile
neurons and concurrently expand the PPS to include the object
of the interaction.?®

Gheck for
Updates

More recently, in line with the plastic nature of the extent of the
PPS, it has been shown that visual cues appearing outside the
PPS can still facilitate tactile processing, for example when
the visual cue appears far from the body, but in correspondence
with the location of an intended action, both during its execution
and planning.?’~*° This CCE effect associated with movement
planning and execution has also been described when partici-
pants observe other people grasping objects that belong to the
observed person.®' While the mere presence of another individ-
ual in front of us is able to “expand”®? and “contract”®® the
spatial extent of the PPS, by modulating perception of tactile
stimuli over our body,***° theoretical perspectives have sug-
gested that interacting with others might create a “Shared Action
Space”*® (also see Fanghella et al.*” for a review), interpreted as
a space where sensorimotor representations are modulated by
the presence and the movements of another individual. One pos-
sibility explored in the present study is that multisensory events
occurring in the space of an interpersonal interaction are pro-
cessed and integrated according to different spatial and soma-
totopic compatibility rules. These rules may differ from those at
play when individuals are static, acting alone, or moving asyn-
chronously to another individual. This is in line with the notion
that, when performing movements with a partner, we need to
be extremely accurate in predicting the sensory (i.e., visual, audi-
tory, and tactile) consequences of their movements and inte-
grate them with the sensory consequences of our own
movements.

Across three behavioral experiments, participants performed
either a tactile localization (Experiment 1) or a tactile detection
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task (Experiments 2 and 3) while engaged in an interpersonal
motor task. We tested the hypothesis that, during online coordi-
nation with a partner—specifically when performing same or
opposite reaching-and-grasping movements toward an ob-
ject®®° (see Figure 1)—the visuo-tactile CCE observed during
grasping actions®®*™" is remapped according to the partner’s
movement. Here, CCE refers to the interference in tactile pro-
cessing induced by visual cues appearing at an incongruent
location from the reaching and grasping target. Specifically, par-
ticipants performed reaching-and-grasping movements toward
a bottle-shaped object, using either a precision or a power grip
(targeting the upper or lower part of the object), while simulta-
neously synchronizing and coordinating with a virtual partner
by performing the same or opposite movements (Figure 1A).
During this interpersonal motor task, a tactile stimulus was deliv-
ered to the finger that was about to contact the object, while a
visual cue appeared on the partner’s target object at a location
that could be either congruent or incongruent with the target
location of the participant’s or the partner’'s movement
(Figure 1B). We tested whether the interference of visual cues
on tactile processing is modulated by the type of interpersonal
motor coordination and by the movement target location of the
participant and the partner. Four experimental factors were
manipulated: (1) interaction type, in which participants either
needed to predict the partner’s upcoming movement to perform
the same or opposite grasping action (interactive condition) or
followed a spatial instruction indicating where to grasp (cued
condition); (2) movement type, in which the movements per-
formed by the participant resulted in either the same or opposite
movements compared with those of the virtual partner (e.g., both
partners grasp with a precision grip at the top of the bottles, or
one with a precision and the other with a power grip); (3)
VisuoMotor congruence, related to the visual cue appearing at
a location that was either spatially congruent or incongruent
with the participant’s end-movement target location (VM-
congruent vs. VM-incongruent); (4) only in Experiment 1 we
included a factor named somatotopic congruence, in which
the visual cue could appear on either the front or back of the
partner’s bottle so that it was either somatically congruent or
incongruent with the participant’s finger that received the tactile
stimulus (i.e., thumb or index, respectively), depending on the
end grasp location on the bottle (somatotopic-congruent vs. so-
matotopic-incongruent).

The three experiments investigated whether and how online
interpersonal motor interactions shape visuo-tactile CCE,
defined as the difference in reaction times to tactile stimuli be-
tween VisuoMotor congruent and incongruent trials. In
congruent trials, the visual cue appears at the spatial location
reached by the finger receiving the tactile stimulus, whereas in
incongruent trials it appears at a different location. While this
manipulation was constant in all three experiments, each exper-
iment also implemented a specific manipulation to test the so-
matotopy of the CCEs (Experiment 1), their cross-modal nature
(Experiment 2) and their dependency on interpersonal predic-
tions (Experiment 3).

Experiment 1 investigated whether the classical CCE is
modulated when performing interpersonal motor interactions.
Participants were asked to perform a tactile localization task
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(i.e., whether they perceived a tactile stimulus on their index
or thumb) while executing a reach-to-grasp movement toward
a bottle in front of them in synchrony with a virtual partner.
Cross-modal (in)congruence was implemented in the experi-
mental set-up in two ways. First, by presenting task-irrelevant
visual cues on either the upper or lower part of the object that
will be grasped by the partner (thus in the same or opposite
spatial location of one’s own movement), generating a
VisuoMotor congruence factor (Figure 2A). Second, by pre-
senting these task-irrelevant visual cues either on the front
or back of the partner’s bottle, thus in spatially congruent
(thumb and index, respectively) or incongruent (index and
thumb, respectively) locations with the finger on which partic-
ipants receive the tactile stimulus (i.e., Somatotopic congru-
ence; Figure 2B). In relation to the first spatial incongruence
(i.e., VisuoMotor congruence), we hypothesized that cross-
modal (in)congruence would be evident only during
VisuoMotor incongruent trials when engaged in same interac-
tions in a realistic interaction (interactive condition) compared
to when performing opposite interaction in the same condition
or during the control condition (Cued condition). Specifically,
during interactive same reach-to-grasp movements, we
expect the classical CCE: Impaired tactile localization when
a task-irrelevant visual cue appears at a location incongruent
with the movement’s target.?>>' In contrast, for opposite
reach-to-grasp interactions, we hypothesize that tactile
detection will no longer be disrupted by spatially incongruent
visual cues, since these cues are now congruent with the part-
ner’'s movement. This pattern would be consistent with an
interpersonal remapping of visuo-tactile integration. We did
not expect such modulation in a cued condition, where the
specific partner’'s movement was not relevant for the partici-
pant’s action goal. The second type of spatial incongruence
(i.e., Somatotopic congruence) was meant to test whether
the visual cues appearing on the object of the partner would
be mapped as if the object was grasped by the participant.
Thus, a cue on the front of the bottle is congruent with the
thumb of the participants, and a visual cue on the back of
the bottle is congruent with their index, or in relation to the
movement of the partner, implying the opposite congruence
logic, i.e., front-index and back-thumb.

Experiment 2 aimed at examining whether the CCE modula-
tions observed in Experiment 1 reflect a visuo-tactile, motor-
dependent, cross-modal effect and extend beyond a unisen-
sory (visual) motor-dependent effect. In different experimental
blocks, participants performed a tactile detection task either
during a visuo-tactile stimulation or a visual stimulation (i.e.,
visuo-tactile vs. visual condition) while observing the partner’s
movement. As in Experiment 1, in the visuo-tactile condition,
the tactile stimulus was delivered along with a task-
irrelevant visual cue (appearing on the upper or lower part of
the bottle), which was either congruent or incongruent with
the direction of their own and/or the partner’s movement
(i.e., VisuoMotor congruence). In the visual condition, partici-
pants were asked to detect a visual cue appearing at the
same locations on the upper or lower part of the partner bottle
without receiving any tactile stimulus. Unlike Experiment 1, no
somatic mapping between task-irrelevant visual cues and
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Figure 1. General experimental set-up

Experiment 2-3

(A) Experimental set-up. Participants sat at a table facing a screen displaying a virtual partner. They were instructed to synchronize their grasping action on a
bottle—performing either a precision grip (up) or a power grasp (down)—with the virtual partner.

(B) Trial timeline. In all three experiments, participants started by placing their thumb and index fingers on a button. They were either instructed to predict the
partner’s movement (interactive condition) and perform the same or opposite action compared to the partner’s, or directed to a specific location (cued condition),
but were always told to synchronize their grasp time with that of the partner. While moving with the partner, they performed a tactile localization/detection task
while also a visual cue flashed on the upper or lower part of the partner’s bottle, corresponding or not to their grasping goal (VisuoMotor congruence) and on the
front or back of the bottle (Somatotopic congruence; only Experiment 1), corresponding or not to their finger contact position on the bottle. The movement ended
in a joint grasp, defined as same or opposite relative to the partner (movement type).

the location of tactile finger stimuli was present. If the social
modulation of CCE described in Experiment 1 reflects cross-
modal processing rather than visual attention alone, we ex-
pected the CCE to appear in both the visual and the visuo-
tactile conditions.

Experiment 3 aimed to test the interactive nature of the vi-
suo-tactile CCE observed in the previous two studies. Specif-
ically, we manipulated the timing of the visuo-tactile stimulation

as a function of the phase of the movement of the partner. Vi-
suo-tactile stimuli were thus delivered when the phase of the
partner’s movement allowed (late visuo-tactile timing) or did
not allow (early visuo-tactile timing) participants to predict the
location of the partner’s movement. We hypothesized that
CCE modulation would not emerge at the initial phase of the
movement when upper or lower reaching movements cannot
be discriminated (early visuo-tactile timing), and only emerge
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Figure 2. lllustration of VisuoMotor (VM) and Somatotopic congruency factors

(A) VisuoMotor (VM) congruence factor. Participants coordinated their reach-to-grasp action (power—Ileft panel; precision—right panel) with those of a virtual
partner, resulting in performing same or opposite movement relative to the partner’s ones. The visual cues appeared in congruent or incongruent positions relative
to participants’ movement goal (on the upper/lower portion of the bottle). This condition was present across all three experiments and regarded the object vertical

axis.

(B) Somatotopic congruence factor. Participants received tactile stimuli on their index (left panel) or thumb (right panel) while visual cues appeared on the virtual
partner’s bottle in positions that were either somatotopically congruent or incongruent with their own end-finger-position on the bottle (front/back). This factor
was only present in Experiment 1. For simplicity the image depicts an example of power grasping movement combinations only.

at the late timing (late visuo-tactile timing). This would support
the idea that online action prediction of the partner’s movement
is necessary to elicit the interpersonal remapping of multisen-
sory processes.

Collectively, testing these hypotheses provides new insights
into the flexibility of sensory mechanisms at play during interper-
sonal interactions.

RESULTS

For each Experiment, we report in the following sections the
main effect of VisuoMotor congruence, indexing the emerge of
the CCE together with the highest-order interaction involving
interaction type, movement type and VisuoMotor congruence,
as this reflects the primary effect of interest. Additionally, signif-
icant effects that are relevant for the interpretation of the results
are also reported. All other significant results are provided in
detail in the Tables in the supplemental information.

Reaction times (RTs) were collected for the tactile localization/
detection task, while grasping asynchrony (GA) was collected for
the interpersonal motor task and is reported as supplemental
information. Error rate was considered as the incorrect or missed
identification of the tactile stimulus (localization in Experiment 1;
detection in Experiments 2 and 3), limited to trials with correct
joint grasp execution (range 0-1).

4 iScience 29, 116950, August 21, 2026

Experiment 1—Interpersonal motor interactions impact
the CCE

In this experiment, we explored whether visuo-tactile CCE
observed during grasping actions is modulated by interpersonal
motor coordination. Specifically, we examined whether tactile
localization of a stimulus (presented on the index or the thumb)
during partner’s movement prediction was influenced by: (1)
the spatial relationship between the visual cue appearance and
either the participant’s or the partner’s movement goal
(VisuoMotor congruence factor; Figure 2A) as a function of the
movement type factor, and (2) by the somatotopic correspon-
dence between the visual cue on the partner’s object and the
stimulated finger of the participant (i.e., the location that corre-
sponded to where the subject index or thumb would touch the
partner’s object; Somatotopic congruence factor; Figure 2B).
Reaction times results of the tactile localization task

We conducteda?2 x 2 x 2 x 2 within-subject repeated measures
analysis of variance (ANOVA) on participants’ reaction times with
the following factors: Interaction type (cued/interactive), Move-
ment type (opposite/same), VisuoMotor congruence (VM-
congruent/VM-incongruent; i.e., the congruence of the visual
cue was defined in terms of its spatial relation to the location
of the up or down reaching movement of the participant) and So-
matotopic congruence (S-congruent/S-incongruent, i.e., the
congruence of the visual cue was defined in terms of its relation
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Figure 3. Significant interaction between Interaction type (cued/interactive) * Movement type (same/opposite) * VisuoMotor congruence
(VM-congruent/VM-incongruent) on RTs (ms) (N = 34, F(1, 33) = 12.88, p = 0.001, np? = 0.28)

Asterisks indicate significant differences among conditions at p < 0.05 Bonferroni-corrected in the ANOVA. Boxplots indicate the median and interquartile range;
density plots show individual variability; whiskers show 95% confidence intervals.

to the location of the tactile stimulus on the participant’s hand,
i.e., index or thumb) (all effects are reported in Table S1).

The analysis showed a significant main effect of VisuoMotor
congruence (F (1,33)=31.08,p < 0.001, np2 =0.49) with longer re-
action times for VisuoMotor incongruent compared to congruent
trials testifying the presence of a CCE which was specified by the
three-way interaction between Interaction mode (cued/
interactive) x Movement type (opposite/same) x VisuoMotor
congruence (VM-congruent/VM-incongruent).

The 2 x 2 x 2 Interaction mode (cued/interactive) x Movement
type (opposite/same) x VisuoMotor congruence (VM-congru-
ent/VM-incongruent) interaction resulted significant (F(1,33) =
12.88, p = 0.001, np2 = 0.28) confirming the presence of CCE in
our experimental set-up only in some conditions of the int-
eraction (Figure 3). Bonferroni-corrected post-hoc analyses
(Table S2) revealed that the slowing of RTs during VM-
Incongruent trials was statistically significant only in the inte-
ractive condition when performing same movements with the
partner (M = 574.12 ms; SD = 131.94 ms) compared to VM-
congruent ones (M = 499.05 ms; SD = 86.24 ms) (p < 0.001).
This pattern was consistent with the notion that a visual cue ap-
pearing at a location different from that of the individual’s (and
partner) action goals impairs the processing of a tactile stimulus.
Crucially, however, this interferent effect (CCE) was not found
during the execution of opposite movements in the interactive
condition (p > 0.9). This suggests that during interpersonal online
interactions, the interference generated by spatially incongruent

visual cues on the ability to detect a tactile stimulus observed in
same movements was not present when performing opposite
actions compared to the partner (Figure 3). This interpretation
was further confirmed by the presence of significantly slower
RTs in interactive VM-incongruent trials during same movements
(M =574.12 ms; SD = 131.94 ms) compared to opposite ones
(M = 516.57 ms; SD = 95.87 ms) (p < 0.001) where the visual
cue would still be incongruent with the participant’s motor aim,
but congruent with the action goal of the partner (Figure 3).

Moreover, these patterns of results were not present in the cued
condition, where tactile RTs of same VM-incongruent trials (M =
468.27 ms, SD = 67.21 ms) did not significantly differ either from
VM-congruent ones (M = 450.92 ms, SD = 63.91 ms; p > 0.9),
nor from opposite VM-incongruent ones (M = 467.95 ms, SD =
68.56 ms; p > 0.9). This pattern suggests that the type of interaction
with the partner during joint grasping was fundamental in shaping
the CCE observed in the Interactive conditions. Furthermore, RTs
of the interactive same VM-incongruent condition (M =574.12 ms;
SD = 131.94 ms) were significantly slower compared to those of
the cued one (M =468.27 ms, SD = 67.21 ms; p < 0.001), indicating
that the interference effect triggered by the VisuoMotor incongru-
ence emerged specifically during interpersonal coordination,
when participants had to continuously monitor and anticipate the
partner’s actions.

The interaction between Somatotopic congruence (S-congruent/
S-incongruent) and Movement type factors (same/opposite) was
significant (F(1, 33) = 13.19, p = 0.0009, np2 = 0.29) (Figure 4).
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Post-hoc analysis (Table S3) indicated that only during the execution
of same movements, somatotopic incongruent trials (M =
505.51 ms; SD = 81.98 ms) resulted in an interference effect
compared to congruent ones (M = 490.67 ms; SD = 78.54 ms; p =
0.0002) (i.e., visual cue appearing on the partner’s object where
the participant’s finger (e.g., index) would make contact interfered
with localization of tactile stimuli on the other finger (thumb)), regard-
less of whether participants performed interactive or cued trials and
regardless of whether visual cues appeared in a location that was
S-congruent or S-incongruent with the movements of the partici-
pant. This pattern of results suggests that during interpersonal inter-
actions that entail performing the same actions as a partner, individ-
uals tend to code the spatial location of visual cues according to a
somatotopic frame of reference during same movements (see
discussion Experiment 1).

All other significant interactions details can be consulted in the
Tables S1-S3.

Error rate results of the tactile localization task

The 2 x 2 x 2 x 2 aligned rank transform (ART) repeated measure
ANOVA on the error rate of the tactile stimulation localization, with
factors Interaction type (cued/interactive) x Movement type
(opposite/same) x VisuoMotor congruence (VM-congruent/VM-
incongruent) and Somatotopic congruence (S-congruent/S-
incongruent) revealed a significant three-way interaction between
interaction type, movement type, and VisuoMotor congruence
(F(1, 495) = 16.20, p < 0.001, np2 = 0.03) (Table S4). To further
explore this three-way interaction, Bonferroni-corrected post
hoc comparisons were conducted (Table S5).

Error rate was significantly higher in the interactive same
incongruent condition (M = 0.28, SD = 0.15) than in cued same
incongruent (M = 0.17, SD = 0.12; p < 0.001). Within the interac-
tive type, error rate was significantly higher in same incongruent
(M = 0.28, SD = 0.15) compared to congruent trials (M = 0.15,
SD =0.12; p < 0.001), confirming a specific cost for cross-modal
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incongruence during mutual interaction already observed in RTs,
that is not found for opposite movements (p > 0.99) (Figure 5).

In summary, the results of Experiment 1 suggest that partici-
pants performed significantly worse in the interactive condition,
when there were incongruencies between visual-cue and motor
information, especially during same movements, but not during
opposite ones. These patterns were consistent with the hypoth-
esis that dyadic coordination modulates the integration of multi-
sensory and motor information, and that shared action goals
might influence the processing of task-irrelevant stimuli pre-
sented in the partner’s action space.

This first experiment aimed to investigate whether, during syn-
chronous interpersonal motor interactions, task-irrelevant visual
cues modulated tactile localization on the acting hand as a func-
tion of spatial congruence. Specifically, visual cues could appear
at locations that are congruent or incongruent with either (1) the
spatial target of one’s own movement, (2) the partner’s move-
ment, or (3) the somatotopic location of a tactile stimulus on
the participant’s finger. The results highlight that, during an inter-
personal interaction, the impact of the location of visual cues on
individuals’ ability to discriminate the location of a tactile stim-
ulus does no longer depend on its spatial congruence with the
target of individual’s movement as shown in previous
studies,”®®" but it depends on its congruence with respect to
the spatial location of the predicted target movement of the part-
ner. Specifically, an interfering effect of the visual cue that ap-
peared at a spatial location that is incongruent with one’s own
movement only manifested if it was necessary to predict the
partner’s actions (interactive type) during same interactions
type. In contrast, during opposite movements, the interfering ef-
fect of the visual cue was not observed when presented in an
incongruent spatial location relative to where the subject needed
to grasp, but congruent to the end location of the partner’s
movement. This would possibly occur because the participant
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was predicting the partner’s action, whose end-movement posi-
tion corresponded with the portion of space in which the incon-
gruent visual cue was presented. Importantly, such modulation
was absent in the cued condition, where participants performed
the same interpersonal synchronous motor task without the
need to actively predict the partner’s movements while coordi-
nating. In this context, the visual cues appearing on the partner’s
object did not elicit any interference effect during spatially incon-
gruent trials with respect to one’s own movement. This suggests
that the visual cue processing differed when no active represen-
tation of the partner’s action was required. Thus, the interfering
role of the cue critically depends on whether the participant is
engaged in an interactive context where predicting the partner’s
movement is necessary. These modulatory effects of visual cue
congruence based on the interaction context and shared move-
ment execution were consistently observed across our depen-
dent measures (RTs and error rate, also see supplemental
information for GA data), highlighting the robustness of the
observed CCE linked to interpersonal prediction mechanisms.
Furthermore, during the execution of same movements
(regardless of CCE), we also found an interferent visuo-tactile ef-
fect of visual cues appearing at an incongruent somatotopic
location with the participant’s finger that received the tactile
stimulation, i.e., the visual cue appears on the back of the part-
ner’s bottle, and the participant gets the tactile stimulus on their
thumb. This effect is coherent with previous findings by*' who
showed that while observing a person grasping an object that

is perceived as owned by them, visual cues appearing on the ob-
ject might modulate tactile detection of stimuli delivered on the
participant’s finger according to somatotopic coherence (i.e., vi-
sual cue appearing on the partner’s object where a participant’s
finger (e.g., index) would touch it interfere with the localization of
tactile stimuli on the other finger (thumb)). This suggested that
the CCE effects found in Patané et al.®>' for objects that were
associated with either oneself or with both oneself and other in-
dividuals were extended to the companion’s object while inter-
acting. Hence, these results might shed light on the nature of
low-level motor encoding of interactions in shaping intersensory
effects.

Experiment 2—Interpersonal motor interaction affect
unisensory processing and CCE

To determine whether the emergence of a CCE during same
movement execution in the interactive condition found in Exper-
iment 1 reflected a cross-modal phenomenon rather than a
purely visual effect (e.g., facilitatory effect of the movement of
the partner on the detection of the task-irrelevant visual cue),
we conducted a second experiment including a unisensory vi-
sual condition to compare to the Visuo-Tactile one. Thus, in
Experiment 2, participants were asked to perform two different
sensory detection tasks and either respond as fast as possible
to a visual cue appearing on the upper or lower part of the part-
ner’s object in absence of any tactile stimulus (unisensory visual
condition), or to a tactile stimulus on their index finger while
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ignoring the co-occurring task-irrelevant visual cue (cross-modal
visuo-tactile condition). Critically as in Experiment 1, in both sen-
sory conditions, visual cues were either congruent or incon-
gruent with the direction of the participant’s own reaching move-
ment (i.e., VisuoMotor congruence). Unlike Experiment 1, no
somatotopic correspondence between the visual cue and the
tactile location was present.

We hypothesized that a difference between the unisensory vi-
sual and the cross-modal visuo-tactile tasks would strengthen
the evidence for an intersensory effect found in Experiment 1,
not reducible to enhanced visual saliency or attentional capture
by the partner’s movement at the task-irrelevant visual cue loca-
tion. Furthermore, if participants were simply reacting to the vi-
sual cue in the visuo-tactile condition regardless of task instruc-
tions, we would expect no differences between response times
across the visual and visuo-tactile conditions.

Reaction times results of the tactile detection task

The 2 x 2 x 2 x 2 within-subject repeated measures ANOVA on
RTs for the tactile task included the following factors: Interaction
type (cued/interactive) x Sensory condition (visual/visuo-tact-
ile) x VisuoMotor congruence (VM-congruent/VM-incongru-
ent) x Movement type (opposite/same) (Table S8).

The analysis revealed a main effect of Sensory condition
(F(1,23)=9.44,p =0.01, np2 =0.29), indicating significantly faster
RTs in the visual condition (M = 324.32 ms, SD = 34.80 ms)
compared to the visuo-tactile one (M = 359.70 ms, SD =
22.23 ms). This main effect (Figure 6) is relevant as it supports
the idea that when performing the visuo-tactile condition, partic-
ipants were paying attention to the tactile stimulus rather than
ignoring it and responding to the visual one.

The ANOVA also showed a significant main effect of
VisuoMotor congruence (F(1,23) = 23.97, p = 0.0001, np2 =
0.51) testifying to the emergence of a CCE in our experiment.
This main effect was further specified by the significant third-
level interaction between Interaction type (cued/interactive),
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Movement type (opposite/Same) and VisuoMotor congruence
(VM-congruent/VM-incongruent) (F(1,23) = 5.87, p = 0.02, np2 =
0.20) (Figure 7). Post-hoc tests (Table S9) confirmed the same
pattern of results found in Experiment 1.

These results, thus, replicated the findings of Experiment 1 and
support the view that the CCE in this task reflects intersensory
interference and cannot be explained by a purely visual effect.

All other significant interaction details can be consulted in the
Tables S8 and S9.

Error rate results of the tactile detection task

The 2 x 2 x 2 x 2 ART ANOVA on the error rate of the tactile
detection task, including Interaction type (cued/interactive) x
Movement type (opposite/same) x VisuoMotor congruence
(VM-congruent/VM-incongruent) x Sensory condition (visual/vi-
suo-tactile), revealed a significant main effect of Interaction type
(F(1, 345) = 5.61, p = 0.018, r]p2 = 0.016) with higher error rate in
the interactive condition (M = 0.165, SD = 0.12) compared to the
cued one (M = 0.13, SD = 0.12). No other effects resulted in
non-significant results (all ps > 0.06) (Table S10).

The second experiment was designed to investigate whether
the CCE, observed in Experiment 1, was a cross-modal phe-
nomenon and was not only explained by a visual attentional
facilitatory effect of the movement of the partner on the detec-
tion of the task-irrelevant visual cue. The results showed that a
spatial incongruence between the participant’s movement
target and the visual cue on the partner’s object impaired per-
formance in detecting tactile stimuli (slower RTs, CCE). The vi-
sual cue’s incongruent position on the partner’'s object
impaired the participant’s tactile response only when there is
a need to predict the movement of the partner (interactive
mode) during same interactions (same condition) compared
to complementary interactions (opposite condition). The main
effect of sensory condition is consistent with the interpretation
that participants were actually differentiating between the vi-
suo-tactile and the visual task. The visual cue had an effect
on tactile processing that cannot be attributed to a visual cap-
ture of attention alone, or participants only relying on the visual
cue and ignoring the tactile stimulus.

The results pattern suggested that participants’ capacity to
detect tactile stimuli during interpersonal interactions was influ-
enced by the spatial congruence of visual cues to both their
own and the partner’s movements. This implied that predicting
the partner’s movements primed specific spatial locations,
potentially heightening visual attention toward those areas that
are relevant for the interaction. Overall, these findings suggested
that CCE was remapped by the rules of interpersonal motor in-
teractions, replicating the results of Experiment 1 and confirming
that these effects similarly impact unisensory and cross-modal
visuo-tactile processing.

Experiment 3—Predictions affect CCE during
interpersonal motor interaction

In the previous experiments, participants received visuo-tactile
stimuli at a single time point during the partner’s movement. At
this time point (e.g., stage of the movement) participants were
able to predict the partner’s grasping end-location, as demon-
strated in a pilot study (see STAR Methods section and
Figure S1). In Experiment 3, we aimed to study whether the
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visuo-tactile CCE would be modulated as a function of the fact that
the tactile stimulus was delivered at timings when target location of
the partner movement was, or was not, possible to predict by
observing the movement of the partner. We thus delivered the vi-
suo-tactile stimuli at two different time points during the movement
of the partner. We introduced an early timing of visuo-tactile stimuli
delivery that occurred at a time point at which the two different
partners’ movements (i.e., precision or power grasp) could not
be discriminated and predicted, and maintained the second time
point as in Experiments 1 and 2. We hypothesized that CCE would
emerge during the execution of same movements in the interactive
condition only in conditions where the avatar’s reach-to-grasp end
location was predictable (i.e., when the visuo-tactile stimuli were
delivered at the second time point; late tactile timing), and would
not occur when the VisuoMotor incongruence is lacking due to
the fact that the target of the movement of the partner is not pre-
dictable (early tactile timing).

To test these hypotheses, we ran two separate ANOVAs on
early and late tactile stimulation timing.
Reaction times results of the tactile detection task at
early visuo-tactile stimulation timing
The 2 x 2 x 2 ANOVA on early visuo-tactile stimulation timing
showed no CCE as the main effect of VisuoMotor congruence
did not turn significant (p = 0.49). Similarly, at early visuo-tactile
stimulation timing the three-way Interaction type (cued/
interactive) x Movement type (same/opposite), VisuoMotor
congruence (VM-congruent/VM-incongruent) was not signifi-

cant (p = 0.16) (Table S13). We used a Bayesian approach to
test the evidence in favor of a difference between interactive
VM-incongruent same condition compared to the opposite one
in generating slower RTs. The analysis supported the absence
of evidence in favor of the alternative hypothesis (B10 = 0.45).
Reaction times results of the tactile detection task at
late visuo-tactile stimulation timing

The 2 x 2 x 2 ANOVA on late visuo-tactile stimulation timing
instead showed that the three-way Interaction
type x Movement type x VisuoMotor congruence resulted signif-
icant (F(1,17) = 4.83, p = 0.04, ﬂp2 =0.22) (Figure 8). The post-hoc
test pattern replicates the findings of Experiments 1 and 2
(Table S13).

Post-hoc analyses (Table S14) showed significantly slower
tactile reaction times (p = 0.03) during same interactions in interac-
tive incongruent motor conditions (M = 461.97 ms, SD = 84.63 ms)
compared to opposite ones (M = 417.19 ms, SD = 62.94 ms)
(Figure 8). This difference was not present in the cued condition
(p > 0.9), suggesting that the interaction with the partner of the joint
grasping was fundamental in shaping CCE observed in the interac-
tive conditions. Performing same movements during the interac-
tive condition tended to generate slower RTs during motor incon-
gruent trials (M = 461.97 ms, SD = 84.63 ms) compared to
congruent ones (M = 419.88 ms; SD = 63.11 ms) (o = 0.06). How-
ever, RTs of the cued same VM-incongruent condition (M =
396.33 ms, SD = 43.84 ms) were significantly faster compared to
the interactive one (M = 461.97 ms; SD = 84.63 ms; p < 0.001),
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indicating that the interference effect triggered by the VM-incon-
gruence emerged specifically during interpersonal coordination
(interactive condition), when participants had to continuously
monitor and anticipate the partner’s actions to perform the same
movement. We used a Bayesian approach to test the evidence
in favor of an effect of interactive VM-incongruent same conditions
compared to opposite ones in generating slower RTs. The analysis
supported evidence in favor of the alternative hypothesis
(B10 =7.70).

Overall, these results complemented the findings from Exper-
iments 1 and 2, and supported the modulation of visuo-tactile
interference depended on whether information about the part-
ner’s upcoming movement target was available.

Error rate of the tactile detection task at early visuo-
tactile stimulation timing

The 2 x 2 x 2 Interaction type (cued/interactive) x Movement
type (opposite/same) x VisuoMotor congruence (VM-cong-
ruent/VM-incongruent) Friedman ANOVA on error rates of the
early visuo-tactile stimulation timing revealed no significant dif-
ference across conditions (Chi sqr.(N = 18, df = 7) = 6.698
p = 0.461).

Error rate of the tactile detection task at late visuo-
tactile stimulation timing

The 2 x 2 x 2 Interaction type (cued/interactive) x Movement type
(opposite/same) x VisuoMotor congruence (VM-congruent/VM-
incongruent) Friedman ANOVA on error rates of the late visuo-
tactile stimulation timing revealed no significant differences across
conditions (Chi sqr.(N = 18, df = 8) = 4.432 p = 0.816).
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intervals.

The present results confirmed that the interferent effect of vi-
sual cues that were spatially incongruent with one’s movement
was found only for visuo-tactile stimulation presented at a timing
at which participants were able to predict the partner’s move-
ment (i.e., late time point).

Relationship between cross-modal congruence effect
and behavioral performance at the interaction task

To explore the relationship between performance in the tactile task
and the interpersonal motor task, we conducted a correlation be-
tween an index of the tactile RTs and the same index on GA of the
interpersonal motor task, pooling together data from the three
studies. RTs and GA indexes were both obtained by subtracting
the individual’s mean values in the interactive VisuoMotor incon-
gruent conditions during opposite movement trials from the corre-
sponding values during same movement trials (i.e., RTs/GAindex =
(interactive VisuoMotor incongruent same movement)—(interac-
tive VisuoMotor incongruent opposite movement)). The index on
tactile RTs captured the CCE of visual cues that were incongruent
with the movements of both partners (i.e., during same interac-
tions) compared to their impact when they were congruent with
the movement of the partner only (i.e., during opposite interac-
tions); the index on GA captured the performance in opposite
movements compared to same ones when visual cues appeared
in spatially incongruent location relative to one’s own movements.
Thus, a positive correlation indicates that the larger the CCE, the
greater the impairment in GA, suggesting that low-level intersen-
sory effects and higher-order interpersonal motor abilities might
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be associated with one another. As a control analysis, the same in-
dex was computed on VisuoMotor congruent trials instead of
incongruent ones (i.e., index = (interactive VisuoMotor congruent
same movements)— (interactive VisuoMotor congruent opposite
movements)) to evaluate whether the presentation of visual cues
that were congruent with the movements of an individual but
incongruent to those of the partner resulted in a facilitation in
RTs and GA. Correlation significance was thus corrected for 2
comparisons (significant p = 0.025).

The correlation between participants’ RTs to detect the tactile
stimulation (i.e., the CCE in the tactile detection response) and
their asynchrony in grasping the bottle together with the avatar
(grasping asynchrony) was found to be significant only in interac-
tive VM-incongruent conditions. Specifically, slower detection of
visuo-tactile incongruent stimuli during same, compared to
opposite, movements was associated with greater asynchrony
in the joint grasping task (r(84) = 0.22; p = 0.022). Conversely,
this result was not found for the VM-congruent interactive condi-
tion (p = 0.81) (Figure 9).

This indicated that participants who experienced less interfer-
ence in the detection of tactile stimuli associated with visual cues
that appeared in spatially incongruent locations during opposite
movements also showed better synchronization with the partner
in the same condition. This finding might suggest an impact of
CCE on coordination performance in the interactive tasks, and
that efficient tactile integration might be crucial for maintaining
synchronized interactions.

DISCUSSION

Intersensory mechanisms are ubiquitous in humans’ lives. They
are fundamental to building a reliable representation of the envi-

ronment and of one’s own body schema, as well as for guiding
our interaction with the surrounding world. While much of what
is known about these mechanisms comes from studies concern-
ing individuals dealing with non-social stimuli happening in the
environment, the present studies aimed at describing the modu-
latory and relevant role of interpersonal interaction on these
cross-modal mechanisms.

The present experiments were designed to investigate whether
the integration of visual and tactile information during an interper-
sonal interaction is influenced by the nature of these interactions.
Research has shown that visuo-tactile CCE, usually occurring for
stimuli near the body, '***“¢ are modulated by the fact that the in-
dividual prepares to and executes a movement so that CCE are
observed even when the visual cue is distant from the body but
aligned with the hand’s endpoint position.?”*"“"%¢ Importantly,
this effect was also described during action observation.®' Howev-
er, if and how these intersensory effects change during interper-
sonal motor interactions, where individuals need to online predict
their partner’s movements, remains unexplored.

Across three experiments, we described that CCE were
observed when a task-irrelevant visual cue appeared on the in-
teracting partner’s object and not one’s own, only in conditions
requiring continuous prediction and monitoring of the partners’
movements (interactive condition). During joint motor interac-
tions, it is known that the frontal performance monitoring system
is attuned to others’ actions,*®*° enabling individuals to predict
and evaluate their partners’ ongoing behavior in real time. At a
neural level, the tasks implemented in the present studies are
supposed to involve fronto-parietal networks which are known
to support (1) the planning and execution of upper-limb reaching
and grasping movements,”'>? (2) the ability to internally simulate
observed actions of a partner,®>°* (3) the ability to coordinate
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with others in tasks requiring reaching and grasping move-
ments,“® and importantly, (4) the ability to integrate multisensory
information in the peripersonal space.>® Together, these mecha-
nisms may provide a plausible neural substrate for the present
findings. This suggests that when individuals engage in predic-
tive coordination with others, the fronto-parietal circuits that nor-
mally integrate visuo-tactile information within the self’'s PPS
may transiently incorporate sensory information from the part-
ner’s action space. This interpersonal modulation of CCE sug-
gests that linking ones’ own action to the partner’s movements
shapes the spatial rules governing PPS intersensory processing.
This pattern is consistent with a dynamic change of the repre-
sentations of one’s own action-related sensory information and
of the PPS, possibly supporting individuals’ ability to facilitate
sensorimotor predictions and consequently adapt one’s own
behavior to the movements of the partner. It should be stated
that although the findings are interpreted in relation to fronto-pa-
rietal networks and peripersonal space mechanisms, the present
experiments relied solely on behavioral measures, without neural
data. Therefore, conclusions regarding the underlying neural
mechanisms underpinning the found effects remain inferential.

All'in all, our experimental results are in line with the previous
literature on CCEs,?*" and suggest that multisensory integra-
tion is influenced by different characteristics of the interpersonal
motor interactions during joint actions. Crucially, we extend this
knowledge by highlighting that the ability to predict the move-
ment of one’s partner is critical for the emergence of these mod-
ulations. Conversely, no intersensory modulation was found
when participants did not need to predict the movement of the
partner (i.e., in the cued condition). Moreover, the task imple-
mented here allowed us to investigate how sensory events are
integrated based on the interaction itself rather than individual
action goals.

These findings deepen our understanding of how multisensory
information is integrated during joint action tasks, and future
studies may focus on exploring how different interpersonal fac-
tors, personality traits, and fronto-parietal neural systems impact
CCE during social exchanges, fostering our understanding of the
interplay between low-level sensorimotor mechanisms and
interpersonal processes. Overall, the results of the present study
revealed an impact of interpersonal coordination on multisen-
sory-motor processes and open new questions about the value
of sociality in peripersonal space representation.

Limitations of the study

Some limitations should be considered when interpreting the
present findings. First, the experiments relied exclusively on
behavioral measures, so conclusions about the underlying neu-
ral mechanisms remain indirect. Although fronto-parietal and
PPS networks provide a plausible framework for interpretation,
neural activity was not directly assessed.

Second, the interaction paradigm involved coordination with a
virtual partner rather than a physically co-present human partner
acting on a shared object. Although the present task does not
involve a real partner acting on a shared physical object, our
working hypothesis is that in the interactive condition it captures
a key component of interpersonal interaction—namely, the need
to continuously predict and coordinate with a partner’s move-
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ments in order to achieve a goal that cannot be accomplished
alone. Consistent with this view, previous studies using this joint
action paradigm have shown that coordination and synchroniza-
tion with a virtual partner are sufficient to elicit behavioral inter-
ference effects.*’**? These effects have been linked to frontal
monitoring processes*®°°"°® and to left parietal regions involved
in reaching movements.®' Although similar effects have also
been reported in versions of the task involving two real partici-
pants, 840445859 future studies using more immersive and
physically interactive settings will be important to further assess
the generalizability of these findings to real-world social
interactions.

Finally, the study focused on a specific form of interpersonal
coordination involving synchronous reach-to-grasp actions
and visual-tactile stimuli delivered along the movement trajec-
tory. It remains unclear whether similar effects would emerge
in other social contexts, with different movement types, or other
multisensory environments.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

MorePower 6.0.4 More Power RRID: SCR_024210
E-prime 2.0 E-prime RRID: SCR_009567
Statistica TIBCO RRID: SCR_014213
JASP 0.18.3.0 Jasp-stats4 RRID: SCR_015823
R version 3.5.1 R software RRID: SCR_001905
3DS Max 2017 Autodesk RRID: SCR_014251

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Written informed consent was obtained from all participants, in conformity to the ethical standards outlined in the Declaration of Hel-
sinki. Participants were initially kept unaware of the study’s objective and were informed only after completing all experimental pro-
cedures. All participants were caucasians and had either normal or corrected-to-normal vision. Potential effects of sex and gender
were not evaluated in the present study, we acknowledge this as a limitation that may restrict the generalizability of the results. How-
ever, comprehensive clinical and demographic information for all participants is provided in Table S19. In Experiment 1, 15 euros
were refunded for participating in the study. In Experiment 2 and 3 participation was not refunded. The study was approved by
the Fondazione Santa Lucia of Rome (RM, lItaly - Prot. CE/PROG.658).

Experiment 1

Reported effect sizes for differences between congruent and incongruent visuo-tactile multisensory effects in social and action tasks,
range between np2 = 0.12-0.35.7**" Accordingly, we conducted a power analysis®® using MorePower 6.0.4°" assuming a n,2 = 0.21,
a = 0.05, power = 0.8. This yielded to an estimated sample size of 32 participants. A total of 36 individuals (19 females; mean age
25.66 years, ranging from 36 to 18 years old; S.D. = 3.14) participated in the study, but 2 of them were identified as outliers in the
Tactile Localization/Detection task, while 3 of them in the Interpersonal Motor Task and subsequently excluded from all analyses
(see statistical analysis section in the supplementary), resulting in a final sample of 34 participants for the Tactile Localization/
Detection task and 33 for the Interpersonal Motortask. A total of 32 participants were confirmed as right-handed based on the Stan-
dard Handedness Inventory,62 while the others were left-handed.

Experiment 2

In Experiment 2 and 3, the choice of the sample size was selected as well through a statistical power analysis® performed with the
software More Power.®" The expected effect size is the partial eta square (np2 =0.29) value, from Experiment 1. The output indicated
that in a 2x2x2 x 2 within factors design, a power of 0.8 and an eta squared of 0.29, requires a sample size of 22 participants. In Exper-
iment 2, a total of 28 individuals participated in the study, but 4 of them were identified as outliers and were subsequently excluded
from all analyses. A final sample of 24 participants took part in the experiment. All participants (19 females; mean age 25.93 years,
ranging from 20 to 35 years old; +S.D. = 3.82) were initially unaware of the study’s objective and were informed only after completing
all experimental procedures. Twenty-one of them were right-handed, based on the Standard Handedness Inventory,®® while the
others were left-handed.

Experiment 3

In Experiment 3, a total of 20 individuals participated in the study, but 2 of them were identified as outliers, therefore subsequently
excluded from all analyses (see statistical analysis section). All participants (8 females; mean age 24.85 years, ranging from 22 to 30
years old; S.D. = 2.58) were confirmed as right-handed based on the Standard Handedness Inventory.®?

METHOD DETAILS

This section comprehensively outlines the methods shared across the three distinct experiments, providing an overview of the pro-
cedures adopted. In all experiments participants were involved in an interpersonal motor task while receiving tactile stimuli over their
(moving) right hand finger(s). They were asked to synchronise their reach and grasp movements with those of a virtual partner in
different conditions while their main task was to localize and/or detect as soon as possible the tactile stimulus. All experiments share
the methods and procedures described below, except for specific details described in each experimental paragraph.
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Common set-up

Interpersonal motor (reaching and grasping) task

We adapted a well-established human-avatar interactive task, that combined an ecological set-up with experimental contro
This task had previously demonstrated its ability to engage the same behavioral mechanisms observed in human-human interac-
tions, specifically mutual adjustment and automatic imitation, 38:40:45.58.59

Participants were seated in front of a rectangular table and an LCD monitor was positioned at the opposite edge of the table, 60 cm
away from participants’ eyes where the interaction partner was shown (see below). The task assigned to participants required them to
reach and grasp a bottle-shaped object (37 cm in height) positioned next to the middle of the table, between them and the monitor
and to touch the object in synchrony with their partner.

Participants were required to perform a reaching-to-grasp movement in synchrony with an avatar’s movement. Considering the
diameter of the bottle-shaped object, made of two rectangles in a stack with distinct widths, they could either perform a precision
grip (on the upper part, 2.7 cm diameter) or a power grip (on the lower part, 6.5 cm diameter) with their right hand. Prior to each trial,
participants were instructed to press and hold, with their index finger and thumb, a start button located on the right side of their
midline (at 34 cm distance from the bottle object and 10 cm away from the midline). Following an auditory signal played through head-
phones, they released the button to initiate the grasping movement together with the virtual avatar presented on the screen in front of
them. Grasping times were measured using touch-sensitive markers placed in pairs on each rectangle, precisely at distances of
15 cm and 22 cm along the vertical height of the object.

Two different auditory stimuli were used to instruct participants in the task, depending on the experimental mode of interaction.
Indeed, the experimental task involved two conditions that differ in the interactivity level (Interaction Type Factor): (1) in the Interactive
condition, the goal of participants’ action cannot be achieved without considering that of the virtual partner, taking into account its
movements and adapting to them in real time; (2) in the Cued condition, participants do not need to coordinate their behavior to that of
the partner, while grasping in synchrony with it. One auditory stimulus was associated to the Interactive condition in which partici-
pants were instructed to perform opposite (e.g., if the virtual partner grasped the lower bottle part, the participant grasped the upper
part, and vice versa) or same (e.g., both grasping the upper or lower part of their bottles) movements in relation to the avatar. Before
the commencement of each trial, participants received audio instructions in the form of vocal commands, specifying whether they
had to perform same or opposite movements. Conversely, the auditory stimulus associated with the Cued condition, instructed
participants that they would hear one of two tones indicating whether they should grasp the upper or lower part of the bottle. A
high-pitched tone (1470 Hz) signaled to reach toward the upper white panels, while a lower-pitched tone (114 Hz) indicated reaching
toward the lower white panels. Each of the four auditory cues had a duration of approximately 190 ms. Prior to initiating different
conditions, participants were instructed on the corresponding auditory cues. To ensure participants’ comprehension of the instruc-
tions, a set of try-outs was conducted before each condition. Once the trial runs were successfully completed, the actual experiment
began and the starting condition was randomised and counterbalanced between participants. In both Cued/Interactive conditions,
the final participants’ goal was to grasp the bottle-shaped object as synchronously as possible with the virtual partner. For both inter-
action modes, the movements, with respect to the partner’s grip, could either be Same or Opposite (Interaction Type Factor); de-
pending on whether they grasped the bottle with the same grip or in a complementary manner relative to the avatar. The details
of the setup are mainly illustrated in the main text (Figure 1A).

The trial timeline was as follows: participants were presented with a fixation cross lasting for 300 ms, followed by an auditory in-
struction via headphones, either the Interactive (Same/Opposite) or Cued (Up/Down). Afterward, the Avatar’s appearance on the
screen (see visual stimuli of the avatar reaching and grasping movements section) marked the soon beginning of its movement, which
occurred between 200 ms and 600 ms. Upon receiving the auditory instruction and seeing the avatar, participants were allowed to
release the start button and synchronously move to grasp the bottle-shaped object along with the avatar. The Avatar executed its
action during a trial duration of approximately 2000 ms. The graphical example of a trial timeline can be found in the main text
(Figure 1B).

The time between trials was determined by participants’ return to the starting position, with the subsequent trial initiated by the
experimenter upon their return on the start button. Trials where participants initiated their movement prior to the auditory instruction
were excluded from the analysis. A valid trial denoted participants’ adherence to the auditory instructions, accurate execution of the
bottle grasp and detection of the tactile stimulation presented. Presentation and randomization of the stimuli were administered
through E-Prime2 Professional software (Psychology Software Tools Inc.).

| 38-45

Visual stimuli of the avatar reaching and grasping movements
As in previous studies®®*1%%:45:°¢ the kinematic attributes of the virtual partner were derived from the movements of human partic-
ipants engaged in different grasping actions within a joint-grasping task involving human-human interactions (refer to Fusaro et al.®®
for comprehensive technical information about Motion Capture recording). Utilising MotionBuilder 2017 and 3DS Max 2017 (Auto-
desk) software, the processed trajectories were accurately generated and applied to a male character of Caucasian ethnicity. Hence,
the stimuli represented a male avatar conducting grasping movements toward a bottle-shaped object, as the one presented to the
participant in the experimental set-up.

The avatar featured solely the upper body, spanning from the shoulders downward, intentionally excluding the neck and head to
avoid diverting subjects’ attention to the virtual partner’s facial expressions. A total of 10 distinct grasping motions were captured in
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the video clips dataset. Half of these motions ended with the avatar’s hand gripping the lower section of the bottle-shaped object
(power grip), while the remaining half concluded with the avatar’s hand grasping the upper portion (precision grip). An additional 4
clips were crafted, depicting digital avatars executing movement adjustments by transitioning from precision to power grip (or
vice versa) during the reaching phase. These modifications were applied in 20% of the trials wherein online corrections were involved.
The process of crafting correction videos involved combining the initial frames of one clip, like a power grasp clip, with the final frames
of another, such as a precision grasp clip, accomplished using 3DS Max. These modified clips were considered as catch trials, so not
relevant for the analysis, but to keep the participants engaged in the task. All video stimuli had a duration of approximately 2000 ms.

The grasp times of the avatar were logged on a trial-by-trial basis using a photodiode situated on the screen. These two photodiodes
placed on the screen transmitted their signals to the tactile stimulator and to a computer that was then recorded their timing by E-Prime
2 Professional (version 2.0.10.242, Psychology Software Tools Inc., Pittsburgh, PA) through a TriggerStation (BrainTrends Ltd., Italy).
The activation of one photodiode was initiated by a white square positioned at the bottom left of the screen (unseen by the participants)
to trigger the tactile stimulation. Additionally, a second photodiode was activated by another white square placed at the bottom right of
the screen (not visible to the participants), which coincided with the moment when the avatar virtually grasped its object.

Visuo-tactile stimulation and tactile localization/detection task

While performing the grasping task, participants were instructed to detect (and in Experiment 1 discriminate the location of) a tactile
stimulation. Tactile stimulation was administered to participants using a constant-current electrical stimulator (DSA7A, Digitimer Ltd.,
Welwyn Garden City, United Kingdom). Disposable electrodes were positioned dorsally on both the index and the thumb (Experiment
1) or the solely index finger (Experiment 2, 3) of the participants’ right hand, with which they performed the interpersonal motor task
(see Interpersonal Motor (Reaching and Grasping) Task section), maintaining a 1 cm separation between them. To ascertain stimulus
intensity, a tactile threshold procedure (Serino et al.>®) was employed. Starting with minimal levels of tactile stimulation (100-400
VMax), the intensity was incrementally increased until participants reported a clear sensation. Following the initial reported level
of tactile perception, participants were stimulated 10 times and requested to report whether they felt the stimulation. If participants
successfully detected it 90% of the time (9 out of 10 instances), that value was adopted as the tactile stimulation threshold for the rest
of the experiment. The duration of the tactile stimulus was 200us. During the experiments, participants were asked to detect the
tactile stimulus by executing a keyboard (Experiment 1) or foot-pedal response (Experiment 2).

Synchronously to the tactile stimulation, a visual cue appeared for ~ 80 ms on the bottle of the partner in a position Congruent or
Incongruent with respect to the final prehension movement of the participants on their own object (VisuoMotor Congruence factor;
Figure 2A). In Experiment 1, since both index and thumb fingers were tactilely stimulated and the visual cue could appear in a
Congruent or Incongruent position relative to the participant final finger position on its bottle (front or back), we measured another
interaction effect with respect to the location of the visual cue and the participant end-finger position (Somatotopic Congruence fac-
tor; Figure 2B). In Experiment 2, the visual cue was presented with or without the tactile stimulus (Sensory Condition factor). In Exper-
iment 3, the visuo-tactile stimulation was presented early or late (see below), relative to the avatar’'s movement start (Visuo-Tactile
Timing).

The synchronization of the visuo-tactile stimulation was controlled and administered using E-Prime 2.0. (version 2.0.10.242, Psy-
chology Software Tools Inc., Pittsburgh, PA). The precise timing of the tactile stimulus relative to the visual cue was verified using a
photodiode positioned on the monitor, ensuring that the tactile stimulus was delivered exactly when the visual cue appeared on the
screen (as described in the visual stimuli of the avatar reaching and grasping movements section). Additionally, the temporal align-
ment of the two stimuli was validated through a dedicated trial run. In this trial, beyond the photodiode verification, two cutaneous
electrodes assessed whether the skin response to the tactile stimulus corresponded precisely to the timing of the tactile trigger using
the gTec g.HIAMP Amplifier (g.Tec medical Engineering GmbH, Austria).

Pilot study

Prior to conducting the first experiment, a pilot was run in order to determine the timings within the video clips (see stimuli section)
when participants could accurately predict the aimed location of the virtual partner’s movement. In this context, video clips were pre-
sented to a group of 11 healthy individuals (6 Females, mean age 25.73 + 2.11 SD years), with the clips halted at various stages within
the reach-to-grasp action (1/5, 2/5, 3/5, and 5/5 of the total movement duration). Participants were prompted to respond by pressing
one of three buttons (uncertain/up/down) to indicate whether, in their opinion, the virtual avatar aimed to grasp the bottle-shaped-
object on the upper or lower part or that they were uncertain about the movement’s target location. The findings showed that
when the stimulus appeared in the first fifth of the reaching-to-grasp movement participants were unable to determine the avatar’s
target direction. In the second fifth of the movement duration, participants started to understand the movement direction, but the
error rate was still high. Hence, drawing insight from the data (Figure S1), to be sure that participants could accurately discriminate
the aimed location of the observed action, visual and tactile stimulation (see stimuli and procedure sections) during the actual exper-
iment has been synchronised at the third-fifth of the overall movement duration.

Experiment 1

In this version of the human-avatar joint action task, experimental subjects were required to detect and discriminate as quickly as
possible where the tactile stimulation occurred (right hand thumb/index), while ignoring visual distractors. To report their answer,
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participants were instructed to use a keyboard, specifically: their left index finger to press the left arrow key (to indicate a tactile stim-
ulus on their right index finger) or their left thumb to press the right arrow key (to indicate a tactile stimulus on their right thumb finger),
depending on the location where they felt the stimulation on the other hand. The visual cue was presented at the corresponding final
position of the partner’s right index finger (on the front of the avatar’s bottle) or thumb (on the back of the avatar’s object). The visual
cue might appear slightly to the left of the virtual object, corresponding to the avatar’s index finger on either the upper or lower portion
of the bottle. Alternatively, a yellow half-dot could appear slightly to the right of the bottle, aligning with the avatar’s thumb on either
the upper or lower portion of the bottle. The distinction between a full dot and a half dot was intended to convey the impression that
the dots were either appearing on the front (full dot) or on the back of the virtual bottle (half dot).

The entire experiment comprised 480 trials, equally distributed between Interactive (240 trials) and Cued (240 trials) conditions,
further divided between Opposite (120 trials) and Same (120 trials) movements. Within these, a subdivision was made between
VisuoMotor Incongruent (60 trials) and VisuoMotor Congruent (60 trials) movements, reflecting the congruence between the par-
ticipant’s grasping target location and the location of the yellow dot/half-dot along the bottle’s vertical axis (upper or lower
portion). Moreover, there was an additional subdivision of these trials into Somatotopic Congruent (30 trials) and Incongruent
(80 trials) stimulations, indicating the congruence between finger stimulation (index/thumb) and the dot’s position along the bot-
tle’s depth axis (full/half dot). The 30 trials included Precision (10 trials) and Power (10 trials) grasping movements, and 10 different
catch-trials: 6 trials with visuo-tactile cues delivered at random time points within six equidistant time intervals between 1/5th and
3/5th of the avatar’s movement; 2 trials involving avatar course correction; 2 trials and with visual cues presented in the absence of
tactile stimulation.

Experiment 2

The experiment consisted in a modified version of the task employed in Experiment 1, with two main condition: (1) a Visuo-Tactile
bimodal condition, in which the tactile stimulation, delivered on the dorsal part of participants’ right index finger, was synchronised
with a visual cue (a full yellow dot) appearing on the upper or lower part of avatar’s bottle-shaped object; (2) a Visual unimodal con-
dition, in which the visual cue would be presented in absence of any tactile stimulation (no white square would be presented on the
bottom left of the screen to trigger the stimulation; see stimuli section). To respond to either the visual cue or the tactile stimulation,
participants were required to press a foot pedal positioned and secured beneath the table with their right foot. Participants were
required only to perform a detection task, since the thumb stimulation was not present and only the full yellow dot appeared on
the front of the avatar’s bottle (in the upper/lower part) relative to Experiment 1.

The experiment comprised a total of 192 trials per Condition (Visuo-Tactile and Visual). These trials were equally divided between
Interactive (96 trials) and Cued (96 trials) conditions. Within these trials, half of them (48 each) required to perform the Same move-
ment as the avatar, while the remaining half (48 each) the Opposite. Furthermore, half of these 48 trials showed a visual cue that was
Congruent (24) and Incongruent (24) with the location of the movement target. Among the 24 VisuoMotor Congruent and Incongruent
trials, 8 exhibited a power grip, 8 a precision grip, 2 presented modified trajectories with avatar direction changes, and 6 catch trials in
which the visuo-tactile stimulation was delivered at six random intervals between the 1/5 and the 3/5 percentage of the avatar’s
movement start.

Experiment 3

The procedure was identical to Experiment 1 and 2, except for the following changes. During the whole experiment participants
would receive both the tactile and visual stimulation, except for the 10% of catch trials in which only the visual cue was presented
and were not considered for the analyses. The tactile stimuli and response were administered as in the visuo-tactile sensory condition
of Experiment 2. Based on the pilot results (see pilot section), the trials were equally differentiated in two visuo-tactile stimulation
timings: 1) Early presentation, before the target location of the avatar’'s movement could be discriminated, corresponding to 1/5
of the avatar’s movement; and 2) Late presentation, when the avatars’ movement direction could be accurately predicted, corre-
sponding to 3/5 of the avatar’s movement.

The experiment comprised a total of 336 trials. These trials were equally divided between Interactive (168 trials) and Cued (168
trials) conditions. Within these trials, half of them (84 each) required to perform the Same movement as the avatar, while the remaining
half (84 each) the Opposite. Furthermore, half were VisuoMotor Congruent (42) and half were Incongruent (42) trials within the Same
and Opposite movement trials. Among these 42 trials, half presented an Early stimulation (21) and the other half a Late stimuli pre-
sentation. Within these 21 trials, 8 exhibited a power grip, 8 a precision grip, 2 presented modified trajectories with avatar direction
changes, and 3 trials were catch trials without any tactile stimulation.

QUANTIFICATION AND STATISTICAL ANALYSIS
The dependent variables employed for the statistical analysis in the Tactile Localization/Detection Task comprises the Reaction
Times (RTs) for the tactile response (in ms), corresponding to the timing between the appearance of the visuo-tactile stimulus and

the localization (Experiment 1) or detection (Experiment 2 and 3) response of the participant to the tactile stimulus, measuring
CCE in the paradigm.
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For the Interpersonal Motor Task, we considered as dependent variables the Grasping Asynchrony (in ms), corresponding to the
absolute value of the difference between the grasping time of the avatar and the participant on their own object, measuring the asyn-
chrony of participants’ grasp compared to the partner and the overall ability to perform the task.

For both tasks a within-subject Analysis of Variance (ANOVA) was performed, since assumptions for parametric testing, tested
through the Shapiro-Wilks and Lilliefors tests, were generally met.

Error Rate was considered as the incorrect or missed identification of the tactile stimulus (localization in Experiment 1; detection in
Experiments 2 and 3), limited to trials with correct joint grasp execution (range 0-1), hence, we employed nonparametric tests, spe-
cifically an Aligned Rank Transform (ART) procedure, where applicable or a Friedman ANOVA, to assess it.

For all our dependent variables, trials where participants missed the tactile stimulation (i.e., did not initiate keyboard/pedal
response) and/or performed anticipatory responses. Furthermore, we excluded trials in which participants failed to grasp the
touch-sensitive copper plates (resulting in no recorded response), released the start button before the go instruction, or the
opposite/same instructions were not followed. Only data from accurate trials were taken into consideration for the analyses. At
the individual trials level, any values exceeding or falling below +2.5 standard deviations of the individual mean for each experimental
condition were treated as outliers and excluded (on average, excluded trial 16% + 2.16% of the total). At the group level, participants
exhibiting values that diverged by + 2.5 standard deviations above or below from the group mean in each experimental condition
were identified as outliers and omitted from the analyses (on average, excluded trial 10% + 3.26% of the total). All significance tests
were conducted with an a significance level of 0.05, unless otherwise specified. Post-hoc tests, when applicable, were carried out
using the Bonferroni test method.

To examine the relationship between performance in the interpersonal motor and tactile detection task, we conducted correlations
between the RTs of the CCE and Grasping Asynchrony for the grasping task. To increase the statistical power of this correlation, we
pooled data from the three studies, including only the data from the common factors of Interaction Mode (Cued/Interactive), Move-
ment Type (Same/Opposite) and VisuoMotor Congruence (VM-Congruent/VM-Incongruent). Specifically: 1) In the first study, only the
trials in which the visual cue was presented on the front portion of the bottle (full yellow dot); 2) In the second study, only the data from
the multisensory Visuo-Tactile condition; 3) In the third study, only the trials from the Late Timing condition were considered. We then
created an index by subtracting the mean values of all Opposite interaction trials from Same ones in Interactive VM-Incongruent and
VM-Congruent conditions. These indices allowed us to assess whether the modulation of visuo-tactile interference effects elicited
when coordinating with a partner to perform opposite compared to same movements was also associated with the ability to synchro-
nously grasp the object during the interpersonal motor task.

Frequentist statistical analyses were conducted using Statistica software (TIBCO Software Inc) and R (version 3.5.1), while JASP
0.18.3.0 (JASP stats) was used for Bayesian Analyses and the graphs. Data, code, and materials are accessible upon request. In the
results sections only the significant effects of interests are extensively reported, while the other results are showed in tables in the
Supplementary. For all experiments, n refers to the number of participants included in the final analyses after exclusion of outliers.
Specifically, n = 34 for the Tactile Localization Task and n = 33 for the Interpersonal Motor Task in Experiment 1, n = 24 in Experiment
2, and n = 18 in Experiment 3. Descriptive statistics are reported as mean + standard deviation (SD), unless otherwise specified. Ef-
fect sizes are reported as partial eta squared (np? for ANOVAs and Bayes Factors (BF10) for Bayesian analyses. Exact statistical
results, including test statistics, degrees of freedom, p values, and effect sizes, are reported in the Results section and in the corre-
sponding Supplementary Tables. Figure legends specify the sample size, summary statistics displayed, and error bars where appli-
cable. Asterisks indicate significant pairwise comparisons identified by Bonferroni-corrected post-hoc tests (*p < 0.05).
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